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Resumo
Lesões severas dos tecidos músculo-esqueléticos podem resultar não só em perda de tecido
muscular, mas também na disrupção da inervação. Assim sendo, esta dissertação cujo
principal objetivo era descrever novas técnicas na engenharia de tecidos neuro-musculares
encontra-se dividida em dois capítulos. No primeiro capítulo foi abordado o potencial das
terapias celulares com base na utilização de células estaminais mesenquimatosas isoladas
da geleia de Wharton humanas (hMSCs) e de diferentes biomateriais em lesões do nervo
ciático tendo o rato Sasco Sprague-Dawley como modelo animal. No segundo capítulo, o
mesmo sistema celular foi testado em lesões do músculo-esquelético em associação com
diferentes biomateriais após ter sido estabelecido e padronizado um modelo de lesão de
miectomia no músculo tibial anterior (TA), no mesmo modelo animal.
As hMSCs isoladas da geleia de Wharton do cordão umbilical (UC), testadas na regeneração
nervosa e muscular (capítulo 1 e 2 respetivamente), podem ser colhidas no momento do
parto, criopreservadas, descongeladas e expandidas para aplicações terapêuticas sem
qualquer controvérsia ética ou religiosa. Comparativamente com MSCs de outras origens
(como a medula óssea ou tecido adiposo), estas apresentam uma elevada plasticidade,
capacidade de proliferação e diferenciação, assim como as propriedades imunossupressoras
destas células, o que tem aumentado o interesse na sua utilização terapêutica. Podem ainda
ser transplantadas não só de forma autóloga mas também de forma alogénica ou mesmo
xenogénica devido à ausência de antigénios HLA classe II (HLA-II) e baixa expressão de
antigénios HLA classe I (HLA-I).
As abordagens terapêuticas convencionais para regeneração do nervo periférico
contemplam a reconstrução cirúrgica através da sutura epineural topo-a-topo. No caso de
lesões de neurotmese com perda de substância, recorre-se à utilização de autoenxertos ou
mais recentemente à interposição de tubos-guia fabricados com diferentes biomateriais
reabsorvíveis. É fundamental, mesmo nas lesões de axonotmese, com melhor prognóstico
onde a reconstrução cirúrgica não é necessária, que o período para a regeneração seja
encurtado para que não ocorra a atrofia neurogénia dos músculos esqueléticos eferentes, à
qual está associada uma perda de função de maior ou menor importância. A utilização de
biomateriais e de terapias celulares é importante tanto em lesões de axonotmese como de
neurotmese, sendo fundamental avaliar a regeneração do nervo periférico através de testes
funcionais e histomorfometria / histologia.
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No estudo descrito no primeiro capítulo, a poli(DL-láctico-ε-caprolactona) (PLC, Vivosorb®) foi
testada associada a hMSCs indiferenciadas e células neurogliais derivadas das hMSCs após
diferenciação in vitro, na regeneração do nervo periférico após lesão de neurotmese. Os
resultados revelaram que havia vantagens na aplicação local de hMSCs indiferenciadas em
termos de recuperação funcional.
As lesões de axonotmese e de neurotmese são igualmente utilizadas na avaliação da
regeneração muscular através do processo de desnervação/reinervação associado a esse
tipo de lesões. A consequente atrofia neurogénica muscular é outro dos paradigmas que tem
sido abordado em diversos estudos. A procura de mecanismos que possam contrariar as
alterações estruturais, bioquímicas e fisiológicas que resultam na perda de massa e força de
contração muscular, continua a ser um desafio em termos clínicos. Uma vez que estes
fenómenos são provocados pelo bloqueio do impulso nervoso, com consequente perda da
estimulação ao nível da placa neuromuscular, a rápida restituição da função da unidade
neuromotora é crucial em termos de sucesso na reversão da atrofia muscular.
Ao contrário do que viria a ser comprovado para as lesões de músculo, a aplicação no nervo
periférico de Floseal® (matriz hemostática disponível comercialmente) como veículo de
hMSCs foi considerada útil. A associação das hMSCs com o Floseal® parece ter influência
positivamente a degenerescência Walleriana na fase hiperaguda e aguda da regeneração e
a longo prazo, verificou-se aumento do diâmetro das fibras e da espessura da bainha de
mielina. Provavelmente o efeito local das hMSCs deveu-se à produção local de fatores de
crescimento e de citoquinas, promovendo um importante efeito parácrino, fundamental para
a degenerescência Walleriana, modulando positivamente a reação inflamatória no local da
lesão. Estes dados coincidiram também com o aumento no tamanho das fibras musculares
observados nos grupos de tratamento. Neste estudo, o Floseal® foi um veículo apropriado
para a aplicação local das hMSCs promovendo igualmente o contacto estreito dos axónios
seccionados e simulando a matriz do cordão umbilical onde as hMSCs residem
habitualmente.
Num outro estudo, o mesmo sistema celular foi testado com um outro biomaterial, o polivinil
acetato (PVA). Os tubos-guia (ou as membranas) de PVA quando impregnados com
moléculas que aumentam a condutividade elétrica como o polipirrol (PPy) ou em especial
com nanotubos de carbono (CNTs), parecem apresentar-se como candidatos promissores
para a reconstrução cirúrgica dos nervos periféricos. Apesar de ainda não estar terminada a
análise dos resultados funcionais e morfológicos dos nervos regenerados, o tamanho das
fibras musculares reinervadas avaliadas por morfometria apresentaram um aumento de
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tamanho significativo, 12 e 20 semanas após axonotmese e neurotmese, respetivamente. A
avaliação dos músculos reinervados por morfometria parece ser um bom indicador do grau
de regeneração do nervo lesionado e isto poderá ser importante na transposição para
situações clínicas onde uma biópsia de músculo pode constituir um método menos invasivo
de avaliar a regeneração nervosa.
No segundo capítulo, foi desenvolvida uma lesão de miectomia padronizada e reprodutível,
recorrendo a um “punch” de biópsia de 5 mm de diâmetro para estudo da regeneração do
músculo-esquelético. As hMSCs foram transplantadas para o tecido lesado, associadas a
diversos veículos. Através da marcação nuclear específica para o núcleo das células
humanas (anticorpo hNu), demonstrou-se a presença de hMSCs viáveis pelo menos nos 4
dias após a sua aplicação local. A biocompatibilidade dos diferentes biomateriais utilizados
como veículos (Floseal®, cola de fibrina e um hidrogel à base de nitrato de cério, alginato e
ácido hialurónico) foi avaliada histologicamente recorrendo à norma ISO 10993-6 e a uma
metodologia de análise de imagem desenvolvida para aferir a fração de tecido fibroso na
área da lesão. A cola de fibrina apresentou os melhores resultados tendo sido estudada com
maior detalhe como veículo de hMSCs e meio condicionado (CM) nas lesões de miectomia.
O facto de terem sido apresentados melhores resultados nos grupos tratados com CM, vai
de encontro à hipótese da ação parácrina das hMSCs, modulando localmente a reação
inflamatória e recrutando células locais, mais do que na sua própria diferenciação e
integração no tecido lesado.
Para identificar as citoquinas e fatores de crescimento, foi estudado o perfil metabólico e o
secretoma das hMSCs. Para isso analisou-se a composição dos CM e dos meios basais de
cultura celular (sem condicionamento) por ressonância magnética nuclear (NMR) e por um
painel de citoquinas (Multiplexing LASER Bead Technology). Demonstrou-se que após
condicionamento estavam presentes diferentes produtos metabólicos (lactato, formato,
piruvato) provenientes do metabolismo celular. Nos CM também foi notória uma
concentração muito superior de alguns fatores de crescimento como VEGF, IL-6 ou TGFs
que estão associados à miógenese e à angiogénese do tecido muscular lesado,
fundamentais para que ocorra uma regeneração sem desenvolvimento de cicatriz fibrótica.
Determinou-se ainda a composição do plasma do sangue do cordão umbilical (hUCBS),
recorrendo às mesmas metodologias. Verificou-se que o hUCBS é uma alternativa viável ao
soro fetal bovino (FBS) utilizado no meio de cultura de isolamento, expansão e
criopreservação das hMSCs para além de fornecer importantes fatores de crescimento, à
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semelhança do CM. Este facto permite-nos pensar na utilização do hUCBS para a produção
de terapias celulares para aplicação clínica sem as desvantagens associadas ao FBS.
Através do trabalho descrito nesta dissertação, foi possível confirmar o papel que as células
estaminais poderão ter ao nível da regeneração nervosa e muscular. Os efeitos tróficos
associados ao secretoma das hMSCs poderão ser considerados como a base destas
terapias e indicam que o conceito de criação de novos tecidos a partir da diferenciação
destas células multipotentes poderá revelar-se afinal num paradigma com menor relevância.
A engenharia de tecidos pode desempenhar um papel fulcral na otimização de terapias
celulares e a procura de biomateriais mais eficazes na transposição destes produtos
biológicos poderá tornar-se um ponto critico no sucesso da Medicina Regenerativa.
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Abstract
Severe injuries of the musculoskeletal tissues can result not only in loss of muscle tissue, but
also the disruption of innervation. Thus, this thesis whose main objective was to describe new
techniques in neuro-muscular tissue engineering is divided into two chapters. The first
chapter addressed the potential of cell-based therapies, namelly human mesenchymal stem
cells (hMSCs) isolated from Wharton's jelly, associated to biomaterials in sciatic nerve
lesions, having Sasco Sprague-Dawley rats as animal model. In the second chapter, the
same cellular system was tested in skeletal muscle lesion of the same animal model in
association with different biomaterials after establishing a standardized and appropriate
model of myectomy lision in the tibialis anterior muscle (TA).
The hMSCs isolated from Wharton's jelly of the umbilical cord (UC), tested in nerve and
skeletal muscle regeneration (chapter 1 and 2 respectively), can be collected at time of
delivery, cryopreserved, thawed and expanded for therapeutic applications without any
ethical or religious controversy. Compared with MSCs from other sources (such as bone
marrow or adipose tissue), the high plasticity, proliferation and differentiation potential as well
as immunosuppressive properties of these cells, has increased its interest for clinical
application. Furthermore, they have the potential of being used not only in autologous
transplantation, but also in allogeneic or even xenogeneic transplants, because of the
absence of HLA class II antigens (HLA-II) and low expression of HLA class I (HLA-I).
Conventional therapeutic approaches for peripheral nerve regeneration include surgical
reconstruction through an epineural end-to-end suture. In the case of neurotmesis injuries
with loss of substance, the use of autograft or more recently the interposition of biomaterials
tube-guide tubes are used. It is essential to shorten the regeneration period even in
axonotmesis lesions with better clinical prognosis and where surgical reconstruction is not
required in order to prevent the neurogenic atrophy of the regional skeletal muscles. The use
of biomaterials and cell therapies is important both in lesions of axonotmesis and
neurotmesis, and is essential to assess the peripheral nerve regeneration through functional
testing and histomorphometry / histology analysis.
In the study described in the first chapter, poly (DL-lactic acid-ε-caprolactone) (PLC
Vivosorb®) was used as a biomaterial for peripheral nerve regeneration. In this study, an in
vivo comparison between the effect of local the application of undifferentiated hMSCs and the
same cells after in vitro neurogenic differentiation was also performed. The results
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demonstrated advantages in the local application of undifferentiated hMSCs, in the
neurotmesis lesions of sciatic nerves, in terms of functional recovery.
These axonotmesis and neurotmesis models are also widely used in the evaluation of muscle
regeneration via the denervation/reinnervation process associated with this type of injury. The
resulting muscular atrophy is another paradigm that has been discussed in several studies.
The search for mechanisms that can neutralize the structural, biochemical and physiological
changes that result in the loss of muscle contraction force and muscular mass, remains a
challenge in clinical terms. In any event, since these phenomena are caused by blockage of
the nerve impulse, with consequent loss of stimulation at the level of the neuromuscular
junction, rapid restoration of the motor function unit is crucial for successful reversal of
muscular atrophy.
In terms of application in peripheral nerve, and contrary to what would be seen in the
muscular tissue, Floseal® (commercially available hemostatic matrix) was considered useful
as a vehicle for hMSCs. The association of hMSCs with Floseal® seems to influence
positively the Wallerian degeneration in hyperacute and acute phases of regeneration. In the
long-term assessment, there was an increase in the diameter of the nerve fibers and in the
myelin sheath thicknes. Probably the local effect of hMSCs was due to the local production of
growth factors and cytokines, promoting an important paracrine effect, critical for Wallerian
degeneration and by positively modulating the local inflammatory reaction. These data also
matches the increase in muscle fiber size observed in the treatment groups. In this study,
Floseal® was considered an appropriate vehicle for the local application of hMSCs by
promoting proximity of the severed axons and simulating the umbilical cord matrix in which
these hMSCs usually reside.
In another study, the same cellular system was tested in association with another biomaterial,
polyvinyl acetate (PVA). The PVA tube-guides (or membranes) when impregnated with
molecules, such as polypyrrole (PPy) or particularly with carbon nanotubes (CNTs), which
increase the electrical conductivity, seem to present themselves as promising candidates for
surgical reconstruction of the nerves after axonotmesis and neurotmesis lesions. Although we
have not yet completed the functional and morphological analysis after nerve regeneration,
the reinnervated muscles’ fibers size evaluated by morphometry showed to be increased, 12
and 20 weeks after axonotmesis and neurotmesis, respectively. The assessment of muscle
reinnervation by morphometric analysis seems to be a good indicator of the degree of
regeneration of the injured nerve and this may be important in the implementation for clinical
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situations where a muscle biopsy may be a less invasive method of evaluating nerve
regeneration.
In the second chapter, a standardized and reproducible myectomy lesion, using a blade
biopsy of 5 mm in diameter was developed to study the regeneration of skeletal muscle. After
studying the regeneration process associated to this model, the engraftment and migration of
transplanted hMSCs into injured tissue was successfully demonstrated. Through the specific
nuclear staining for the nucleus of human cells (hNu antibody), it was possible to verify the
presence of viable hMSCs at least 4 days following transplantation. The biocompatibility of
the different biomaterials that were used as vehicles (Floseal®, fibrin glue and a cerium
nitrate, alginate and hyaluronic acid-based hydrogel) was evaluated by the ISO 10993-6
standard together with an image analysis methodology developed by us to measure the
fibrotic fraction in the lesion area. Fibrin glue revealed the best results and was studied
thoroughly as a vehicle for hMSCs and conditioned medium (CM) in myectomy injuries. The
fact that better results were presented in the groups in which CM was used instead of hMSCs
transplantation, runs into the suggestion that the therapeutic effect of MSCs seems to be
more related to its paracrine action on the host tissue by modulating the local inflammatory
reaction and recruiting host cells rather than operating through its own differentiation and
engraftment.
In order to identify cytokines and growth factors responsible for this action, a complete
analysis of metabolic profiles and hMSCs secretome was performed by comparing the CM
with the basal culture media (without conditioning). This was performed through nuclear
magnetic resonance (NMR) and by a broad cytokine panel (Multiplexing LASER Bead
Technology). It was demonstrated that after conditioning, different products (lactate, formate,
pyruvate) derived from cellular metabolism were present. In the CM it was also evident a
much higher concentration of some growth factors such as VEGF, IL-6 or TGF-family that are
usually associated with angiogenesis and myogenesis. We also analyzed, using the
methodologies previously referred, the composition of plasma from umbilical cord blood
(hUCBS). It was demonstrated that the hUCBS is a viable alternative to fetal bovine serum
(FBS) in the supplementation of the cell culture medium used for isolation, expansion and
cryopreservation of hMSCs. In addition, it is able to provide important growth factors, similarly
to the CM. This allows us to consider the use of hUCBS in the production of cellular therapies
for clinical application, without the disadvantages associated with FBS.
Through the work described in this thesis, it was possible to confirm the role that stem cells
might exert in nerve and muscle regeneration. The trophic effects associated to the
xxv

secretome of hMSCs may be considered as the basis for these therapies, indicating that
ultimately the concept of creating new tissues from the differentiation of these multipotent
cells may be of minor relevancy. Tissue engineering can play a key role in optimizing cell
therapies and the search for more effective biomaterials in the transposition of these
biological products can become a critical point in the success of Regenerative Medicine.
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Chapter 1
Denervation and reinnervation

Original illustrations on this chapter were created by students from the 2 nd year of
graduation in “Faculdade de Belas Artes da Universidade do Porto (FBAUP-UP)”: João
Ramos (including this page’s illustration), Sandra Laranjeira and Cristiana Silva (2014).
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and reinnervation
1 Denervation
1. Introduction
Muscle strength is much needed for daily activities and for independent life and the decline in
this parameter is a strong predictor of mortality in certain diseases (Swallow et al., 2007).

1. Introduction

Innervation regulates muscle mass and muscle phenotype (Hyatt et al., 2003) and peripheral
nerve injury in the rat is a widely used model to investigate nerve regeneration that can also
be employed as a model of muscle inactivity and muscle atrophy (Ijkema-Paassen et al.,
2001).
Previous work of our research team has been devoted to enhance nerve regeneration after
injury, for example through the use of biomaterials and cellular systems (Amado et al., 2008).
This chapter describes an extensive work on sciatic nerve regeneration in the rat model and
the development of an integrative approach to the study of skeletal muscle atrophy. This was
accomplished by combining morphological and physiological evaluation of hindlimb muscles
and sciatic nerves with biomechanical assessment of rat locomotion through both
experimental and modeling approaches (unpublished data).

1.1. Motor nervous system
Structurally, the peripheral nervous system (PNS) includes the cranial and spinal nerves (and
their branches), enteric plexus, sensory receptors as well as ganglia which are cluster of
neuron cell bodies located outside the central nervous system (CNS). Apart from collecting
information through the receptors (dendrite endings of sensory neurons) before passing it to
the CNS, other structures of the PNS (motor neurons) do also transmit impulses to effector
cells (muscles or glands). Generally, it projects information to and receives information from
CNS mediating also some reflexes (McKinley et al., 2012; Tortora et al., 2014). Thus, the
nervous system can also be divided functionally in two categories: sensory and motor
nervous system. This latter division that consists of all axons that transmit a nerve impulse is
the one that will be focused during this chapter. It includes some CNS and PNS components
(including motor or efferent neurons). The motor division of the nervous system that is
responsible for output is subdivided into somatic (also called voluntary) nervous system and
autonomic or visceral nervous system (which regulates smooth and cardiac muscles as well
as glands) (McKinley et al., 2012; Tortora et al., 2014).
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Two cell types constitute the nervous system: neurons (responsible for the generation,
transmission and reception of impulses) and glial cells that support and protect neurons
which are the basic structural unit. The neuron is composed of a cell body (or soma) that
contains the nucleus, dendrites (small processes that branch from the cell body receiving
input) and axons (or nerve fibers) which transmit the impulse away to another cell. Neurons
can be unipolar (sensory neuron in which the axon and dendrite are fused in a single
process), bipolar or multipolar concerning the number of processes extending from the cell
body (Tortora et al., 2014). The nerve impulse (or action potential) ability to travel along an
axon is affected by the course of myelination. This is the process by which the axon is
wrapped with a myelin sheath in concentric layers. In the PNS this myelin sheath (with high
lipid content) forms from Schwann cells and it consists basically of the plasma membranes of
these glial cells. The neuroglia of the PNS is composed by Schwann cells together with the
satellite cells which surround and support the cell bodies of PNS ganglia (Tortora et al.,
2014). In the PNS there are unmyelinated axons that are still associated with Schwann cells.
In these cases the axon merely rests in a portion of the Schwann cell rather than being
wrapped by their plasma membrane (McKinley et al., 2012).

Figure 1.1 – Rat’s sciatic nerve structure. Illustration by Sandra Laranjeira (2014).

Nerves are a component of the peripheral nervous system. Mixed nerves convey both motor
and sensory neurons. A nerve is no more than a bundle of parallel axons and just like a
muscle it has three connective tissue wrappings. A nerve fiber is formed by an axon and its
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associated glial cells. The endoneurium envelops a nerve fiber in a myelinated neuron and
electrically isolates each axon apart from separating them from each other. Groups of axons
are organized in fascicles and enclosed by a cellular dense connective tissue called the
perineurium (McKinley et al., 2012). All of these fascicles are grouped together and covered
by a superficial connective tissue cover termed the epineurium that contains small blood and
lymphatic vessels (Fig. 1.1).

1.1.1. Axon regeneration
Axons of the PNS are susceptible to cuts, crushing injuries and other trauma. Nevertheless
some damaged axons can regenerate if at least some Schwann cells remain viable. This
process of regeneration depends on three factors: (1) the amount of damage; (2) secretion of
nerve growth factors by Schwann cells in order to promote overgrowth of severed axons; (3)
the distance between the site of axon damage and the effector organ (McKinley et al., 2012).
Schwann cells intervene in the repair of damaged axons through a regeneration process
designated as Wallerian degeneration. This process is structured in different stages (Keilhoff
et al., 2011; McKinley et al., 2012):
a) The axon is severed by some kind of injury
b) The end of the proximal portion of the severed end seals off by membrane fusion and
swells. The swelling is a result of cytoplasm flowing from the neuron cell body through
the axon. The severed distal portion of the axon and its myelin sheath degenerate;
together with Schwann cells macrophages also remove the debris. The Schwann cells
in the distal region survive and organize themselves in regeneration columns called
Büngner bands.
c) Schwann cells which that produce and accumulate adhesion molecules, cytokines
and neurotrophic factors form a regeneration tube in conjunction with the remaining
endoneurium of the severed axon.
d) The axon regenerates, and remyelination occurs. The regeneration tube guides the
axon sprout as it begins to grow rapidly through the regeneration tube at a rate of
about 5 millimeters per day under the influence of nerve growth factors released by
the Schwann cells.
e) Innervation is restored as the axon reestablishes contact with its original effector.

Axonal regeneration depends on Schwann cells promotion and so, unless nerve contact is
reestablished rapidly when there is a gap between the nerve stumps, these cells lose their
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ability to assist regeneration and as a result there will be a poor functional recovery or even
neuroma formation (Keilhoff et al., 2011).

1.2. Neuromuscular structure and function
The maintenance of internal structure of muscle fibers is strictly dependent upon innervation
from their motor neurons and from a minimum level of activity.

Figure 1.2 – Neuromuscular junction: SEM image (left) and schematic representation
(right). Adapted from Tortora et al. (2014) and McKinley et al. (2012)

Innervation is an important trophic and regulatory factor controlling terminal differentiation,
stability of the differentiated phenotype, and functional activity of skeletal muscle cells
(Borisov et al., 2005). Each motor axon branches as to supply an appreciable number of
muscle fibers and each axon branch loses its myelin sheath where it contacts the muscle cell
and splits up into a number of fine terminals which run for a short distance along its surface
(Keynes et al., 2001) (Fig. 1.2). The specialized region where the muscle fiber membrane
(sarcolemma) with which the axon terminals (synaptic knobs) link is called the motor end
plate (Keynes et al., 2001; McKinley et al., 2012). When muscle fibers lose communication
with their motor neuron either in spontaneous neuropathological conditions, or as the result of
traumatic events such as spinal cord injury or peripheral nerve damage, skeletal muscle
undergoes paralysis and striking alteration of internal organization of the contractile cells
takes place, followed by long term severe loss of mass (Adami et al., 2007).
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1.3. Denervation atrophy of skeletal muscle
Skeletal muscle is highly plastic and suffers extensive remodeling in response to changes in
the pattern of nerve stimulation and mechanical loading. Skeletal muscle atrophy is a change
that occurs in muscles of adult animals as a result of disuse (e.g., immobilization, muscle
unloading), aging, starvation, a number of disease states (i.e., cachexia) and denervation
(Hyatt et al., 2003; Jackman et al., 2004). Following denervation, skeletal muscle undergoes
rapid loss in both mass and contractile force, with a set of complementary changes in
structure, biochemistry and physiology (Fig. 1.3). Morphologic features of the long-term
denervated muscle suggest that the original fibers are lost and the remaining are the result of
repeated cycles of cell death and regeneration (Rossini et al., 2002). However, recent studies
of single fibers suggest that nuclear domain may be less consistent than previously thought
and it has been suggested that fibers undergoing atrophy do not lose myonuclei. After 28
days of denervation, nerve impulse block or mechanical unloading there was significant
muscle fiber atrophy but no loss of myonuclei (Bruusgaard et al., 2008).

Figure 1.3 – Representation of the rat’s tibialis anterior muscle atrophy following 20 weeks of
denervation. Illustration by Cristiana Silva (2014).

Eliminating neurally induced electrical activity to skeletal muscles via peripheral nerve
axotomy (denervation) triggers rapid atrophy and boosts the expression of muscle specific
genes, notably myogenic regulatory factors (MRFs), type II (fast) myosin heavy chain (MHC)
isoforms, and the α-subunit of the acetylcholine receptor (α-AChR). MyoD and miogenin
proteins are MRFs traditionally related as markers of skeletal muscle growth and hypertrophy,
since they can modulate satellite cell (SC) division and their incorporation as new nuclei
within mature muscle fibers (Hyatt et al., 2003). Furthermore, after denervation, satellite cell
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proliferation and differentiation are enhanced. These observations are consistent with the
present idea that electrical activity is the primary neural stimulus modulating skeletal muscle
plasticity. Hyatt et al. (2003) studied the nerve regulation of skeletal muscle atrophy and
concluded that physical contact and the ensuing biochemical communication between nerve
and muscle are key components in the homeostatic process for skeletal muscle, and the role
of MRFs in adult muscle is potentially important in orchestrating an adaptive response of
existing muscle fibers as in the regenerative responses of muscle fibers. Regardless of the
inciting event, skeletal muscle atrophy is characterized by a decrease in protein content, fiber
diameter, force production, and fatigue resistance. The different types of conditions producing
atrophy imply different types of molecular triggers and signaling pathways for muscle wasting
(Jackman et al., 2004).

1.3.1. Molecular basis of muscle atrophy
Two basic mechanisms are responsible for denervation-induced muscle atrophy. First, there
is augmented activity of the ubiquitin-proteasome pathway and proteolysis (Bruusgaard et al.,
2008).

Figure 1.4 – Three known proteolytic systems implicated in muscle atrophy resulting from disuse or
disease: the calcium-dependent calpain system (A), the lysosomal protease system (cathepsins; B),
and the ubiquitin (Ub; C)-proteasome system. Recent evidence points toward interactive involvement
of these 3 systems in proteolysis; E1 (ubiquitin activating), E2 (ubiquitin conjugating), and E3 (ubiquitin
ligating) enzymes. Adapted from Jackman et al. (2004).

Although there is evidence for the involvement of several regulatory mechanisms in the
breakdown of myofibrillar proteins, it is thought that protein degradation in skeletal muscle
occurs primarily through the ATP-dependent ubiquitin-proteasome pathway (Beehler et al.,
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2006). Second, there is cell death and myonuclei apoptosis conjugated with decreased
capacity of satellite cell-dependent reparative myogenesis (Dedkov et al., 2001; IjkemaPaassen et al., 2005; Rossini et al., 2002).

Siu et al. (2005) showed increased DNA

laddering and direct evidence of mitochondrial apoptotic signaling in denervated skeletal
muscle.
Jackman et al. (2004) described a more detailed explanation about the proteolitic systems
implicated in muscle atrophy and referred that more important than the role of decreased
protein synthesis in disuse atrophy it is to describe the role of increased proteolysis in muscle
atrophy. The cytosolic calcium-dependent calpain system, the lysosomal proteases (i.e.,
cathepsins), and the ATP-dependent ubiquitin-proteasome system constitute the three major
proteolytic systems to skeletal muscle protein loss (Fig. 1.4). These systems seem to work as
partners during muscle proteolysis rather than one system being used exclusively during
atrophy (Jackman et al., 2004). However other molecules are involved in muscle atrophy
through their influence in the decrease of protein synthesis. A protein belonging to the
transforming growth factor (TGF)-β family, known as myostatin, has been shown to be a
strong negative regulator of muscle growth inhibiting protein synthesis and satellite cell
differentiation (Bruusgaard et al., 2008). In skeletal muscle, glucocorticoids decrease the rate
of protein synthesis and increase the rate of protein degradation. However myostatin as well
as glucocorticoids, tumor necrosis factor (TNF)-α and other cytokines do not appear to be
required for disuse atrophy regardless the fact that they may contribute to atrophy in cachexia
or disuse. On the other hand, the NF-kB transcription factor complex has been implicated in
muscle atrophy attributable to both disuse and cachexia (Jackman et al., 2004).
There are several signaling proteins that can act as upstream regulators of translation
initiation that have been associated with the decreased protein synthesis rate caused by
disuse atrophy. The protein kinase Akt has been shown to have growth-promoting effects in
muscle, and it is a known upstream activator of protein synthesis (Jackman et al., 2004).
Bogdanovich et al. (2002) showed that overexpression of Akt attenuates denervation-induced
atrophy in rodents by 70%. Insulin-like growth factor 1 (IGF-1) is a critical growth factor that
promotes muscle hypertrophy in skeletal muscle. IGF-1 acts through the Akt-mTOR pathway
which plays a primarily role in skeletal muscle protein synthesis. IGF-1 also acts directly on
satellite cells promoting the proliferation of these cells and its absence is associated with
lower proliferation capacity (Bruusgaard et al., 2008).
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1.3.2. Myofiber regeneration after denervation
Denervation does not stimulate an earlier regenerative response in injured skeletal muscle
and does not appear to enhance this process when compared to innervated muscles, as
indicated by the proportions of labeled myotube nuclei at different stages after injury
(McGeachie et al., 1989). If nuclei and fiber integrity persists even in the extremely atrophic
fibers induced by long-term disuse, this might
explain

the

remarkable

recovery

of

muscle

strength when nerve activity is restored even after
prolonged inactivity both in rodents and in humans
(Bruusgaard et al., 2008).
After 5–7 months of denervation, the loss of
satellite cells during myogenesis leads to a
progressive decrease in their number, suggesting
that denervation results in the activation of an
uncontrolled myogenic response and ultimate
exhaustion of the pool of satellite cells (Borisov et
al., 2005). In long-term denervated muscles, this
may also impair normal differentiation of fibers.
Dedkov et al. (2001) suggested that the absence
of satellite cells in a population of immature newly
formed muscle fibers that have arise as a result of
continuous reparative myogenesis may be a
crucial, although not necessarily the only, factor
underlying the poor regenerative ability of longterm denervated muscle. Satellite cells respond to
Figure 1.5 – Schematic representation of
a hypothetical mechanism that outlines
the attenuation of the satellite cell
population during long-term denervation
of rat hindlimb skeletal muscles. In these
cases the quiescent satellite cells (SC)
can either persist (PF) or degenerate
(DF). In both cases satellite cell activation
(aSC), myoblast (MB) growth and
myotube (MT) formation take place. The
death of PF lead to the substitution by
newly formed fibers (NF) unrelated to SC.
Adapted from Dedkov et al. (2001).

denervation by dividing multiple times, ultimately
fusing with other satellite cells or myocytes to form
new muscle fibers (Fig. 1.5). Borisov et al. (2005)
found four types of involvement of satellite cells in
a myogenic response following denervation: (1)
formation of new myotubes on the surface of live
terminally

differentiated

muscle

fibers,

(2)

regeneration of new muscle fibers within the basal
laminae of degenerated fibers, (3) formation of
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new muscle fibers by migrating myoblasts outside the basal lamina, and (4) fusion of satellite
cells with atrophying muscle fibers. Dedkov et al. (2001) suggested that the progressive
death of persisting muscle fibers, continuous reparative myogenesis, and consecutive
substitution of the original muscle tissue by a population of immature newly formed fibers
could lead to a significant reduction in the number of satellite cells in long-term denervated
muscles. After chronic denervation, this satellite cell dramatic decline impairs the ability of
muscles to regenerate and repair myofibers. This satellite cell depletion may contribute to the
mechanical deficit observed in denervated or reinnervated muscle (Jejurikar et al., 2002).

1.3.3. Myofiber type conversion in atrophy
The degree of muscle fiber atrophy in short-term denervation (4 weeks) has been noticed to
be greater in the muscle fiber type that is more abundant in the affected muscles (Cebasek et
al., 2006). Together with atrophy, denervated/reinnervated muscles undergo phenotypical
changes and conversion between muscle fiber types (Edgerton et al., 2002). Generally,
atrophy of fast fibers followed by atrophy of slow fibers appear to be the typical feature of the
early phases of denervation, producing only a small unbalance in fiber typing. However,
during several months of permanent denervation there is an almost complete transformation
of rat mixed muscles into almost pure fast muscles (Rossini et al., 2002). The relative
increase in type I or type II muscle fibers following denervation seems to depend on the type
of muscle fibers predominant in the muscle, with type II muscle fibers (fast fibers) increasing
in proportion in soleus (slow muscle) and type I muscle fiber number increasing in
gastrocnemius and tibialis anterior muscles (Ijkema-Paassen et al., 2001). It must be
stressed that for many purposes there is a lack of detailed morphological description of
denervated/reinnervated muscles since in most cases the morphoquantitative methods
employed lack accuracy and completeness.

1.3.4. Muscular tissue rearrangement after denervation
Modifications in muscle architecture and remodeling of the enveloping connective tissue
(Huijing, 2007) might contribute to altered function in denervated/reinnervated muscles. In
connection with other factors, such as fibrosis, significant deterioration of nerve sheaths and
loss of capillary supply, could considerably reduce the capacity of a long-term denervated
muscle to become restored either by reinnervation or by regeneration (Dedkov et al., 2001).
In terms of the decrease in blood supply, Borisov et al. (2005) also found that 7–9 months
following denervation, 85–90% of capillaries completely degenerated, and significant
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degenerative changes occurred in arterioles and venules. The development of avascular
zones in long-term denervated muscle appears to be associated with foci of hypoxia that may
prevent the regenerative process.

1.4. Denervation as a model of muscle injury
The benefits of animal studies are based on the insight which they provide for research
development and strategies that will aid in knowledge development leading to clinical studies
to prevent or alleviate skeletal muscle atrophy and improve muscle mass in humans, and
should therefore not be dismissed (Bruusgaard et al., 2008).

Figure 1.6 – Surgical approach with sciatic nerve exposure for axonotmesis/neurotmesis. Illustration
by João Ramos (2014).

The sciatic crush injury, or Sunderland type II injury, is defined as a nerve injury causing
destruction of the nerve fibers, including axons and enveloping myelin sheet, but that
preserves the endoneurium (Fig. 1.6 and 1.7). A major drawback of experimentally-induced
crush injury is the difficulty in standardizing its severity and corresponding degree of axonal
injury. For the sake of reproducibility, we have been successfully employing a standardized
technique that causes a complete crush injury of the sciatic nerve (Luís et al., 2007). After a
short (one to two days) latency to cross the injury site, axons regenerate at a steady rate
along the distal nerve helped by the reactive Schwann cells and the endoneurial tubules,
which enhance axonal elongation and facilitate adequate target reinnervation (Valero-Cabre
et al., 2004). Due to their transient nature, crush injuries are suitable to investigate the cellular
and molecular mechanisms of peripheral nerve regeneration and the skeletal muscle
reinnervation, including cellular and molecular mechanisms of muscle atrophy, and to assess
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the role of factors, such as exercise in
guiding correct reinnervation (Marqueste,
2004). By combining motor and sensory
function tests, biomechanical analysis of the
rat walk and nerve morphology assessment
by unbiased stereological methods, we
could demonstrate that animals almost fully
recover from sciatic nerve crush in 12
weeks (Luís et al., 2007). However, nerve
Figure 1.7 – Axonotmesis lesion in the rat’s
sciatic nerve

morphology remains significant different in
control and injured animals as well as ankle
joint motion during walk (Luís et al., 2007).

It is well known that, in rodents, sciatic transection results in denervation of the muscle
groups located at the hind-limb and the foot, causing complete loss of contractile ability in the
affected musculature.
Neurotmesis lesions are considered Sunderland type V injuries and constitute a severe nerve
damage in which both nerve fibers and the nerve sheaths suffer disruption and spontaneous
recovery becomes extremely difficult in cases the peripheral nerve is not surgically
reconstructed (Stoll et al., 1989) (Fig. 1.8). Usually this type of lesions is associated with an
evident reduced functional recovery comparing to other injuries, especially if there is a
considerable distance between injury and target organ (Walsh et al., 2009).

Figure 1.8 – Sciatic nerve transection (neurotmesis) (A); surgical reconstruction with end-to-end
suture (B). Illustrations by João Ramos (2014).

Doctoral Thesis - Tiago de Melo Silva Ramos Pereira

| 13

1.4.1. Neuromuscular functional assessment after denervation
Apart incomplete nerve regeneration, changes in the muscles may contribute to functional
deficit after nerve injury (Borisov et al., 2005; Edgerton et al., 2002; Ijkema-Paassen et al.,
2001). The amount of muscle reinnervation is regarded as a major factor affecting functional
recovery

following

peripheral

nerve

injury.

In

this

sense,

many

studies

apply

electrophysiological methods and direct muscle testing to assess the extent of muscle
reinnervation and its relation with the type of injury and the degree of functional recovery
(Asensio-Pinilla et al., 2009; Bodine-Fowler et al., 1997; Marqueste et al., 2004; Marqueste et
al., 2006). After sciatic nerve transection at an adult age, electromyography (EMG) patterns in
hindlimb muscles during locomotion remained highly abnormal even after recovery periods
lasting 15 or 21 weeks (Gramsbergen et al., 2001). This may be a limitation when using
denervated muscles as a model of muscle injury since regeneration might be affected for a
very prolonged period. Electrophysiological methods alone can be reliable indicators of nerve
regeneration but do not correlate to functional recovery after nerve injury (Howard et al.,
2000). Howard et al. (2000) indicated that the use of ground reaction forces is an accurate
and consistent method of evaluating functional recovery and that the peak propulsive force is
the optimal GRF parameter. Newly developed software can also integrate this data with
motion tracking and EMG recording systems which can be synchronized for functional
evaluation of recovery from denervation injuries. The information acquired by force plate
testing could improve the data collected by spatial measurements like kinematics but only
electrophysiological measurement of isometric strength of plantarflexors and dorsiflexors
muscle groups was performed in the study presented later in this chapter.

1.4.1.1.

Muscle strength

Several factors determine strength regain in reinnervarted muscles. Probably, the main
significance of such factors is the influence in number of muscle fibers that are successfully
reinnervated. With time, the regenerating nerves reinnervate the skeletal muscles restoring
functional motor end plates and the ability of muscles to contract (Asensio-Pinilla et al., 2009;
Bodine-Fowler et al., 1997; Marqueste et al., 2004; Marqueste et al., 2006). The lack of
contractility of the long term denervated muscle is due to the complete loss of contractile
proteins that occurs long before muscle fibers disappear (Adami et al., 2007). Ideally, muscle
contractile properties are evaluated in minimally dissected muscle-nerve preparations in
which muscle contractions are elicited by electrical stimulation of the nerve (Meijer et al.,
2008). Using such approach, fundamental properties of hindlimb muscles of the rat, like
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isometric peak force, range of active force, slack length, and passive length-force curve can
be obtained. All these parameters are potentially affected by changes in muscle morphology
secondary to denervation/reinnervation (Huijing et al., 2005). Unlike the classical view,
skeletal muscles are not isolated units and their mechanical properties are dependent on the
context, meaning the mechanical load in surrounding muscles and connective tissue
(Rijkelijkhuizen et al., 2005). The transmission of force out from the muscle fibers to the
skeleton follows both myotendinous and myofascial links (Huijing, 1999). The latter involves
load being transmitted to synergistic and antagonistic muscles (Huijing, 2007) and occurs
through the muscular and non-muscular connective tissues (e.g. neurovascular tracts, i.e. the
collagen fiber reinforced tissues surrounding nerves and blood vessels). Surgical
reconstruction of the peripheral nerves affects the mechanical properties of the neurovascular
tract supplying leg muscles in unknown ways as well as the architecture of denervated
muscles. In addition, altered properties of supportive connective tissue may affect myofascial
force transmission and overall function (Huijing, 2007). In situ testing of muscle function,
keeping the connective tissue that envelops the muscle or muscle groups undamaged, is a
unique method to evaluate possible changes in myofascial force transmission (Rijkelijkhuizen
et al., 2005), and by measuring the force produced at the proximal and distal ends of the
extensor digitorium longus (EDL) muscle an indication of myofascial force transmission is
obtained (Maas et al., 2006).
Only few studies directly measured muscle strength following hindlimb peripheral nerve lesion
in rodents (Gordon et al., 2011; Marqueste et al., 2004). With the purpose of measuring in
vivo muscle function of rats’ ankle plantarflexors and dorsiflexors, an isokinetic dynamometer
was developed by our research group together with a computer-controlled electrical
stimulator. Both equipments were developed purposively for this project. The equipment was
designed to measure isometric and dynamic torque generation about the ankle joint in the rat
(Fig. 1.9). It consists on a metallic frame where animals are laid down on top of a heated pad,
and by a shaft attached to the frame and extending through its entire width. One of the ends
of the shaft connects to a servo motor (Hitec servo, binary 17.99 kg/cm, maximal angular
velocity 400 degrees/second) while the opposite end is attached to a position encoder. In its
middle, the shaft supports a pedal on which the rat’s foot is supported. The extremity of the
pedal contacts a load cell (Futek, LSB200, sensitivity 2 mV/V) which measures the torque
generated around shaft’s axis. The servo motor is controlled through a two-channel electrical
stimulator (Plux Wireless Biosignals, Arruda dos Vinhos, Portugal) that is used also to elicit
the muscle contractions. The electrical stimulation and the servo motor are both controlled by
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a laptop. The load cell output is A/D converted by a 12 bits board at a rate of 1 kHz (Plux
Wireless Biosignals, Arruda dos Vinhos, Portugal) and fed into the laptop.

Figure 1.9 – Schematic drawing of the rat’s ankle dynamometer developed for this project. The
ankle’s dynamometer is connected to a servomotor and allows measuring isometric, concentric and
eccentric torque about the ankle joint. Maximum speed of rotation of the dynamometer is 350ᵒ/s (A).
Application in the dorsiflexor muscles’ torque measurement at different ankle joint’s angles using the
rat model (B).

1.4.1.2.

Kinematic analysis

In recent years, great emphasis has been placed on kinematic analysis of the rat locomotion
(Varejao et al., 2002). Although gait analysis is an elegant and meaningful way to assess
functionality, it is limited in evaluating physiological and mechanical properties of the affected
muscles. The potential for biomechanical gait analysis to assess hindlimb muscle function
requires precise motion capture system combined with ground reaction force data (Howard et
al., 2000) and a geometrical model of the rat hindlimb musculoskeletal system (Johnson et
al., 2008).
The first system ever to be used for locomotion function analysis was the open field
locomotion scoring system established by Tarlov and Klinger in 1954. Other motor
performance scales that included modifications of this system were posteriorly developed
(Couto et al., 2008). With the introduction and advancement of computer technology the use
of instrumented rat gait analysis in a research setting has become widespread. Nowadays it
is possible to obtain and process highly accurate continuous kinematic measurements, such
as stride characteristics and limb joint angles throughout the step cycle (Couto et al., 2008).
Continuous kinematic measures provide a precise mean of assessing neural control over
motor output thus being a fundamental tool in the in vivo assessment of neuromuscular
regeneration after denervation. Hindlimb angular displacements, which describe the motion of
the joints (hip, knee, and ankle) in the sagittal plane during the step cycle, are the most
commonly reported. Maximal precision and accuracy of the kinematic values are expected
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when the experimental protocol includes a 3D calculation. The two-dimensional (2D)
kinematic approach is the most popular technique in rat gait analysis probably because it is a
simple procedure, which requires only one camera to record the movement (Couto et al.,
2008). However, it is reasonable to assume that the hip, knee, and ankle joints may translate
out of a parasagittal hindlimb plane under some conditions which may constitute the major
drawback of this technique. Couto et al. (2008) reported that in animals undergoing spinal
cord injury significant differences between values of the 2D and 3D joint angular motion were
detected. However, the rat hindlimb kinematics can be documented satisfactorily with a 2D
method. It would be interesting to study if these findings could be transposed from the spinal
cord injury model to the peripheral nerve injury through the sciatic denervation.

1.4.2. Structural analysis
Another interesting aspect was exposed by Kobayashi et al. (1997) as they demonstrated
that a delay of 1 month or more before the repair of a proximal peripheral nerve transection
results in diminished recovery of muscle mass and integrated motor function when compared
to recovery after an immediate nerve repair. Skeletal muscle mass is a balance between
protein synthesis and degradation. An imbalance such that proteolysis prevails over synthesis
is associated with skeletal muscle atrophy (Beehler et al., 2006). As already stated a severe
loss of mass is typical in cases of muscle loss of innervation. For the evaluation of muscle
mass decrease due to denervation atrophy, the denervated muscles can be harvested from
both denervated and innervated (contra-lateral) limbs for weighting. As a means for
comparison, the wet weight of the muscles from the denervated limb is measured against the
muscles from the nonsurgical, contralateral limb and to normalize muscle wet weight to body
weight, the data can be standardized as mg/100 g of body weight (Beehler et al., 2006). In
the work presented in this chapter, muscle mass was not evaluated for the assessment of
muscle atrophy.

1.4.2.1. Muscle’s morphometric analysis
The morphological changes associated with muscle atrophy are a decreased cross-sectional
area (CSA) of muscle fibers resulting in a reduced muscle mass, but without a decrease in
the number of muscle fibers (Cseri, 2012). Measurement of CSA of the muscle fibers has
been performed in several studies for the evaluation of muscle atrophy (Dedkov et al., 2001;
Ijkema-Paassen et al., 2001). It has been useful for example for determining the variation of
fiber size throughout the post-denervation period. Based on data from other authors, it seems
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that after 6–7 months of denervation, fiber size in skeletal
muscles of adult rats remains approximately constant
over a 2-year post-denervation period (Dedkov et al.,
2001).
The

minimal

“Feret’s

diameter”

is

a

geometrical

parameter that allows reliable measurement of muscle
fiber

cross-sectional

size

(Fig.

1.10).

Using

this

geometrical parameter we calculate variance coefficients
of the muscle fiber size and provide reference values for
the quantitative assessment of dystrophic symptoms in
frequently investigated muscles of wild-type and mdxmouse (Briguet et al., 2004). This method relies on the
determination of the muscle fiber size using the minimal
Figure 1.10 – Minimal Feret’s
diameter.

“Feret’s diameter” of a muscle fiber cross-section. The
minimal “Feret’s diameter” is a geometrical parameter
that is frequently used for morphometric analysis and is

included in most image analysis softwares. The minimal “Feret’s diameter” parameter is very
robust against experimental errors such as the orientation of the sectioning angle. Therefore,
we propose to express the heterogeneity of muscle fiber size in a given muscle as variance
coefficient of the minimal “Feret’s diameter” parameter to allow for quantitative assessment of
muscle atrophy. We found that the minimal “Feret’s diameter” parameter defined as the
minimum distance between parallel tangents at opposing borders of the muscle fiber is very
insensitive against deviations from the ‘optimal’ cross-sectioning profile. At the same time,
this parameter reliably detects differences between dystrophic and normal muscle (Briguet et
al., 2004).
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1. Introduction
Recent advances in Regenerative Biology and Regenerative Medicine are impressive and in the last
years the scientific community has witnessed the emergence of many new concepts and discoveries.
Until a few years ago, biological tissues were regarded as unable of extensive regeneration, but
nowadays organs and tissues like the brain, spinal cord or cardiac muscles appear as capable to be
reconstructed, based on “stem cells” [1].
Stem cell research has sparked an international effort due to the variety of possible uses in clinical
procedures to treat diseases and improve health and life expectancy. Stem cell research has crossed a
century journey and has evolved greatly even in its own defini‐ tion. In 1967, Lajtha defined that
adult stem cells could only be found in regenerative organs, such as blood, intestine, cartilage, bone
and skin. Nowadays, these cells are con‐ sidered to exist even in tissues with no commitment to
regeneration such as the central nervous system [1, 2].

© 2013 Gärtner et al.; licensee InTech. This is an open access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, and reproduction
in any medium, provided the original work is properly cited.

2. Stem cells
Stem cells are undifferentiated cells, with endless self-renewal sustained proliferation in vitro and
multilineage differentiation capacity [3]. This in vitro multilineage differentia‐ tion capacity has
targeted these cells with extreme importance for use in tissue and cell- based therapies.
The first stem cell appearance is in the early zygotic cells, which are totipotent and give rise to the
blastocyst. They are capable to differentiate into all cell and tissue types. With differ‐ entiation, cells
become less capable of self-renewal and differentiation in other cell type be‐ comes more limited [1].
Stem cells can be loosely classified into 3 broad categories based on their growth behavior and
isolation time during ontogenesis: embryonic, fetal and adult.
Embryonic stem cells (ESCs) were first observed in a pre-implantation embryo by Bongso and
colleagues in 1994 [4]. Since then, many cell lines and a multiplicity of tissues have been successfully
derived from ESCs and tested in several animal disease models [5-7]. Neverthe‐ less, posttransplantation immune-rejection has been a major problem. Many studies are be‐ ing conducted to
avoid this major issue. This could be resolved by personalizing tissues through somatic nuclear
transfer (NT) or induced pluripotent stem cells (iPSC) techniques [8], but the teratoma development
in animals is still a concern and a serious problem [9]. In order to overcome the limitations placed
by ESCs and iPSCs, a variety of adult stem cell populations have been recently isolated and
characterized for their potential clinical use. While still multipotent, adult stem cells have long been
considered restricted, giving rise on‐ ly to progeny of their resident tissues [9]. In vivo, adult stem
cells exist in a quiescent state, located in almost all tissues, until mediators activate them to restore
and repair injured tis‐ sues. These cells are surrounded by mature cells that have reached the end
line in terms of differentiation and proliferation [10]. Stem cell research focuses on the development
of cell and tissue differentiation, so as characterization techniques, for tissue and cell identification
with marker patterns. Such protocols are essential for regenerative therapies [11].

2.1. Mesenchymal stem cells
The development of cell-based therapies for cartilage [12] and skin [13] reconstruction marks the
beginning of a new age in tissue regeneration. Mesenchymal stem cells (MSCs) have become one
of the most interesting targets for tissue regeneration due to their high plasticity, proliferative and
differentiation capacity together with their attractive immuno‐ suppressive properties. MSCs
present low immunogenicity and high immunosuppressive properties due to a decreased or even
absence of Human Leucocyte Antigen (HLA) class II expression [14]. Research in this field has
brought exciting promises in many disorders and therefore in tissue regeneration. Currently the
differentiation potential of MSCs in multiline‐ age end-stage cells is already proven, and their
potential for treatment of cardiovascular [15], neurological [16], musculoskeletal [17, 18], and
cutaneous [19] diseases is now well es‐ tablished. Fibroblast colony-forming units or marrow stromal
cells, currently named MSCs,
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were first isolated in 1968 from rat bone marrow [20]. These cells were clonogenic, formed
colonies when cultured, and were able to differentiate in vitro into bone, cartilage, adipose
tissue, tendon, muscle and fibrous tissue. Since then many other tissues have been used to
isolate these cells. MSCs can be obtained from many different tissues, including bone mar‐
row, adipose tissue, skeletal muscle, umbilical cord matrix and blood, placental tissue, amni‐
otic fluid, synovial membranes, dental pulp, fetal blood, liver, and lung [21]. The concept of
MSCs is based on their ability to differentiate into a variety of mesodermal tissues and was
first proposed by Caplan in 1991 [22] and further validated by additional research in 1999
[23]. Due to the many different methods and approaches used for MSCs culture, the Mesen‐
chymal and Tissue Stem Cell Committee, of the International Society for Cellular Therapy
(ISCT), recommended several standards do define MSCs [24]. Therefore, MSCs are defined
as presenting: i) plastic adherent ability; ii) absence of definitive hematopoietic lineage
markers, such as CD45, CD34, CD14, CD11b, CD79α, CD19 and class-II Major Histocompati‐
bility Complex (MHC) molecules, specially HLA-DR; and expression of nonspecific markers
CD105, CD90 and CD73 iii) ability to differentiate into mesodermal lineage cells, osteocytes,
chondrocytes and adipocytes. Along with mesodermal differentiation, it has been demon‐
strated the capacity of MSCs to differentiate into ectodermal cell lines, as neurons [25, 26],
keratocytes [27] and keratinocytes [28], so as endodermal cell line, like hepatocytes [29, 30]
and pancreatic β-cells [31]. Moreover, they also possess anti-inflammatory and immunomo‐
dulation properties and trophic effects [32, 33]. Increasing evidence now demonstrates that
the therapeutic effects of MSCs do not lay only on the ability to repair damage tissue, but
also on the capacity of modulating surrounding environment, by secretion of multiple fac‐
tors and activation of endogenous progenitor cells [34, 35]. Compared with ESCs and other
tissue specific stem cells, MSCs are more advantageous. Moreover some studies have dem‐
onstrated that MSCs have a higher chromosomal stability and lower tendency to form tu‐
mors and teratomas, compared to other stem cells [36, 37].
Although they present similar biological characteristics, it cannot be ignored the existing of
some disparities, as differences in, expansion potential under same culture conditions and
age-related functional properties [38]. Compared to ESCs, MSCs isolated from the umbili‐
cal cord matrix (Wharton’s jelly) have many advantages, such as shorter population dou‐
bling time, easy culture in plastic flasks, good tolerance towards the immune system, so
that transplantation into non-immunesuppressed animals does not induce acute rejection, an‐
ticancer properties, [9] and most important absence of tumorigenic activity. As well as ESCs,
these cells are originated from the inner cell mass of the blastocyst but with a major differ‐
ence: they do not raise ethical controversies, since they are collected from tissues usually dis‐
carded at birth [39].

2.1.1. MSCs sources and validation of transport and processing protocols
Bone marrow, adipose tissue, umbilical cord blood and umbilical cord matrix have been
considered the main sources of MSCs for tissue engineering purposes. Among these sources,
bone marrow represents the main source of MSCs for cell therapy. However, the prolifera‐
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tive capacity [40-43], differentiation potential and clonal expandability [44] of MSCs derived
from bone marrow decrease significantly with age, gender and seeding density, and the
number of cells per marrow aspirate is usually quite low [3, 45]. It is still a mystery if MSCs
ageing is due to factors intrinsic or extrinsic to the cells. Many possible reasons have been
described in an attempt to explain MSCs ageing. Possible extrinsic factors include: reduced
synthesis of proteoglycans and glycosaminoglycans reducing proliferation and viability [46],
and production of glycosylated end products, inducing apoptosis and reactive oxygen spe‐
cies [47]. Intrinsic factors causing MSCs ageing might include: cell senescence-associated βgalactosidase and higher expression of p53 and pathway genes p21 and BAX, resulting in
blunted proliferation potential [43]. Regarding seeding density, many authors suggest that
lower seeding densities induce faster proliferation rates [48, 49]. This has been explained by
contact inhibition in higher seeding densities [49], and higher nutrient availability per cell in
lower seeding densities [49]. Use of bone marrow MSCs has disadvantages; donors are sub‐
mitted to invasive harvest of bone marrow. This raises the need to find alternative sources of
MSCs for autologous and allogenic use. Candidate tissue sources should provide MSCs dis‐
playing high proliferative and differentiation potency [50].
Extra-embryonic tissues are a good alternative to adult donor. This tissues, such as, amn‐
ion, microvillus, Wharton’s jelly and umbilical cord perivascular cells, are routinely discard‐
ed at child-birth, so little ethical and religious controversy attends the harvesting of the
resident stem cell populations. The comparatively large volume of extra-embryonic tis‐
sues increases the chance of isolating suitable amounts of stem cells, despite the complex
and expensive procedures needed for their isolation. Some protocols use enzymatic diges‐
tion while others use enzyme-free tissue explant methods that require longer culture time
[51]. There are also MSCs in cord blood (CB), but many studies report low frequency of
these cells and unsuccessful isolation. However, Zhang and colleagues were able to iso‐
late MSCs from CB with a 90% successful rate when CB volume was ≥ 90ml and a trans‐
port time until storage was ≤ 2 hours [51].
In recent years, MSCs derived from umbilical cord matrix Wharton’s jelly, have attracted
much interest. Wharton’s jelly is a mature mucous tissue and the main component of the
umbilical cord, connecting the umbilical vessels to the amniotic epithelium. Umbilical cord
derives from extra-embryonic or embryonic mesoderm; at birth it weighs about 40g and
measures approximately 30-65cm in length and 1.5cm in width [52]. Anyway, individual
differences are observed within newborn babies. Fong and colleagues characterized Whar‐
ton’s Jelly stem cells and found the presence of both embryonic and MSCs, targeting this
source as unique and of valuable use for clinical applications. MSCs from the Wharton’s jel‐
ly can be cultured with little or even no major loss trough at least 50 passages [53].
CB and more recently, umbilical cord tissue (UCT) have been stored cryopreserved in pri‐
vate and public cord blood and tissue banks worldwide in order to obtain hematopoietic
and MSCs and, although guidelines exist (Netcord – Foundation for the Accreditation of
Cellular Therapy), standardized procedures for CB and UCT transport from the hospital /
clinic to the laboratory, storage, processing, cryopreservation and thawing are still awaited.
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These may be critical in order to obtain higher viable stem cells number after thawing and
limit microbiological contamination.
Our research group focused in determining whether UCT storage and transport from the
hospital / clinical to the laboratory at room temperature (RT) or refrigerated (4-6°C) and im‐
mersed in several sterile saline solutions affects the UCT integrity in order to be cryopre‐
served. The umbilical cord contains two arteries and one vein, which are surrounded by
mucoid connective tissue, and this is called the Wharton’s jelly. The cord is covered by an
epithelium derived from the enveloping amnion. The interlaced collagen fibers and small,
woven bundles are arranged to form a continuous soft skeleton that encases the umbilical
vessels. In the Wharton’s jelly, the most abundant glycosaminoglycan is hyaluronic acid,
which forms a hydrated gel around the fibroblasts and collagen fibrils and maintains the tis‐
sue architecture of the umbilical cord by protecting it from pressure [54].
One centimeter-long fragments of umbilical cords (N = 12) were collected from healthy do‐
nors after written informed consent and following validated procedures according to the
clinical and technical guidelines of the Private Bank Biosckin, Molecular and Cell Therapies,
SA (authorized for processing and cryopreserving CB and UCT units by the Portuguese
Minister of Health, ASST – Autoridade para os Serviços de Sangue e de Transplantação).
The 1 cm fragments were immersed for 168 hours in 4 different sterile saline solutions at RT
(22-24°C) and refrigerated (4-6°C): NaCl 0.9% (Labesfal, Portugal), AOSEPT®-PLUS (Ciba
Vision, Portugal), Dulbecco’s Phosphate-Buffered Saline without calcium, magnesium and
phenol red (DPBS, Gibco, Invitrogen, Portugal) and Hank’s Balanced Salt Solution (HBSS,
Gibco, Invitrogen, Portugal). The preservative-free, aqueous AOSEPT® PLUS solution con‐
tains hydrogen peroxide 3%, phosphonic acid (stabiliser), sodium chloride, phosphate (buf‐
fer system), and poloxamer (surfactant), and is usually used to transport and wash contact
lenses. After 168 hours, the fragments were collected in 4% of paraformaldehyde and proc‐
essed for light microscopy. The samples were fixed in 4% paraformaldehyde for 4 hours and
then washed and conserved in phosphate buffer saline (PBS) until embedding. The speci‐
mens were dehydrated and embedded in paraffin and cut at 10 μm perpendicular to the
main umbilical cord axis. For light microscope analysis, sections were stained with haema‐
toxylin and eosin (HE) and observed with a Leica DM400 microscope equipped with a Leica
DFC320 digital camera. The UCT integrity was evaluated through the following parameters:
i.

detachment of vessels and retraction of vascular structures;

ii.

loss of detail and integrity of the endothelium;

iii.

connective tissue degradation;

iv.

autolysis of fat (impossible to assess, due to histological technique); and

v.

loss of detail and integrity of the mesothelium.

It was concluded that the best transport solutions were HBSS or DPBS at a temperature of
4-6°C since those maintained the histological structure of UC evaluated through those 5 pa‐
rameters previously referred (Figure 1 and Figure 2).
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Figure 1. Cross section of an umbilical cord transported immersed in DPBS at the refrigerated temperature of 4-6°C.
Samples were stained with haematoxylin and eosin (HE). Magnification: 10X.

Figure 2. Cross section of an umbilical cord transported immersed in DPBS at the refrigerated temperature of 4-6°C.
Samples were stained with haematoxylin and eosin (HE). The UCT integrity was quality evaluated through the follow‐
ing parameters: i) detachment of vessels and retraction of vascular structures; ii) loss of detail and integrity of the en‐
dothelium; iii) connective tissue degradation; iv) autolysis of fat (impossible to assess, due to histological technique);
and v) loss of detail and integrity of the mesothelium. Magnification: 40X.

As a matter of fact, the UC immersed for 168 hours in DPBS and HBSS at refrigerated tem‐
perature presented integrity of the histological structure comparable to a UC collected and
processed for histological analysis immediately after birth (Figure 3). With DPBS, a slight re‐
traction of the vessels was noted, which is advantageous since the vessels are stripped and
discarded before cryopreservation of the UCT. It was concluded that the transport of the UC
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from the hospital / clinic to the cryopreservation laboratory should be performed with the
UC immersed in DPBS or HBSS at refrigerated temperatures.

Figure 3. Cross section of an umbilical cord collected and processed for histological analysis immediately after birth under
optimal conditions according to Netcord guidelines. Stained with haematoxylin and eosin (HE). Magnification: 40X.

The isolation and culture of MSCs from the Wharton’s jelly was performed by our research
group in order to obtain undifferentiated MSCs and in vitro differentiated into neural-like
cells to be tested in axonotmesis and neurotmesis lesions of the rat sciatic nerve. The isola‐
tion has been performed by enzyme-free tissue explant and enzymatic isolation. Despite our
standard approaches, we are aware that there are still significant variations that exist be‐
tween laboratory protocols, which must be taken into account when comparing results us‐
ing other methodologies. There is a wide range of individual differences among donor
tissues also and our protocols usually use 15 - 20 cm of UC. While most UC samples will
provide a reasonable number of MSCs using the provided protocols, some samples may re‐
sult in sub-optimal cell isolation and expansion. The reasons behind this phenomenon still
remain to be clarified, but as we have previously mentioned, the temperature and the time
of transport from the hospital / clinic to the cryopreservation laboratory is crucial.
Irrespective of the specific protocol, the washing procedure of the umbilical cord fragments is
crucial in order to avoid microbiological contamination of the cultures. After obtaining the writ‐
ten informed consent from the parents, fresh human umbilical cords are obtained after birth
and collected in HBSS or DPBS at 4-6°C, as it was previously described. After washing the um‐
bilical cord unit 4 times in rising DPBS, disinfection is performed in 75% ethanol for 30 sec‐
onds. Finally, and before the dissection step, umbilical cord unit is washed in DPBS. The vessels
are usually stripped with UC unit still immersed in DPBS. Once washing step in MSCs isola‐
tion and culture is essential to achieve good UCT units for cryopreservation and future clini‐
cal use, washing protocol was validated. DPBS from the first washing step (used immediately
after collection for transportation of the unit to the laboratory – washing step 1 solution) and
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DPBS used in washing step after disinfection in 75% ethanol (washing step 6 solution) from 14
umbilical cord units (N = 14) collected from healthy donors and transported from the hospital/
clinic at 4-6°C in less than 96 hours were tested for microbiological contamination using BacT/
ALERT® (bioMérieux). Each unit was tested for aerobic and anaerobic microorganisms and
fungi using 10 ml of the washing step 1 solution and washing step 6 solution which were asepti‐
cally introduced into the BacT/ALERT® testing flasks. All procedures were performed in a lam‐
inar flow tissue culture hood under sterile conditions. All the units that presented microbial
contamination in DPBS obtained from the first washing step (washing step 1 solution) present‐
ed no contamination in the analysis performed to DPBS from the last washing step immediate‐
ly performed before MSCs isolation or UCT cryopreservation (washing step 6 solution). The
following microorganisms were identified in the DPBS solution from the first washing step:
Staphylococcus lugdunensis (N = 2); Staphylococcus epidermidis (N = 1); Staphylococcus coagulase
(N = 2); Escherichia coli (N = 4); Enterococcus faecalis (N = 1); and Streptococcus sanguinis (N = 1).
The DPBS solution from the first washing step (washing step 1 solution) from 3 units was neg‐
ative for microbial contamination (N = 3). These results permitted us to conclude that the wash‐
ing protocol was 100% efficient in what concerns microbiological elimination (including aerobic
and anaerobic bacteria, yeast and fungi).
Once the transport and washing protocols were validated, it was important to isolate and
expand in vitro the MSCs from the UCT units for pre-clinical trials.

Figure 4. MSCs isolated from Wharton’s jelly using the “enzymatic protocol” exhibiting a mesenchymal-like shape
with a flat polygonal morphology. Magnification: 100x.

In the “enzymatic procedure” we use collagenase type I (Sigma-Aldrich). With the written
informed consent from the parents, fresh human umbilical cords were obtained after birth
and stored in HBSS (Gibco, Invitrogen, Portugal) for 1–48 hours before tissue processing to
obtain MSCs. After removal of blood vessels, the mesenchymal tissue is scraped off from the
Wharton’s jelly with a scalpel and centrifuged at 250 g for 5 minutes at room temperature
and the pellet is washed with serum-free Dulbecco’s modified Eagle’s medium (DMEM,
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Gibco, Invitrogen, Portugal). Next, the cells are centrifuged at 250 g for 5 minutes at room
temperature and then treated with collagenase (2 mg/ml) for 16 hours at 37°C,washed, and
treated with 2.5% trypsin-EDTA solution (Sigma-Aldrich) for 30 minutes at 37°C with agita‐
tion. Finally, the cells are washed and cultured in DMEM (Gibco, Invitrogen, Portugal) sup‐
plemented with 10% fetal bovine serum (FBS), glucose (4.5 g/l), 1% (w/v) penicillin and
streptomycin (Sigma), and 2.5 mg/ml amphotericin B (Sigma) in 5% CO2 in a 37°C incubator
(Nuaire). Around 2 × 105 cells are plated into each T75 flask in 10 ml culture medium. Cells
are allowed to attach and grow for 3 days. To remove the non-adherent cells or fragments,
the flasks are gently washed using pre-warmed DPBS after which 10 ml of pre-warmed cul‐
ture medium is added. The culture medium is changed every third day (or twice per week).
Confluence (80-90%) is normally reached at day 12–16, and the cells are removed with prewarmed trypsin-EDTA solution (4 ml per flask), for 10 min at 37°C. The cells are plated onto
poly-l-lysine coated glass coverslips (in 6- or 24-well tissue culture plates) or on biomaterials
used in the nerve reconstruction. Normally, 5000 cells/cm2 are plated on the coverslips or on
the membranes (Figure 4).
In our “enzyme-free tissue explant protocol” for isolation of MSCs, enzymatic digestion is not
employed. The mesenchymal tissue (Wharton’s jelly) is diced into cubes of about 0.5 cm3 and
the remaining vessels are removed by dissection. Using a sterile scalp, the cubes are diced in
1-2 mm fragments and transferred to a Petri dish pre-coated with poly-l-lysine (Sigma) with
Mesenchymal Stem Cell Medium (PromoCell, C-28010) supplemented with 1% (w/v) penicil‐
lin and streptomycin (Sigma), and 2.5 mg/ml amphotericin B (Sigma) and cultured in 5% CO2
in a 37°C incubator (Nuaire). Some tissue fragments will allow cell migration from the ex‐
plants in 3-4 days incubation. Confluence is normally obtained 15-21 days after.
The laboratory’s processing and cryopreservation protocols of the UCT units following the
technical procedures of Biosckin, Molecular and Cell Therapies S.A. (BSK.LCV.PT.7) were
validated for the ability of isolating and expanding in vitro MSCs after cryopreserved UCT
thawing. The protocols of processing and cryopreservation of the UCT are protected by a
Confidentiality Agreement between Biosckin, Molecular and Cell Therapies S.A. and all the
involved researchers. Briefly, the UCT collected from healthy donors (N = 60), and according
to Netcord guidelines and following the Portuguese law 12/2009 (Diário da República, lei
12/2009 de 26 de Março de 2009) is diced into cubes of about 0.5 cm3 and the remaining vessels
are removed by dissection. In order to ensure the viability of the UCT after parturition and
limit the microbiological contamination of the samples, the umbilical cords were transported
from the hospital / clinic to the laboratory at refrigerated temperatures monitored by a data‐
lloger in less than 72 hours. The UCT units from 15-20 centimeters-long umbilical cords and
after the blood vessels dissection are treated and processed for cryopreservation using a cry‐
oprotective solution (freezing medium). The UCT units are transferred to a computer-con‐
trolled slow rate freezer (Sylab, Consensus, Portugal) and a nine-step freezing program is
used to set up the time, temperature, and rates specifically optimized for the human umbili‐
cal cord-MSCs cooling. To thaw frozen cells, the cryovials are transferred directly to a 37°C
water bath. Upon thawing in less than a minute, the cell suspension is centrifuged at 150 × g
for 10 min, and the supernatant is gently removed and the cell pellet is resuspended in cul‐
ture medium. It was possible to obtain MSCs in culture from 52 out of 60 thawed UCT units.
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In some UCT cryopreserved units (N = 8) it was not possible to isolate
MSCs due to increase number of erythrocytes’ lysis or microbiological
contamination during cell culture. The MSCs morphology was
observed in an inverted microscope (Zeiss, Germany) at different
points of expansion. The MSCs exhibited a mesenchymal-like shape with
a flat and polygo‐ nal morphology. The MSCs obtained were
characterized by flow cytometry (FACSCalibur®, BD Biosciences)
analysis for a comprehensive panel of markers, such as PECAM
(CD31), HCAM (CD44), CD45, and Endoglin (CD105). In the presence
of neurogenic medium, the MSCs were able to, became exceedingly
long and there was a formation of typical neuro‐ glial-like cells with
multi-branches and secondary branches. These results permitted to con‐
clude that the processing and cooling protocols used for UCT units’
cryopreservation were adequate to preserve the UCT viability since it
was possible to isolate and expand MSCs af‐ ter appropriate thaw and in
presence of adequate cell culture conditions.
An established and ready-to-use Human MSC cell line was also
employed for promoting ax‐ onotmesis and neurotmesis lesions
regeneration. Human MSCs from Wharton’s jelly umbili‐ cal cord were
purchased from PromoCell GmbH (C-12971, lot-number: 8082606.7).
Cryopreservated cells are cultured and maintained in a humidified
atmosphere with 5% CO2 at 37°C. Mesenchymal Stem Cell Medium
(PromoCell, C-28010) is replaced every 48 hours. At 80-90% confluence,
cells are harvested with 0.25% trypsin with EDTA (Gibco) and passed
into a new flask for further expansion. MSCs at a concentration of 2500
cells/ml are cultured on poli-D-lysine coverslips (Sigma) or on
biomaterials membranes and after 24 hours cells exhibit 30-40%
confluence. Differentiation into neuroglial-like cells is induced with
MSC neurogenic medium (Promocell, C-28015). Medium is normally
replaced every 24 hours during 3 days. The formation of neuroglial-like
cells can be observed after 24 hours in an inverted microscope (Zeiss,
Germany) (Figure 5 and Figure 6).
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Figure 5. MSC cell line from Wharton’s jelly (PromoCell) exhibiting a mesenchymal-like
shape with a flat polygonal morphology. Magnification: 100x.
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Figure 6. MSC cell line from Wharton’s jelly (PromoCell) after 72h of incubation in neurogenic medium. The cells be‐
came exceedingly long and there is a formation of typical neuroglial-like cells with multibranches. Magnification: 100x.

This established human MSC cell line is preferred for in vivo testing in rats, since the number
of MSCs obtained is higher in a shorter culture time, it is not dependent on donors availabil‐
ity and ethic committee authorization, and the protocol is much less time consuming which
is advantageous for pre-clinical trials with a large number of experimental animals. As a
matter of fact, there is no need of administrating immunosuppressive treatment to the ex‐
perimental animals during the entire healing period after the surgical procedure. The phe‐
notype of MSCs was assessed by PromoCell. Rigid quality control tests are performed for
each lot of PromoCell MSCs isolated from Wharton’s jelly of umbilical cord. MSCs are tested
for cell morphology, adherence rate and viability. Furthermore, each cell lot is characterized
by flow cytometry analysis for a comprehensive panel of markers.
The MSCs isolated with the two protocols described (from fresh and the cryopreserved UCT
units) and from the established Promocell cell line exhibited a mesenchymal-like shape with
a flat and polygonal morphology. During expansion the cells became long spindle-shaped
and colonized the whole culturing surface. After 96 hours of culture in neurogenic medium,
cells changed in morphology. The cells became exceedingly long and there was a formation
of typical neuroglial-like cells with multi-branches and secondary branches. Giemsa-stained
cells of differentiated MSC cell line at passage 5 were analyzed for cytogenetic characteriza‐
tion. However, no metaphases were found, therefore the karyotype could not be established.
The karyotype of undifferentiated HMSCs was determined previously and no structural al‐
terations were found demonstrating absence of neoplastic characteristics in these cells, as
well as chromosomal stability to the cell culture procedures [55, 56]. The differentiated
MSCs karyotype could not be established, since no dividing cells were obtained at passage
5, which can be in agreement with the degree of differentiation. The karyotype analysis of
undifferentiated MSCs previously determined, excluded the presence of neoplastic cells,
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thus supporting the suitability of our cell culture and differentiation procedures. This con‐
cern also resulted from our previous experience with N1E-115 neoplastic cell line and the
negative results we obtained in the treatment of axonotmesis and neurotmesis injuries [5759]. Nevertheless, undifferentiated MSCs from the Wharton’s jelly culture (obtained
from either protocol or from the Promocell cell line) showed normal morphology when in‐
spected with an inverted microscope (Figure 7).
The differentiation was tested based on the expression of typical neuronal markers such as
GFAP, GAP-43 and NeuN by neural-like cells attained from MSCs. Undifferentiated MSCs
were negatively labeled to GFAP, GAP-43 and NeuN. After 96 hours of differentiation the
attained cells were positively stained for glial protein GFAP and for the growth-associated
protein GAP-43. All nucleus of neural-like cells were also labeled with the neuron specific
nuclear protein called NeuN showing that differentiation of MSCs in neural-like cells was
successfully achieved for MSCs obtained from UCT (fresh and cryopreserved) and for the
Promocell MSC cell line (Figure 8) [55].
2.1.2. Differentiation into neuroglial-like cells
MSCs express nestin, a maker for neural and other stem cells [60, 61] and can be differentiat‐
ed in adipose tissue, bone, cartilage, skeletal muscle cells, cardiomyocyte-like cells, and neu‐
roglial-like cells [54, 55, 60, 62], presenting great potential to biomedical engineering
applications. These cells fit into the category of primitive stromal cells and because they are
abundant and inexpensive, they might be very useful for regenerative medicine and biotech‐
nology applications.
By employing neuron-conditioned media, sonic hedgehog and fibroblast growth factor 8,
MSCs isolated from the Wharton’s jelly can be induced toward dopaminergic neurons.
These cells have been transplanted into hemiparkinsonian rats where they prevented the
progressive degeneration/behavioral deterioration seen in these rats [63]. Rat MSCs isolated
from the Wharton’s jelly when transplanted into brains of rats with global cerebral ischemia
significantly reduced neuronal loss, apparently due to a rescue phenomenon [64]. Neuronal
differentiation of human MSCs could also provide cells to replace neurons lost due to neuro‐
degenerative diseases. Recent studies showed that transplanted MSCs-derived neurons be‐
come electrophysiologically integrated within the host neural tissue [65]. However, all these
therapeutic applications need uniform and reproducible regulation.
A consequence of cell metabolism during in vitro expansion is that culture conditions are
constantly changing. The comprehension and optimization of the expansion and differentia‐
tion process will contribute to maximization of cell yield, reduced need of cell culture, and a
decrease in total processing costs [66, 67]. Elucidation of regulatory mechanisms of MSCs
differentiation will allow optimization of in vitro culture and their clinical use in the treat‐
ment of neural-related diseases. Research is being performed to optimize expansion process
parameters in order to grow MSCs in a controlled, reproducible, and cost-effective way [68].
Metabolism is certainly one of these parameters.
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3. Regeneration and in vivo testing
With the world wide global increase in life expectancy, a variety of disabling diseases with
large impact on human population are arising. This includes cardiovascular, neurological,
musculoskeletal, and malignancies. Therefore, it is imperative that new and more effective
treatment methods are developed to correct for these changes. Further research with experi‐
mental animal systems is required to translate to in vivo cell-based therapy that has been
extensively investigated in vitro [1]. Stem cell biology is probably the golden key for cell
therapies and regenerative medicine. Regeneration is the physical process where remaining
tissues organize themselves to replace missing or injured tissues in vivo [39].
It has been speculated that once MSCs have the potential to differentiate into several tissues,
they might be responsible for turnover and maintenance of adult tissues, just like hemato‐
poietic stem cells have this role in blood cells [69]. First, it was believed that after injection of
MSCs, these were able to migrate to the damaged site and to differentiate into ones with the
appropriate function for repairing, so MSCs could mediate tissue repair through there mul‐
tilineage capacity replacing damaged cells. Subsequent studies have suggested that the
mechanism used by MSCs for tissue repairing is not really this way. This new idea was rein‐
forced by the confirmation that this cells homed to damaged site, particularly to spots of hy‐
poxia, inflammation and apoptosis [70, 71].
Recent studies demonstrated that transplanted MSCs modified the surrounding tissue mi‐
croenvironment, promoting repair with functional improvement by secretion factors
(known as paracrine effect), stimulation of preexisting stem cells in the original tissue and
decreasing of inflammation and immune response [72]. Other studies have demonstrated
that MSC-conditioned media by itself could have therapeutic effects. All this data suggest
that MSC apply a reparative effect on injured side through its paracrine effects [73].
It is necessary to overcome some barriers before a cell-based therapy becomes routine in
clinics, including the cell number and the administration way of treatment. MSCs are diffi‐
cult to be maintained stable in culture for long time, but due to their short doubling time, if
at the outset many cells are harvested they may be properly scaled up in primary culture,
never forgetting the ideal seeding number [39].
MSCs are an attractive candidate for cell-based regenerative therapy; the evidence is that
currently there are 139 trial registries for MSC therapy 27 of which are based on umbilical
cord MSCs [74].
3.1. Nerve regeneration
After Central Nervous System (CNS) lesions, Peripheral Nervous System (PNS) injuries are
the ones with minor successes in terms of functional recovery. These kinds of injuries are
frequent in clinical practice. About two centuries ago it was assumed that these nerves
would never regenerate. Indeed, scientific and clinical knowledge greatly increased in this
area. Nevertheless, a full understanding of axonal recovery and treatment of nerve defects,
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especially complete functional achievement and organ reinnervation after nerve injury, still
remains the principle challenge of regenerative biology and medicine [75, 76].
3.1.1. Nerve repair
Many peripheral nerve injuries can only be dealt through reconstructive surgical proce‐
dures. Despite continuous refinement of microsurgery techniques, peripheral nerve repair
still stands as one of the most challenging tasks in neurosurgery, as functional recovery is
rarely satisfactory in these patients [76]. Direct repair should be the procedure of choice
whenever tension-free suturing is possible; however, patients with loss of nerve tissue, re‐
sulting in a nerve gap, are considered for a nerve graft procedure. In these cases, the donor
nerves used for grafting are commonly expendable sensory nerves. This technique, howev‐
er, has some disadvantages, with the most prominent being donor site morbidity, that may
lead to a secondary sensory deficit and occasionally neuroma and pain. In addition, no do‐
nor and recipient nerve diameters often occurs which might be the basis for poor functional
recovery. Alternatives to peripheral nerve grafts include cadaver nerve segments allografts,
end-to-side neurorrhaphy, and entubulation by means of autologous non-nervous tissues,
such as vein and muscles [76]. One advantage of these allografts compared with the auto‐
grafts is the absence of donor site morbidity and theoretically the unlimited length of tissue
available [77]. Experimental work from a number of laboratories has emphasized the impor‐
tance of entubulation for peripheral nerve repair to manage nerve defects that cannot be
bridged without tension (neurotmesis with loss of nerve tissue). Nerves will regenerate from
the proximal nerve stump towards the distal one, whereas neuroma formation and in‐
growth of fibrous tissue into the nerve gap are prevented [78]. The reliability of animal mod‐
els is crucial for PN research, including therapeutic strategies using biomaterials and cellular
systems. As a matter of fact, rodents, particularly the rat and the mouse, have become the
most frequently used animal models for the study of peripheral nerve regeneration because
of the widespread availability of these animals as well as the distribution of their nerve
trunks which is similar to humans [79]. Because of its PN size, the rat sciatic nerve has been
the most commonly experimental model used in studies concerning the PN regeneration
and possible therapeutic approaches [80]. Functional recovery after PN injury is frequently
incomplete, even with adequate microsurgery, so, many research and clinical studies have
been performed including biomaterials for tube-guides. Since the 80’s, Food and Drug Ad‐
ministration (FDA) has approved a variety of these biomaterials both natural and synthetic.
The ideal biomaterial nerve graft should increase number, length and speed of axon regen‐
eration [77]. It should be:
i.

biocompatible, not toxic neither present undesired immunologic response;

ii.

permeable enough to permit nutrient and oxygen diffusion and allows cell support
systems;

iii.

flexible and soft to avoid compression;

iv.

biodegradable, the ideal rate is to remain intact during axon regeneration across
nerve gap and after degrade softly and
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v.

technically reproducible, transparent, easy to manipulate, and sterilize [81].

Currently 3 types of materials are available for nerve reconstruction: non-resorbable, natural
resorbable and synthetic resorbable. Polyvinil alcohol hydrogel (PVA) is an example of a
non-absorbable biomaterial. It combines water in similar proportions to human tissue, with
PVA providing a stable structure easy to sterilize, which is a main advantage of this materi‐
als, but has some limitations such as: nerve compression and suture tension after regenera‐
tion due to its non-resorbable nature [77]. Collagen type I from humans or animals, is an
example of a natural resorbable device, which has some advantages such as:
i.

easy to isolate and purify,

ii.

good adhesiveness for supporting cell survival an proliferation,

iii.

has been proven to be highly biocompatible and support nerve regeneration in vivo.

On the other hand, offers some immune response requiring the use of immunosuppres‐
sive drugs or pre-treatment of the material before clinical use [77]. Poly (DL-lactide-ε-capro‐
lactone) (PLC) a synthetic resorbable material is the only transparent device approved by
FDA, important characteristic for the surgeon that facilitates the insertion of the nerve stumps
across the nerve gap, but, on the other hand it is not flexible [77]. Chitosan, PLC, colla‐
gen, poly(L-lactide) and poly(glycolide) copolymers (PLGA) and others, some of them, pre‐
viously studied by our group [57, 58, 82] were associated to cellular systems, which are able
to differentiate into neuroglial-like cells or capable of modulating the inflammatory proc‐
ess, improved nerve regeneration, in terms of motor and sensory recovery, and also shorten‐
ing the healing period after axonotmesis and neurotmesis, avoiding regional muscular
atrophy [57, 58, 82].
Researches with acellular nerve allografts, as alternative for repairing peripheral nerve de‐
fects have been reported. These nerve allografts remove the immunoreactive SCs and mye‐
lin however preserve the internal structure of original nerve, containing vital components such
as collagen I, laminin and growth factors essential for repairmen of the lesions [83]. Acellu‐
lar grafts remain insufficient, due to the increasing extent of nerve damages. Also, viable cells
are necessary for debris removal and environmental regeneration reestablishment [83].
Cell transplantation, such as Schwann cells (SCs) transplantation has been proposed as a
method of improving peripheral nerve regeneration [84]. SCs are peripheral glial cells that
enwrap axons to form myelin with a central role in neuronal function. When there is dam‐
age in PNS, SCs are induced to mislay myelin, proliferate and segregate numerous factors,
including cytokines responsible for reproducing a microenvironment suitable for support‐
ing axon regeneration [85, 86]. They also have a vital participation in endogenous repair, re‐
constructing myelin, which are essential for functional recovery [85, 86]. SCs, MSCs, ESCs,
marrow stromal cells are the most studied support cells candidates. SCs transplantation en‐
hance axon outgrowth both in vitro [87] and in vivo [88]. Although to achieve an adequate
amount of autologous SC, a donor nerve is necessary and a minimum of 4-8 weeks for in
vitro expansion. Umbilical cord MSCs may be the perfect cell model as supplement for nerve
grafts, once they are easily obtained, with no ethical controversy and can differentiate into
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neuglial-like cells [83]. Matuse and collaborators induced MSCs from the umbilical cord into
SCs capable of supporting peripheral nerve regeneration and myelin reconstruction in vivo.
They transplanted these SCs into injured sciatic nerve, and proved that these cells main‐
tained their differentiated phenotype in vivo, and contributed for axonal regeneration and
functional recovery [89].
In our studies we aimed to explore the therapeutic value of human umbilical cord matrix
(Wharton’s jelly) derived MSCs, undifferentiated and differentiated in neuroglial-like cells,
both in vitro and in vivo, associated to a variety of biomaterials such as, Poly (DL-lactide-εcaprolactone) PLC (Vivosorb®) membrane, and Chitosan type III on rat sciatic nerve axo‐
notmesis and neurotmesis experimental model. For cell transplantation into injured nerves
(with axonotmesis and neurotmesis injuries), there are two main techniques. The cellular
system may be directly inoculated into the neural scaffold which has been interposed be‐
tween the proximal and distal nerve stumps or around the crush injury (in neurotmesis and
axonotmesis injuries, respectively); or the cells can be pre-added to the neural scaffold via
inoculation or co-culture (in most of the cellular systems, it is allowed to form a monolayer)
and then the biomaterial with the cellular system is implanted in the injured nerve [82].
Our PLC studies [55] demonstrated that this biomaterial does not interfere negatively with
the nerve regeneration process, in fact, the information on the effectiveness of PLC mem‐
branes and tube-guides for allowing nerve regeneration was already provided experimen‐
tally and with patients [82]. PLC becomes hydrophilic by water uptake, which increases the
permeability of the polymer. This is essential for the control of nutrient and other metabolite
transportation to the surrounding healing tissue. A few weeks after implantation, the me‐
chanical power gradually decreases and there is a loss of molecular weight as a result of the
hydrolysis process. Nearly in 24 months, PLC degrades into lactic acid and hydroxycaproic
acid which are both safely metabolized into water and carbon dioxide and/or excreted
through the urinary tract. In contrast to other biodegradable polymers, PCL has the advant‐
age of not creating an acidic and potentially disturbing micro-environment, which is favora‐
ble to the surrounding tissue [90]. Chitosan has attracted particular attention in medical
areas due to its biocompatibility, biodegradability, and low toxicity, low cost, improvement
of wound-healing and antibacterial properties. Moreover, the potential use of chitosan in
nerve regeneration has been demonstrated both in vitro and in vivo [57, 91]. Chitosan is a
partially deacetylated polymer of acetyl glucosamine obtained after the alkaline deacetyla‐
tion of chitin [57, 82]. While chitosan matrices have low mechanical strength under physio‐
logical conditions and are unable to maintain a predefined shape after transplantation, their
mechanical properties can be improved by modification with a silane agent, namely γ-glyci‐
doxypropyltrimethoxysilane (GPTMS), one of the silane-coupling agents which has epoxy
and methoxysilane groups. The epoxy group reacts with the amino groups of chitosan mole‐
cules, while the methoxysilane groups are hydrolyzed and form silanol groups. Finally, the
silanol groups are subjected to the construction of a siloxane network due to the condensa‐
tion. Thus, the mechanical strength of chitosan can be improved by the cross-linking be‐
tween chitosan, GPTMS and siloxane network. By adding GPTMS and employing a freezedrying technique, we have previously obtained chitosan type III membranes (hybrid
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chitosan membranes) with pores of about 110 μm diameter and about 90% of porosity, and
which were successful in improving sciatic nerve regeneration after axonotmesis and neuro‐
tmesis [56, 57, 82].
The induction of a crush injury in rat sciatic nerve provides a very realistic and useful model
of damage for the study of the role of numerous factors in regenerative processes [57]. Focal
crush causes axonal interruption but preserves the connective sheaths (axonotmesis). After
axonotmesis injury regeneration is usually successful, after a short (1-2 day) latency, axons
regenerate at a steady rate towards the distal nerve stump, supported by the reactive SCs
and the preserved endoneural tubules enhance axonal elongation and facilitate adequate re‐
innervation [92]. Our research group has been testing the efficacy of combining biomaterials
and cellular systems in the treatment of sciatic nerve crush injury [57-59, 82, 90, 91, 93-95].
Following transection, axons show staggered regeneration and may take substantial time to
actually cross the injury site and enter the distal nerve stump [60]. Although delayed axonal
elongation might be caused by growth inhibition originating from the distal nerve itself,
growth-stimulating influences may overcome axons stagger. More robust and fast nerve re‐
generation is expected to result in better reinnervation and functional recovery. As a poten‐
tial source of growth promoting signals, MSCs transplantation is expected to have a positive
outcome. Our results showed that the use of either undifferentiated or differentiated
HMSCs enhanced the recovery of sensory and motor function in axonotmesis lesion of the
rat sciatic nerve [56]. Neurotmesis must be surgically treated by direct end-to-end suture of
the two nerve stumps or by a nerve graft harvested from elsewhere in the body in case of
tissue loss. To avoid secondary damage due to harvesting of the nerve graft, a tube-guide
can be used to bridge the nerve gap. Acutely after sciatic nerve transection there is a com‐
plete loss of both motor and thermal sensory function. Sensory and motor deficit then pro‐
gressively decrease along the post-operative. From a morphological point of view, nerve
regeneration occurs if Wallerian degeneration is efficient and is substituted by re-growing
axons and the accompanying viable SCs [96, 97]. The axon regeneration pattern is improved
by using appropriate biomaterials for the tube-guide design, like chitosan type III and PLC
and cellular systems like MSCs from the Wharton jelly [57, 90, 91, 95]. The surgical techni‐
que and the time for the reconstructive surgery is also crucial for the nerve regeneration af‐
ter neurotmesis [57, 90, 91, 95].
3.2. Assessment of nerve regeneration in the sciatic nerve rat model
Although both morphological and functional data have been used to assess neural regenera‐
tion after induced crush injuries, the correlation between these two types of assessment is
usually poor [94, 98-100]. Classical and newly developed methods of assessing nerve recov‐
ery, including histomorphometry, retrograde transport of horseradish peroxidase and retro‐
grade fluorescent labeling [79] do not necessarily predict the reestablishment of motor and
sensory functions [100-103]. Although such techniques are useful in studying the nerve re‐
generation process, they generally fail in assessing functional recovery [100]. In this sense,
research on peripheral nerve injury needs to combine both functional and morphological as‐
sessment. The use of biomechanical techniques and rat’s gait kinematic evaluation is a prog‐
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ress in documenting functional recovery [104]. Indeed, the use of biomechanical parameters
has given valuable insight into the effects of the sciatic denervation/reinnervation, and thus
represents an integration of the neural control acting on the ankle and foot muscles, which is
very useful and accurate to evaluate different therapeutic approaches [103-105].
3.2.1. Functional Assessment
After injury and treatment of animals, follow-up results are very important for analysis of
functional recovery. Animals are tested preoperatively (week 0), and every week during 12
and 20 weeks, for axonotmesis and neurotmesis of the rat sciatic nerve, respectively. Motor
performance and nociceptive function are evaluated by measuring extensor postural thrust
(EPT) and withdrawal reflex latency (WRL), respectively [55, 58, 94]. For EPT test, the affect‐
ed and normal limbs are tested 3 times, with an interval of 2 minutes between consecutive
tests, and the 3 values are averaged to obtain a final result. The normal (unaffected limb)
EPT (NEPT) and experimental EPT (EEPT) values are incorporated into an equation (Equa‐
tion (1)) to derive the percentage of functional deficit, as described in the literature [106]:
% Motor deficit = [(NEPT – EEPT) / NEPT] x 100

(1)

The nociceptive withdrawal reflex (WRL) was adapted from the hotplate test developed by
Masters et al. [107]. Normal rats withdraw their paws from the hotplate within 4s or less.
The cutoff time for heat stimulation is set at 12 seconds to avoid skin damage to the foot.
For Sciatic Functional Index (SFI), animals are tested in a confined walkway that they cross,
measuring 42 cm long and 8.2 cm wide, with a dark shelter at the end. Several measure‐
ments are taken from the footprints:
i.

distance from the heel to the third toe, the print length (PL);

ii.

distance from the first to the fifth toe, the toe spread (TS); and

iii.

distance from the second to the fourth toe, the intermediary toe spread (ITS).

In the static evaluation (SSI) only the parameters TS and ITS, are measured. For SFI and SSI,
all measurements are taken from the experimental (E) and normal (N) sides. Prints for meas‐
urements are chosen at the time of walking based on precise, clear and completeness of foot‐
prints. The mean distances of three measurements are used to calculate the following factors
(dynamic and static):

Toe spread factor TSF  ETS – NTS / NTS

(2)

Intermediate toe spread factor ITSF  EITS – NITS / NITS

(3)
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Print length factor (PLF) = (EPL – NPL) / NPL

(4)

SFI is calculated as described by Bain et al. [108] according to the following equation:
SFI 38.3EPL – NPL / NPL  109.5ETS – NTS / NTS  13.3EIT – NIT / NIT – 8.8
 38.3 PLF 109.5 TSF 13.3  ITSF) – 8.8

(5)

For SFI and SSI, an index score of 0 is considered normal and an index of -100 indicates total
impairment. When no footprints are measurable, the index score of -100 is given [109]. In
each walking track 3 footprints are analyzed by a single observer, and the average of the
measurements is used in SFI calculations.
Ankle kinematics analysis is carried out prior nerve injury, at week-2 and every 4 weeks
during the 12 or the 20-week follow-up time, for axonotmesis and neurotmesis lesions, re‐
spectively. The motion capture is performed with 2 digital high speed cameras (Oqus, Qual‐
ysis®) at a rate of 200 images per second, and Qualisys Track Manager software (QTM,
Qualysis®). The cameras operate on a infra-red light frequency ensuring a high level of ac‐
curacy on the determination of reflective marker position and a position residual of less than
2.7 mm was obtained. Cameras are usually positioned to not recorder significant signal de‐
flection during the test and four reflective markers were placed at the skin of the rat right
hindlimb at the proximal edge of the tibia, the lateral malleolus and the fifth metatarsal
head. Advanced analysis of the 2-D movement (sagittal plan) data is performed with Visu‐
al3D software (C-Motion®, Inc). The rats’ ankle angle is determined using the scalar product
between a vector representing the foot and a vector representing the lower leg. With this
model, positive and negative values of position of the ankle joint (θ°) indicate dorsiflexion
and plantarflexion, respectively. For each step cycle the following time points are identified:
midswing, midstance, initial contact (IC) and toe-off (TO) [104, 109-113] and are time nor‐
malized for 100% of step cycle. The normalized temporal parameters are averaged over all
recorded trials. Angular velocity of the ankle joint (Ω °/s) is also determined where negative
values correspond to dorsiflexion. A total of 6 walking trials for each animal with stance
phases lasting between 150 and 400 ms are considered for analysis, since this corresponds to
the normal walking velocity of the rat (20–60 cm/s) [104]. Animals walk on a Perspex track
with length, width and height of respectively 120, 12, and 15 cm. In order to ensure locomo‐
tion in a straight direction, the width of the apparatus is adjusted to the size of the rats dur‐
ing the experiments.
3.2.2. Morphologic Assessment
Nerve samples are processed for quantitative morphometry of myelinated nerve fibers
[114]. Fixation is usually carried out using 2.5% purified glutaraldehyde and 0.5% saccarose
in 0.1M Sorensen phosphate buffer for 6-8 hours and resin embedding is obtained following
Glauerts' procedure (Scipio et al., 2008). Series of 2-μm thick semi-thin transverse sections
are cut using a Leica Ultracut UCT ultramicrotome (Leica Microsystems, Wetzlar, Germany)
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and stained by Toluidine blue. Stereology is carried out on a DM4000B microscope equip‐
ped with a DFC320 digital camera and an IM50 image manager system (Leica Microsystems,
Wetzlar, Germany). Systematic random sampling and D-disector is always adopted using a
protocol previously described [115, 116]. Fiber density and total number of myelinated fi‐
bers is estimated together with fiber and axon diameter and myelin thickness.
3.3. Results
3.3.1. Differentiation and metabolism of MSCs from Wharton’s jelly
In our experimental studies we expanded undifferentiated MSCs from human umbilical
cord Wharton’s jelly that exhibited a normal star-like shape with a flat morphology in cul‐
ture (Figures 4 and 5). To prevent the possibility of eventual mutations due to expansion ar‐
tifacts, a total of 20 Giemsa-stained metaphases of these cells, were analyzed for numerical
aberrations. Sporadic, non-clonal aneuploidy was found in 3 cells (41-45 chromosomes). The
other 17 metaphases had 46 chromosomes (Figure 7). The karyotype was determined in a
completely analyzed G-banding metaphase. No structural alterations were found. The kar‐
yotype analysis to the MSCs cell line derived from Human Wharton jelly demonstrated that
this cell line has not neoplastic characteristics and is stable during the cell culture proce‐
dures in terms of number and structure of the somatic and sexual chromosomes [55].

Figure 7. Selected metaphases from undifferentiated MSC cells isolated from Wharton’s jelly, showing the normal
number of chromosomes (46, XY). Magnification: 1000X.

We differentiated MSC from Wharton’s Jelly into neuroglial-like cells. After 96 hours of in‐
cubation in neurogenic medium, we observed a morphological change. The cells became ex‐
ceedingly long and there was a formation of typical neural-like cells with multi-branches
and secondary branches (Figure 6). The differentiation was tested based on the expression of
typical neuronal markers such as GFAP, GAP-43 and NeuN by neural-like cells attained
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from HwMSCs. Undifferentiated MSCs were negatively labeled to GFAP, GAP-43 and
NeuN (Figure 8A,C,E). After 96 hours of differentiation the attained cells were positively
stained for glial protein GFAP (Figure 8B) and for the growth-associated protein GAP-43
(Figure 8D). All nucleus of neural-like cells were also labeled with the neuron specific nucle‐
ar protein called NeuN (Figure 8F) showing that differentiation of MSCs in neural-like cells
were successfully achieved [55].

Figure 8. Undifferentiated MSC cells from the Wharton’s jelly presenting a negative staining for: (A) GFAP which is a
glial cell marker; (C) GAP-43 which is related with axonal outgrowth and (E) NeuN which is a marker for nucleus of
neurons. Neuroglial-like cells obtained from HMSCs in vitro differentiated with neurogenic medium exhibiting a posi‐
tive staining for: (B) GFAP; (D) GAP-43 and (F) NeuN. Magnification: 200x [55].

The in vitro expansion and differentiation of MSCs for clinical cell-based therapy is a very
expensive and long process that needs standardization. Although pre-clinical and clinical
data demonstrated the safety and effectiveness of MSCs therapy in some pathologies such as
neurological, there are still questions surrounding the mechanism of action. In our research
work we aimed to disclose the possible role of metabolism not only in the MSCs mainte‐
nance and expansion but also during the differentiation in neural-like cells [55]. MSCs main‐
tenance and differentiation, to neural-like cells, depends on metabolic modulation. In vitro,
glucose is the most widely used substrate for the generation ATP which is essential for cell
growth and maintenance. It has been proposed that cells undergoing high proliferation rates
depend on glycolysis to generate ATP, known as Warburg effect, although this pathway is
less effective than the oxidative phosphorylation in terms of ATP production [117]. Our re‐
sults showed that during expansion, the undifferentiated MSCs consume glucose and pro‐
duce high concentration of lactate as a metabolic sub product which is consistent with the
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Warburg effect and glycolysis stimulation. MSCs do not require oxidative phosphorylation
to survive as alternative, hypoxia extends the lifespan, increases their proliferative ability
and reduces differentiation [118]. The morphologic and biochemical characteristics of neu‐
ral-like cells are already described but the mechanism by which stem cells differentiate into
neural-like cells is still unknown. In our research work, MSCs that undergone differentiation
into neural-like cells, consumed significantly less glucose and produced significantly less
lactate than MSCs that undergone only expansion. These major differences allow us to con‐
clude that during MSCs differentiation in neural-like cells the glycolytic process, which
proved to be the crucial metabolic mechanism during MSCs expansion, is switched to oxida‐
tive metabolism [55].
Our results show clear evidences that MSCs expansion is dependent of glycolysis while
their differentiation in neural-like cells requires the switch of the metabolic profile to oxida‐
tive metabolism. Also important may be the role of oxidative stress during this process. This
work is a first step to identify key metabolic-related mechanisms responsible for human
MSCs from the Wharton’s jelly expansion and differentiation [55].
The lack of standardization of MSCs isolated from the Wharton’s jelly culture conditions has
limited some progress in scientific and clinical research. Understanding these MSCs metabo‐
lism during expansion, as well as determining molecular and biochemical mechanisms for
differentiation is of great significance to develop new effective stem cell-based therapies.

4. Biomaterial and cellular system association – discussion and final
remarks
Using the rat model, we recently tested in vivo the efficacy of biomaterials and cellular sys‐
tem association in treatment of sciatic nerve axonotmesis and neurotmesis injury. Following
transection, axons show staggered regeneration and may take substantial time to cross the
injured site and enter the distal nerve stump [119]. However delayed axonal elongation
might be caused by growth inhibition originated from the distal nerve itself, growth-stimu‐
lating influences may overcome axons stagger. As a potential source of growth promoting
signals, MSCs transplantation is expected to give a positive outcome. Our results showed
that the use of either undifferentiated or differentiated MSCs in axonotmesis lesion boosted
the recovery of sensory and motor function. In both cell-enriched experimental groups we
observed that the myelin sheath was thicker, this suggests that MSCs might apply their posi‐
tive effects on SCs, the key element in Wallerian degeneration and the following axonal re‐
generation [120]. Also results from in vivo testing previously performed by our research
group showed that infiltration of MSCs from the Wharton’s jelly, or the combination of chi‐
tosan type III membrane enwrapment and MSCs enrichment after nerve crush injury pro‐
vide an advantage to post-traumatic nerve regeneration [56, 57]. Chitosan type III was
developed as a hybrid of chitosan by adding GPTMS. A synergistic effect of an extra perme‐
ability and physicochemical properties of chitosan type III and the presence of silica ions
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may be responsible for the good results in post-traumatic nerve regeneration promotion ob‐
served in the sciatic nerve after axonotmesis and neurotmesis [57, 91]. The substantial im‐
provement of axonal regeneration found in sciatic nerve crush enwrapped by chitosan type
III membranes and for bridging nerve gaps after neurotmesis [57, 91], suggests that this bio‐
material may not just work as a simple mechanical device but instead may induce nerve re‐
generation. The neuroregenerative properties of chitosan type III may be explained by the
effect on SCs proliferation, axon elongation and myelinization [55, 91]. Our data also
showed that PLC does not deleteriously interfere with the nerve regeneration process, as a
matter of fact, the information on the effectiveness of PLC membranes and tube-guides for
allowing nerve regeneration was already provided experimentally and with patients [82].
The MSCs from the Wharton’s jelly may be a valuable source in the repair of the peripheral
nervous system with capacity to differentiate into neuroglial-like cells. The transplanted
MSCs are also able to promote local blood vessel formation and release the neurotrophic fac‐
tors brain-derived neurotrophic factor (BDNF) and glial cell line-derived neurotrophic factor
(GDNF) [55]. Previous results obtained by our research group using N1E-115 cells in vitro
differentiated into neuroglial-like cells to promote regeneration of axonotmesis and neuro‐
tmesis lesions in the rat model showed that there was no significant effect in promoting ax‐
on regeneration and, when N1E-115 cells were cultured inside a PLGA scaffold used to
bridge a nerve defect, they can even exert negative effects on nerve fiber regeneration. The
presence of transplanted N1E-115 cells in nerve scaffolds competing for the local blood sup‐
ply of nutrients and oxygen and by space-occupying effect could have hindered the positive
effect of local neurotrophic factor release leading a negative outcome on nerve regeneration.
Thus, N1E-115 cells did not prove to be a suitable candidate cellular system for treatment of
nerve injury after axonotmesis and neurotmesis and their application is limited only to re‐
search purposes as a basic scientific step for the development of other cell delivery systems,
due to its neoplastic origin [57-59, 91, 93]. The MSCs isolated from the Wharton´s jelly
through PLC and chitosan type III membranes might be a potentially valuable tool to im‐
prove clinical outcome especially after trauma to sensory nerves, such as digital nerves. The
results from our experimental work [55, 56] showed that the use of either undifferentiated or
neuroglial-like differentiated MSCs enhanced the recovery of sensory and motor function of
the rat sciatic nerve. The observation that in both cell-enriched experimental groups myelin
sheath was thicker, suggest that MSCs might exert their positive effects on SCs, the key ele‐
ment in Wallerian degeneration and the following axonal regeneration [120]. In addition,
these cells represent a non-controversial source of primitive mesenchymal progenitor cells
that can be harvested after birth, cryogenically stored, thawed, and expanded for therapeu‐
tic uses, including nerve injuries like axonotmesis and neurotmesis. The time and tempera‐
ture of the transport (and the saline solution used) of the UC units from the hospital / clinic
to the laboratory is crucial for a successful outcome considering MSCs isolation and prolifer‐
ation from fresh and cryopreserved UCT. It is highly recommend that the transport from the
clinic or hospital to the laboratory should be refrigerated, and the UC units should be imme‐
diately immersed in a sterile saline solution like HBSS or DPBS.
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1

Denervation and reinnervation
3. Aims

Injury of the rat’s sciatic nerve was elected as the animal model for the studies presented in
this chapter. We began by purposing to study the relationship between the rat sciatic nerve’s
regeneration after immediate reconstruction with end-to-end suture following a neurotmesis
lesion (without loss of tissue) and its consequence in terms of tibialis anterior (TA) muscle
reinnervation. In a previous study (section 4.1 of this chapter), we evaluated the functional
recovery during 20 weeks by EPT and WRL tests of the injured animals (End-to-End group)
and compared them to the Control uninjured animals. Before the surgical procedure and after
the 20 weeks follow-up, the animals were submitted to ankle kinematics evaluation. The
sciatic nerve stereology was also performed upon sacrifice of these animals at the end of the
20 weeks functional follow-up. In non-denervated and also in denervated muscles 20 weeks
after surgery, muscle’s morphometric analysis was performed for the assessment of muscle
fiber size. In two similar experimental groups (End-to-End and Control) in vivo assessment of
plantarflexor and dorsiflexor muscles’ strength was tested 16 weeks following recovery. By
these means we intended to ascertain if these methods could be appropriate for the
evaluation of nerve’s regenerative therapies applied to our injury model of neurotmesis.
On the following study (section 4.2 of this chapter), we hypothesized that hMSCs (here called
UCX®) locally applied to the sectioned sciatic nerve (neurotmesis) and surgically
reconstructed with an end-to-end suture, would positively modulate the inflammatory
response, including the Wallerian degeneration that occurs in the hyper-acute and acute
phases after injury. We also hypothesized that a ready-to-use commercial haemostatic matrix
(Floseal®) used as vehicle could help promoting end-to-end contact between nerve fibers and
MSCs cell-cell interactions within the suture, as well as maintaining UCX® cells within the
wounded site. In order to test this hypothesis the therapeutic value of UCX® was evaluated on
end-to-end rat sciatic nerve repair after neurotmesis in the hyper-acute and acute healing
phases. Also a functional and nerve morphometric analysis in the long term regeneration
process, called chronic phase allowed the morphologic and functional evaluation of the nerve
regeneration at that stage. This published study was complemented with a muscle
morphometric analysis, by collecting and analysing the TA muscle of the denervated animals
(section 4.2.1 of this chapter).
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In the third study of this chapter (section 4.3), it was tested the poly(DL-lactide-εcaprolactone) (PLC) biodegradable biomaterial associated to undifferentiated hMSCs
(PLCcellnonDif group) and to neuroglial-like cells, obtained after hMSCs in vitro differentiation
in the presence of neurogenic culture medium (PLCcellDif group). These cell-based therapies
in association with PLC were tested in neurotmesis lesions with and without loss of nerve
tissue (Graft and End-to-End groups) using the same methods employed in the previous
study for nerve morphological and functional analysis.
In the last study of this chapter (section 4.4), results of muscle’s morphometry are revealed.
Polyvinyl alcohol hidrogel (PVA) was suggested as a biomaterial for promotion of nerve
regeneration. This PVA was tested in nerve grafting and in membranes for wrapping crush
injured sciatic nerves (Axono and Neuro groups). PVA was also tested in two other
alternative forms that would increase the tube-guide electric conductivity (loaded with carbon
nanotubes or with polypyrrole – CNTs and PPy groups, respectively). hMSCs were coupled
with PVA CNTs and tested in the neurotmesis model (Graft PVA CNTs MSCs).
The cells used in the in vivo testing of the last two referred studies were an established
ready-to-use Human MSC cell line purchased from PromoCell GmbH (C-12971, lot-number:
8082606.7). Established human MSC cell lines are preferred for in vivo testing, once the
numbers of MSCs obtained are higher in a shorter culture time, therefore the study is not
dependent on donors availability and ethic committee authorization, and the protocol is much
less time consuming which is an advantageous for pre-clinical trials with a large number of
experimental animals.
For the second study disclosed in this chapter it was used a MSC cellular system (UCX®)
established by a private company (ECBio - Research and Development in Biotechnology
S.A.) that settled collaboration with our group for the in vivo testing of their cellular product.
ECBio developed proprietary technology to isolate, expand, and cryopreserve a wellcharacterized population of human stromal cells derived from the umbilical cord tissue,
Wharton’s jelly, named herein as UCX® cells. UCX® cells phenotype, cell morphology,
adherence rate and viability is in the overall the same as the MSC cell line used in the other
works. This cellular product developed by ECBIO in which our research group has been
having an active collaboration concerning pre-clinical trials, will be in a near future, available
in the market for human cell therapies.
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Morphological and functional muscle assessment in
the rat’s denervation/reinnervation model:
integration with nerve regeneration analysis
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Denervation and reinnervation

1

4.1 Preliminary study

Morphological and functional muscle assessment in the rat’s
denervation/reinnervation model: integration with nerve regeneration
analysis
Muscle weakness and atrophy is a major health problem related to inactivity, injury, disease,
aging, and medication, and regaining muscle strength is an important factor both for life
expectancy and quality. The aim of this preliminary study was to find out if the muscle’s
morphometric’s methodology was appropriate for the evaluation of nerve regeneration and
subsequent muscle’s reinnervation. For that purpose, tibialis anterior (TA) muscles’ structural
changes accompanying atrophy were studied by accurate morphometric methods under light
microscopy. Muscle tissue morphoquantitative data was combined with the muscles’ motor
and functional properties of identical groups by registering the extensor postural thrust (EPT)
of the affected limbs as well as the plantarflexor and dorsiflexor muscles’ strength. At
behavioral level, rat locomotion was analyzed through kinematics of the whole hindlimb
motion. The data collected for muscle evaluation of the muscle’s regeneration after
denervation was then compared with the nerve functional results together with the
nociceptive withdrawal reflex (WRL) and EPT tests and also with the nerve’s stereological
analysis.

4.1.1. Introduction
Innervation regulates skeletal muscle mass and muscle phenotype, and peripheral nerve
injury in the rat is a widely used model to investigate nerve regeneration and can also be
employed as a model of muscle inactivity and neurogenic muscle atrophy. Changes in the
muscles may contribute to functional deficit after nerve injury (Bongso et al., 2008).
Denervation induces muscle atrophy and 25 months post denervation muscle fibers cross
sectional area of the extensor digitorium longus (EDL) muscle diminish to only 2.5% of control
animals although their fascicular organization is maintained (Bongso et al., 2008). The effect
of denervation on muscle atrophy is both activity-dependent and activity-independent since
the degree of hindlimb muscle atrophy after spinal isolation (activity-independent nerve
influence) is less when compared to the atrophy caused by removal of all nerve influences by
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transecting the sciatic nerve (Hyatt et al., 2003). Two basic mechanisms are responsible for
denervation-induced muscle atrophy. First, there is augmented activity of the ubiquitinproteasome pathway and proteolysis (Rantanen et al., 1995). Second, there is cell death and
myonuclei apoptosis conjugated with decreased capacity of satellite cell-dependent
reparative myogenesis (Dedkov et al., 2001). Together with atrophy, denervated/reinnervated
muscles undergo phenotypical changes and conversion between muscle fiber types (Hyatt et
al., 2003). The relative increase in type I or type II muscle fibers following denervation seems
to depend on the type of muscle fibers predominant in the muscle, with type II muscle fibers
(fast fibers) increasing in proportion in soleus (considered a slow muscle) and type I muscle
fiber number increasing in gastrocnemius and TA muscles (Bruusgaard et al., 2008).
Likewise, the degree of muscle fiber atrophy in short-term denervation (4 weeks) has been
noticed to be greater in the muscle fiber type that is more abundant in the affected muscles
(Ijkema-Paassen et al., 2005). Earlier studies suggested that it was possible that denervated
muscles could have increased muscle plasticity due to acceleration in the early myoblastic
stages of muscle regeneration. Nevertheless McGeachie and Grounds (McGeachie et al.,
1989) obtained data proved that very few precursors were proliferating in denervated muscle
within 30 h after injury, and the onset of myogenesis at 30 h was essentially the same in
denervated and innervated muscle. They compared the onset of DNA synthesis in muscle
precursors in denervated and innervated muscle of adult BALBc mice regenerating after a
simple cut injury. This study concluded that although denervation of skeletal muscles causes
an increase in satellite cells (SC) and connective tissue cell turnover, it does not “prime” the
general population of muscle precursors to start synthesizing DNA more rapidly after injury
than in innervated muscle (McGeachie et al., 1989).
Neurotmesis lesions are considered Sunderland type V injuries and constitute a severe nerve
damage in which both nerve fibers and the nerve sheaths suffer disruption and spontaneous
recovery becomes extremely difficult in cases the peripheral nerve is not surgically
reconstructed (Stoll et al., 1989). The applicability of this model in the assessment of muscle
functionality and morphological alterations due to denervation was the main topic under
review in this study. It was questioned the hypothesis that different therapeutic approaches
including the use of several biomaterials and cellular systems to promote sensitive and
functional recovery of the regenerated nerve after neurotmesis and end-to-end surgical
reconstruction, could be tested in terms of muscular regeneration outcome, using these
methods.
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At least in rodents, and because of the large regenerative capacity of the peripheral nervous
system in these animals, almost the entire number of muscle fibers becomes reinnervated
after some time following nerve injury. However, total reinnervation does not necessarily
translate to complete recovery of motor function. Indeed, other conditions affect muscle
strength and must be considered, such as muscle atrophy that develops with diminished
muscle loading. Therefore, measuring muscle strength is very important to access
information about the extent of muscle reinnervation. Here it is reported preliminary data
pertaining isometric strength of plantarflexors and dorsiflexors muscle groups of rats following
sciatic nerve transection and repair and intact controls.

4.1.2. Materials and methods
4.1.2.1. Ethics and regulation
All animal testing procedures were carried out in conformity with the Directive 2010/63/EU of
the European Parliament and with the approval of the Veterinary Authorities of Portugal in
accordance with the European Communities Council Directive of November 1986
(86/609/EEC). Humane end points were followed in accordance to the OECD Guidance
Document on the Recognition, Assessment and Use of Clinical Signs as Humane Endpoints
for Experimental Animals Used in Safety Evaluation (2000). The denervation model of muscle
disuse was elected since this is a very severe condition with important clinical and social
relevance for example in sports due to the increasing incidence of peripheral nerve traumas.
Adult male Sasco Sprague-Dawley rats (250-300 g) were used in this study (Charles River
Laboratories, Barcelona, Spain) and divided in groups of 6-7 animals each. All animals were
housed in a temperature and humidity controlled room with 12-12 hours light / dark cycles,
two animals per cage (Makrolon type 4, Tecniplast, VA, Italy), and were allowed normal cage
activities under standard laboratory conditions. The animals were fed with standard chow and
water ad libitum. Adequate measures were taken to minimize pain and discomfort taking in
account human endpoints for animal suffering and distress. Animals were housed for two
weeks before entering the experiment.

4.1.2.2. Surgical procedure
Standard neurotmesis injuries of the peripheral nerve in the rat sciatic nerve model were
performed (Amado et al., 2010; Edgerton et al., 2002; Ijkema-Paassen et al., 2001; Luis et
al., 2008a; Luis et al., 2008b; Maurício et al., 2011; Simoes et al., 2010). Briefly, under deep
anaesthesia (ketamine 90 mg/Kg; xylazine 12.5 mg/Kg, atropine 0.25 mg/Kg i.m.), the right
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sciatic nerve is exposed through a skin incision extending from the greater trochanter to the
distal mid-half followed by a muscle splitting incision. A transection injury was performed
(neurotmesis) using straight microsurgical scissors. For this procedure, the nerve was injured
at a level as low as possible, in general, immediately above the terminal nerve ramification.
The surgeries were performed under an M-650 operating microscope (Leica Microsystems,
Wetzlar, Germany). In the End-to-End group, seven animals suffered a sciatic nerve
transection (neurotmesis lesion) and immediate direct repair was performed by cooptation
with 7/0 monofilament nylon epineural sutures of the 2 transected nerve endings (end-to-end
suture) (Fig.1.11). In the Control group, 6 animals with no lesion were included for both nerve
and muscle in vivo and ex vivo testing. Although the surgical technique employed was
identical¸

different

animal

were

used

for

the

muscle’s

morphometry

and

plantarflexor/dorsiflexor muscles’ strength analysis.

Figure 1.11 - Sciatic nerve transection (neurotmesis lesion) and immediate direct repair was
performed by cooptation with 7/0 monofilament nylon epineural sutures of the 2 transected nerve
endings (end-to-end suture).

4.1.2.3. Functional assessment
Motor performance was evaluated by measuring extensor postural thrust (EPT). The animals
were tested pre-operatively (week 0), at week 1 and afterwards, every 2 weeks until the end
of follow-up time (20 weeks) for both EPT and the nociceptive withdrawal reflex (WRL),. The
EPT was originally proposed by Thalhammer and collaborators, in 1995 (Thalhammer et al.,
1995) as a part of the neurological recovery evaluation in the rat after sciatic nerve injury. For
this test, the entire body of the animal, with exception of the hind-limbs, is wrapped in a
surgical towel. EPT is induced by supporting the animal by the thorax and lowering the
affected hind-limb towards the platform of a digital balance. As the animal is lowered to the
platform, it extends the hind-limb, anticipating the contact made by the distal metatarsus and
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digits. The force in grams (g) applied to the digital platform balance is recorded. The same
procedure is applied to the contra-lateral, unaffected limb. For the EPT test, the affected and
normal limbs are tested 3 times, with an interval of 2 minutes between consecutive tests, and
the 3 values are averaged to obtain a final result. The normal (unaffected limb) EPT (NEPT)
and experimental EPT (EEPT) values are incorporated into an equation (Equation (1)) to
derive the percentage of functional deficit, as described in the literature (Amado et al., 2010;
Gärtner et al., 2012a; Koka et al., 2001; Luis et al., 2008a; Maurício et al., 2011).
% Motor deficit = [(NEPT – EEPT) / NEPT] × 100

(1)

To assess the nociceptive withdrawal reflex (WRL), the hotplate test was modified as
described by Masters and collaborators (Masters et al., 1993). The animal is wrapped in a
surgical towel above its waist and then positioned to stand with the affected hind paw on a
hot plate, at 56ºC, and with the other on a room temperature plate. WRL is defined as the
time elapsed from the onset of hotplate contact to withdrawal of the hind paw and measured
with a stopwatch. Normal animals withdraw their paws from the hotplate within 4.3 s or less
(Amado et al., 2008; Gärtner et al., 2012b; Luis et al., 2008a; Maurício et al., 2011). The
affected limbs were tested 3 times, with an interval of 2 min between consecutive tests to
prevent sensitization, and the three latencies were averaged to obtain a final result (Shir et
al., 2001). If there was no paw withdrawal after 12 s, the heat stimulus was removed to
prevent tissue damage, and the animal was assigned the maximal WRL of 12 s (Varejao et
al., 2004a; Varejao et al., 2004b).

4.1.2.4. Kinematics analysis
Ankle kinematics was carried out prior nerve injury (week 0), and at the 16-week follow-up
time in both End-to-End and Control groups. Animals walked on a Perspex track with length,
width and height of 120, 12, and 15 cm, respectively. In order to ensure locomotion in a
straight line, the width of the apparatus was adjusted to the actual animal size during the
experiments. The animals’ gait was video recorded at a rate of 300 Hz images per second
(Casio Exilim PRO EX-F1, Japan). The camera was positioned at the track half-length where
gait velocity was steady, and 1 m distant from the track obtaining a visualization field of 14 cm
wide. The video images were stored in a computer hard disk for latter analysis using an
appropriate software APAS® (Ariel Performance Analysis System, Ariel Dynamics, San
Diego, USA). 2-D biomechanical analysis (sagittal plan) was carried out applying a twosegment model of the ankle joint, adopted from the model firstly developed by Varejão
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(Varejao et al., 2003). The animals’ ankle angle was determined using the scalar product
between a vector representing the foot and a vector representing the lower leg. With this
model, positive and negative values of position of the ankle joint (º) indicate dorsiflexion and
plantarflexion, respectively. For each step cycle the following time points were identified:
initial contact (IC), Opposite Toe off (OT), and Heel Rise (HR) and Toe-off (TO) (Dijkstra et
al., 2000; Varejao et al., 2003; Varejao et al., 2002) and were time normalized for 100% of
step cycle. The normalized temporal parameters were averaged over all recorded trials. A
total of 6 walking trials for each animal with stance phases lasting between 150 and 400 ms
were considered for analysis, since this corresponds to the animal’s normal walking velocity
(20–60 cm/s) (Varejao et al., 2003).
4.1.2.5. In vivo assessment of plantarflexor and dorsiflexor muscles’ strength
For muscle strength testing, another two groups of Sprague-Dawley rats were used. Animals
were separated in a control group (4-5 animals) and a sciatic nerve neurotmesis group (7
animals). Sciatic nerve neurotmesis was performed as described previously and for this
testing animals were sacrificed after 16 weeks of recovery. Muscle strength was measured
with animals were deep anesthetized with urethane (20% vol/vol, 6 ml/kg b.w.) and the sciatic
nerve and the common fibular nerve were exposed. Cuff bipolar electrodes were made from
flexible conductor wires and a piece of flexible tubing. The cuff electrodes were firmly secured
around the sciatic and the common fibular nerves and then connected to the stimulator. The
common fibular nerve was cut proximally to separate it from the sciatic nerve and the free
ending of the nerve was next sutured to the surrounding tissues. Next, animals were laid in
left lateral recumbence on a heated pad and onto the dynamometer’s frame with the right hip
and knee positioned at 90 degrees flexion. The rat’s right foot was secured to the aluminum
footplate so that the ankle’s axis of rotation coincided with that of the servomotor shaft. Thus,
torque measured by the dynamometer equaled that generated by that produced about the
rat’s ankle by the actuating muscles. A series of 21 isometric contractions was performed to
determine the relationship between stimulation frequency and isometric torque production.
These contractions were 0.5 s duration and separated by 45 s (Warren et al., 2004). The
stimulation frequency varied in the range 1-200 Hz, increasing progressively by 10 Hz.
Stimulus current was set at a supramaximal level of 4 mA. These contractions were
performed with ankle at 90º. The plantarfexor muscles were tested first. Force records were
smoothed applying a smoothing routine that applies a Hanning window (Plux Wireless
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Biosignals, Arruda dos Vinhos, Portugal). Peak torque was obtained from the maximum value
torque obtained for each animal.

4.1.2.6. Sciatic nerve stereological analysis
Nerve samples obtained from the 10-mm-long sciatic nerve segments distal to the
neurotmesis site and from un-operated controls were processed for quantitative morphometry
of myelinated nerve fibers (Raimondo et al., 2009). Fixation was carried out using 2.5%
purified glutaraldehyde and 0.5% saccarose in 0.1M Sorensen phosphate buffer for 6-8 hours
and resin embedding was obtained following Glauerts' procedure (Scipio et al., 2008). Series
of about 50 semi-thin transverse sections (2-µm thick) were cut using a Leica Ultracut UCT
ultramicrotome (Leica Microsystems, Wetzlar, Germany) starting from the distal end of the
specimen and stained by Toluidine blue. Stereology was carried out on one section, randomly
selected each of these series, using a DM4000B microscope equipped with a DFC320 digital
camera and an IM50 image manager system (Leica Microsystems, Wetzlar, Germany).
Systematic random sampling and D-dissector were adopted using a protocol previously
described (Geuna et al., 2004; Geuna et al., 2000). Fiber density and total number were
estimated together with fiber and axon diameter and myelin thickness.
4.1.2.7. Muscle’s morphometric analysis
At termination of the functional testing, tibialis anterior (TA) muscles were collected, and the
tissue samples were fixed in 10% buffered formalin, routinely processed, dehydrated and
embedded in paraffin wax. Consecutive 3 μm transverse sections from the mid-belly of each
muscle were cut and stained with haematoxylin and eosin (HE) and kept for
histomorphometry and determination of degree of atrophy. For the morphometric analysis, an
unbiased sampling procedure was applied. The area, perimeter and Feret values (including
the “minimal Feret’s diameter”) which is the minimum distance of parallel tangents at
opposing borders of the muscle fiber), were evaluated from the cross sections using the
ImageJ© software (NIH) which allowed to apply this set of individual fiber measurements. A
minimum of 1000 skeletal muscle fibers was measured from each group. This assessment
was performed by 2 independent operators. Each one of the operators blindly and randomly
measured an average of 50 fibers in each section. Images were acquired using a Nikon®
microscope connected to a Nikon® digital camera DXM1200, at low magnification (100x)
under the same conditions that were used to acquire a reference ruler.
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4.1.2.8. Statistical Analysis
For data regarding the functional tests, means and standard deviations (SD) or as mean and
standard error of the mean (SEM), were computed and reported for each time point, including
pre-operatively, and each experimental group. Differences between time points and between
groups were tested by two-way analysis of variance (ANOVA) using a mixed model of within(time of recovery) and between-subjects (experimental groups) factors. In case ANOVA
revealed an overall significant main effect of experimental group (between-subjects factor),
pairwise comparisons between the groups was undertaken using the post hoc Tukey’s HSD
test. All statistical procedures were performed by using the statistical package SPSS (version
14.0, SPSS, Inc) except stereological data that were analyzed using the software “Statistica
per discipline bio-mediche” (McGraw-Hill, Milan, Italy). Comparisons between two groups
were accessed by using the Student’s t-test (unpaired sample). p<0.05 was accepted as
statistically significant.

4.1.3. Results
4.1.3.1. Motor deficit by evaluation of extensor postural thrust (EPT)
Animals presented a severe motor deficit immediately following sciatic nerve transection
demonstrated by almost complete loss of EPT response in the affected hind limb (Fig.1.12).
Motor deficit in the immediate week following sciatic nerve transection and end-to-end repair
reached values close to maximum of 0.89±0.06 (i.e., close to 1.0, compatible with complete
absence of motor response in the affected hind-limb during the EPT test). Thereafter, the
EPT response in the affected hind-limb somewhat improved until the end of week 20 reaching
the final value of 0.43±0.05. During the healing period of 20 weeks, the abnormal EPT
response improved to some degree in all End-to-End surgically-treated animals although
force output remained diminished at the ending of the follow-up (20-weeks vs. pre-injury;
p<0.001).

4.1.3.2. Nociceptive function evaluated by withdrawal reflex latency (WRL)
Fig.1.12 presents the data for the WRL during the healing period of 20 weeks. As expected,
during the first week (week 1) following sciatic nerve transection and repair, animals were
unable to respond to the hot stimulus. At week 1 following sciatic nerve transection and endto-end repair, every animal reached the 12-sec end point of the WRL test, which is
compatible with complete sensory loss in the plantar skin territory innervated by sciatic nerve.
Signs of recovery of foot’s withdrawal response began at week 2 following the sciatic nerve
Doctoral Thesis - Tiago de Melo Silva Ramos Pereira

| 68

injury. Thereafter, the WRL steadily improved during the 20-weeks recovery time reaching its
normal value of less than 4 seconds at week 12. At week 20 the mean value was 2.71±0.95
seconds (20 weeks vs. pre-injury; p=0.035).

Figure 1.12 - Mean Extensor Postural Thrust (EPT) and Withdrawal Reflex Latency (WRL results
for 20 weeks follow-up. Values of Motor Deficit were obtained performing Extensor Postural Thrust
(EPT) test. This test has been performed pre-operatively (week-0), at week-1 and every 2 weeks
after the surgical procedure until week-20, when the animals were sacrificed for morphological
analysis.

4.1.3.3. Kinematics analysis
Ankle joint kinematics during gait was assessed in the experimental treated groups at the end
of the 20-weeks recovery time and was compared with data from uninjured control animals.
Ankle angle was compared between groups at four selected instants belonging to the stance
phase and significant differences between the groups were found for each of these time
points, except for TO (Fig.1.13).
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Figure 1.13 - Kinematic plots in the sagittal plane for the ankle angle (ᵒ) as it moves through the
stance phase, obtained at week 20 after the neurotmesis injury and surgical reconstruction of
Control and End-to-End groups. The mean of each experimental group is plotted (N = 6).

4.1.3.4. In vivo assessment of plantarflexor and dorsiflexor muscles’strength
Maximal isometric tetanic torque was reached with stimulation frequencies ranging between
60 Hz and 190 Hz, for plantarflexor muscles, and between 80 Hz and 170 Hz, for dorsiflexor
muscles. Mean peak isometric torque for plantarflexor muscles was 2.94 ± 0.35 Nm and 2.25
± 0.77 Nm in the control and sciatic nerve-neurotmesis groups, respectively, showing that the
two groups were not significantly different for this variable at a p-value below 0.05 (Fig.1.14).

Figure 1.14 - Plantarflexor muscles’ torque at different ankle joint’s angles for uninjured and sciatic
nerve-injured rats.

Doctoral Thesis - Tiago de Melo Silva Ramos Pereira

| 70

For the dorsiflexor muscles, mean peak isometric torque reached 0.81 ± 0.06 Nm in the
control group, and 0.58 ± 0.09 Nm in the sciatic nerve-neurotmesis group, with the difference
between the two groups being significant at p<0.05 (Fig.1.15).

Figure 1.15 - Dorsiflexor muscles’ torque at different ankle joint’s angles for uninjured and sciatic
nerve-injured rats.

4.1.3.5. Sciatic nerve stereological analysis
While light microscopy analysis was restrictive, limiting our observations to the expected
smaller size of regenerated nerve fibers relative to the controls, stereological analysis
disclosed a significantly (p<0.05) thicker myelin and larger fiber and axon diameters in the
Control group when compared to the End-to-End group.
*
Figure 1.16 - Stereological quantitative
assessment of density, total number,
diameter and myelin thickness of
regenerated sciatic nerve fibers at
week-20 after neurotmesis. Values are
presented as mean ± SEM. *p<0.05 VS
Control.
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On the other hand, the regenerated (End-to-End) group presented significantly (p<0.05)
higher density and total number of myelinated fibers. Histological analysis on semithin
sections showed

that

nerve fiber

regeneration

occurred

in

all

repaired

nerves.

Microfasciculation was more evident in the End-to-End treated group compared to the Control
group (Fig.1.16 and Fig.1.17).

Figure 1.17 - Representative high resolution photomicrographs of nerve fibers form regenerated rat
sciatic nerve after reconstruction – End-to-End (A); and normal rat sciatic nerve – Control (B).

4.1.3.6. Muscle’s morphometric analysis
Muscle fiber’s size was obtained by measuring the respective area and minimum Feret’s
diameter. In animals 20 weeks following sciatic nerve transection and direct repair, muscle
fibers’ size decreased by around one third, when compared with the control animals. Mean
muscle fibers’ area was 2508 ± 378 µm2 and 1682 ± 450 µm2 in control and neurotmesis
animals respectively (p<0.05). Likewise, mean muscle fibers’ minimum Feret’s diameter was
47.3 ± 3.7 µm and 38.5 ± 5.1 µm in control and neurotmesis animals respectively (p<0.05)
(Fig.1.18).

*

*

Figure 1.18 - Muscle fibers’ cross sectional area (CSA) (A); and Minimal Feret’s Diameter (B) of
Control and End-to-End (20 weeks after denervation). Values are presented as mean ± SEM.
*p<0.05 VS End-to-End.
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4.1.4. Discussion
Denervation can be a very useful model of skeletal muscle injury for some experimental
studies but some limitations might be pointed out in studies like this one which attempt to
focus exclusively on the muscular regeneration process. Nevertheless and as demonstrated
by several studies, this muscular regeneration process is highly dependent of the neural
supply and the nerve regeneration itself can be influenced by the damaged muscle tissue.
In a previous work by Adami and collaborators (2007), the innervated TA muscles of the rat
were characterized by large, well packed myofiber profiles, and minimal intermyofiber and
minimal intermyofiber spaces. The first stage of TA denervation was then characterized by a
progressive reduction of the fiber diameter (about 50% in 3 weeks) and in the middenervation stage there was a further reduction in the fiber diameters (mean diameter value
of 10% of that of innervated TA muscle), suffering no change up to 1-year of denervation
(Adami et al., 2007). In our results we detected that after 20 weeks of denervation and
surgical reconstruction with end-to-end suture there was a mean TA fiber size area decrease
about 25% comparing to non-injured muscles. This decrease was less obvious for the
“minimal Feret’s diameter” representing about 12% decrease.
Neurotmesis injuries proved to induce severe motor deficit, evaluated by measuring extensor
postural thrust (EPT). During the period after neurotmesis EPT, response improved to some
degree reaching a final deficit of 0.43±0.05 at 20 weeks post denervation.
We should bear in mind that locomotion is also of high functional relevance since it involves
integrated function of both the motor and sensory systems and their respective components,
such as skeletal muscles, sensory endings, efferent and afferent nerve fibers and integrative
centers within the central nervous system.
Muscle fiber can survive to absence of innervation much longer than generally expected and
particularly in the rat they remain void of any sarcomeric contractile proteins at least up to
one-year of denervation (Adami et al., 2007). Long-term resistance to denervation atrophy is
a constitutive characteristic of skeletal muscle fibers, at least of the fast-twitch contraction
type (Adami et al., 2007).
Few studies conducted muscle force testing following injury to hindlimb peripheral nerves as
means to evaluate the amount of muscle reinnervation and to test the efficacy of treatments
(Gordon et al., 2011; Marqueste et al., 2004; Marqueste et al., 2006). Many of these studies
measured single muscle contractile force elicited by nerve or muscle stimulation using either
twitch or isometric contractions (Marqueste et al., 2004; Marqueste et al., 2006). In general,
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these studies confirm diminished strength in reinnervated muscles when contrasted to control
muscles (Marqueste et al., 2004; Marqueste et al., 2006).
Muscles innervated by sciatic nerve branches include both dorsiflexors and plantarflexors.
Here we report preliminary data addressing ankles’ dorsiflexors and plantarflexors muscles
torque generation ability following recovery from sciatic nerve transection and repair. Torque
measures were conducted in a specially constructed dynamometer, comprising a computercontrolled servomotor that moves or keeps firmly fixed a shaft supporting the pedal where the
rat’s foot is attached. The isokinetic dynamometer offers the opportunity to measure isometric
and dynamic strength allowing for detailed assessment of plantarflexors and dorsiflexors
functional recovery following injury to hindlimb peripheral nerves. The results presented in
this study confirm that at 16 weeks post-surgery, there is still a significant difference in terms
of dorsiflexor and plantarflexor forces of the animals subjected to denervation and immediate
surgical reconstruction, compared to non-injured animals.
There are two most likely reasons to explain the significant decline in muscle strength
following nerve injury. These include inability of motoneurons to regenerate and consequent
loss of motor units, and muscle atrophy. To a given extent, the loss of motor units might be
compensated by collateral sprouting of nerve terminals and increase in motor unit size (Wood
et al., 2011). Such increase in the number of muscle fibers innervated by the same
motoneuron can maintain total force produced to normal levels up to the point the reduction in
motor unit number is substantial. The regenerated axons give origin to highly enlarged motor
units that can include all denervated muscle fibers (Gordon et al., 2011). As a result, muscle
force, weight, and muscle cross sectional area can be sustained (Gordon et al., 2011). This
probably happened in our animals that suffered sciatic nerve transection and repair. In fact,
and although significant decline in isometric peak torque existed either for plantarflexor and
dorsiflexor muscles, these muscle groups were capable of generating large amount of
contractile force, so that peak torque for both muscle groups attained approximately 65-70%
of control levels.
The question now rises of what relationship exists between torque generation ability by
reinnervated muscle groups and performance of complex movements and functional tasks
like walking. Our previous data collected from walking rats following sciatic nerve transection
and repair give account of severe changes of joint kinematics affecting the ankle joint. Simple
observation of the rats in this study that suffered sciatic nerve transection and repair again
point to abnormal ankle joint function during walking that seems not to resolve with time of
recovery. This contrasts to the amount of strength that the muscles actuating about the ankle
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joint possess. Thus, it seems that recovery of normal gait following sciatic nerve transection
and repair is not strictly caused by lack of muscle strength. Factors like altered motor control
might be a predominating reason for altered gait function in these animals. This points to the
need of designing rehabilitative strategies specifically targeted to improve control during
complex movement tasks, in order to enable animals to make good use of the force ability the
reinnervated muscles do have.
Gathering all the data we were able to deduce that similar results can be perceived both in
terms of muscular atrophy (muscle’s morphometric analysis) and nerve’s histological and
stereological parameters. On both cases there is a significant difference between
corresponding tissues before and 20 weeks following denervation. As already expected, also
in terms of muscle and nerve functional assessment (WRL, EPT, kinematics and contraction
force) there are significant deficits following 16-20 weeks of nerve transection comparing to
non-injured animals (Control). These findings could be relevant and give us indications that
this methodology can be employed for experimental groups, in the evaluation of different
regenerative therapies. In terms of possible extrapolations to the clinical scenario,
morphometric muscle analysis could be an important tool in the indirect evaluation of nerve
regeneration and subsequent muscle reinnervation, after surgical reconstruction of severe
peripheral nerve injuries. Histological evaluation of muscles collected through biopsy maybe
considered a non-invasive technique for the estimation of therapeutic success in severe
nerve lesions.
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SUPPLEMENTARY MATERIAL
Table 1.1 - Values of Motor Deficit were obtained performing Extensor Postural Thrust (EPT) test. This test has been performed preoperatively (week-0), at week 1 and 2 and after every two weeks until the end of the 20-week follow-up time. Results are presented
as mean and standard deviation (SD). N corresponds to the number of rats within the experimental group.

Week 0

Week 1

Week 2

Week 4

Week 6

Week 8

Week 10

Week 12

Week 14

Week 16

Week 18

Week 20

1A

0,08

0,05

0,00

0,07

0,07

0,07

0,05

0,05

0,01

0,04

0,05

0,00

1B

0,00

0,07

0,05

0,07

0,06

0,05

0,07

0,06

0,02

0,03

0,05

0,01

1C

0,08

0,06

0,02

0,08

0,08

0,04

0,06

0,06

0,02

0,03

0,06

0,07

1D

0,06

0,07

0,04

0,05

0,05

0,04

0,05

0,05

0,05

0,04

0,01

0,02

1E

0,06

0,08

0,09

0,05

0,06

0,05

0,03

0,04

0,06

0,08

0,02

0,02

1F

0,06

0,09

0,08

0,04

0,06

0,07

0,03

0,05

0,07

0,06

0,04

0,03

Mean±SD

0,06±0,03

0,07±0,01

0,05±0,03

0,06±0,02

0,06±0,01

0,05±0,01

0,05±0,02

0,05±0,01

0,04±0,02

0,05±0,02

0,04±0,02

0,03±0,02

Control

End-to-End
2A

0,07

0,90

0,80

0,73

0,68

0,56

0,54

0,54

0,64

0,48

0,42

0,50

2B

0,07

0,93

0,83

0,70

0,73

0,66

0,57

0,50

0,45

0,40

0,40

0,40

2C

0,08

0,90

0,85

0,88

0,82

0,76

0,57

0,50

0,53

0,44

0,38

0,40

2D

0,07

0,90

0,91

0,84

0,82

0,72

0,57

0,39

0,55

0,38

0,34

0,40

2E

0,09

0,97

0,97

0,69

0,60

0,56

0,51

0,46

0,45

0,38

0,38

0,39

2F

0,06

0,77

0,86

0,83

0,78

0,72

0,63

0,57

0,55

0,38

0,38

0,40

2G

0,07

0,87

0,89

0,81

0,78

0,76

0,70

0,47

0,45

0,33

0,42

0,50

Mean±SD

0,07±0,01

0,89±0,06

0,87±0,06

0,78±0,08

0,74±0,08

0,68±0,09

0,58±0,06

0,49±0,06

0,52±0,07

0,40±0,05

0,39±0,03

0,43±0,05

Table 1.2 - Values in seconds (s) were obtained performing Withdrawal Reflex Latency (WRL) test to evaluate the nociceptive
function. This test has been performed pre-operatively (week-0), at week 1 and 2 and after every two weeks until the end of the 20week follow-up time. Results are presented as mean and standard deviation (SD). N corresponds to the number of rats within the
experimental group.
Week 0

Week 1

Week 2

Week 4

Week 6

Week 8

Week 10

Week 12

Week 14

Week 16

Week 18

Week 20

1A

1,00

1,00

2,00

2,00

2,00

2,00

2,00

2,00

2,00

2,00

2,00

2,00

1B

1,00

2,00

1,00

1,00

1,00

2,00

2,00

2,00

2,00

2,00

2,00

2,00

1C

2,00

1,00

2,00

1,00

1,00

2,00

1,00

2,00

3,00

2,00

3,00

2,00

1D

2,00

1,00

2,00

2,00

2,00

1,00

1,00

2,00

2,00

2,00

2,00

1,00

1E

1,00

1,00

2,00

1,00

2,00

2,00

1,00

1,00

1,00

2,00

2,00

1,00

1F

2,00

1,00

2,00

2,00

3,00

3,00

2,00

1,00

1,00

1,00

1,00

2,00

1,50±0,55

1,17±0,41

1,83±0,41

1,50±0,55

1,83±0,75

2,00±0,63

1,50±0,55

1,67±0,52

1,83±0,75

1,83±0,41

2,00±0,63

1,67±0,52

4,00

4,00

10,00

5,00

8,00

12,00

5,00

7,00

5,00

4,00

Control

Mean±SD

End-to-End
2A

3,00

12,00

2B

2,00

12,00

5,00

12,00

5,00

2,00

10,00

2,00

4,00

2,00

2,00

3,00

2C

2,00

12,00

12,00

8,00

5,00

3,00

4,00

4,00

4,00

6,00

4,00

4,00

2D

3,00

12,00

2,00

3,00

4,00

5,00

2,00

6,00

4,00

4,00

4,00

2,00

2E

2,00

12,00

6,00

2,00

10,00

2,00

5,00

2,00

2,00

6,00

2,00

2,00

2F

2,00

12,00

12,00

12,00

12,00

3,00

3,00

3,00

4,00

4,00

2,00

2,00

2G

1,00

12,00

12,00

8,00

10,00

4,00

2,00

2,00

2,00

3,00

2,00

2,00

2,33±0,52

12,0±0,00

7,57±4,31

7,00±4,12

8,00±3,21

3,43±1,27

4,86±3,08

4,43±3,64

3,57±1,13

4,57±1,81

3,00±1,29

2,71±0,95

Mean±SD

Table 1.3 - Stereological quantitative assessment of density, total number, diameter and
myelin thickness of regenerated sciatic nerve fibers at week-20 after neurotmesis. Values
are presented as mean ± SEM
Group

Fiber
Density (N
/mm2)

Fiber Number
(N)

Fiber
diameter (µm)

Axon
diameter (µm)

Myelin
thickness (µm)

Control

15,905±2,87

7,666±1,90

6,66±0,12

4,26±0,07

1,19±0,03

End-to-End

20,612±1,607

14,624±1,642

4,06±0.30

3,31±0,09

0,58±0,03

Table 1.4 – Ankle kinematics at the 20-week follow-up time in both End-to-End and
Control groups. For each step cycle the following time points were identified: initial contact
(IC), Opposite Toe off (OT), and Heel Rise (HR) and Toe-off (TO) and were time
normalized for 100% of step cycle.

End-to-End
End-to-End
End-to-End
End-to-End
End-to-End
End-to-End
Control
Control
Control
Control
Control
Control

IC (ᵒ)

OT (ᵒ) HR (ᵒ) TO (ᵒ)

IC (ᵒ/s)

OT (ᵒ/s) HR (ᵒ/s) TO (ᵒ/s)

-29,55

29,58

50,43

20,09

-581,58

-368,96

-233,41

526,92

-45,45

7,43

36,63

18,36

-917,56

-529,86

-330,66

58,96

-29,26

31,78

42,33

15,68

-814,26

-306,40

-270,17

473,71

-56,65

20,87

30,87

24,21

-521,25

-301,91

-176,64

457,40

-47,27

18,66

40,14

5,45

-1163,24

-490,65

-279,84

712,83

-27,67

17,07

32,22

-4,46

-1016,57

-263,62

-313,63

393,36

-14,07

33,97

36,42

31,92

-525,56

-105,12

-31,47

179,55

2,01

34,65

55,78

24,71

-900,80

-752,03

-61,32

133,63

-17,99

9,94

32,22

-3,84

-511,42

-509,03

-134,02

685,56

-13,96

29,57

42,73

19,49

-209,90

-253,86

-132,67

47,36

-16,37

28,18

36,84

5,22

-226,08

-266,50

-76,41

-561,14

-9,59

25,61

26,92

-20,34

-61,58

-236,48

146,25

-178,42

Table 1.5 - Morphometric quantitative assessment of area, perimeter, Feret’s angle and
minimal Feret’s diameter of Control and regenerated muscle fibers at week-20 after
neurotmesis and End-to-End repair. Values are presented as mean ± SEM
Min. Feret’s
Diameter (µm)

Area (µm2)

Perimeter
(µm)

Control

2510,91±847,98

199,57±35,14

89,60±45,85

47,42±8,77

End-to-End

1885,08±502,86

165,56±23,54

84,76±44,58

41,56±6,16

Group
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4. Results
4.2. Published article:
Effects of umbilical cord matrix mesenchymal
stem cells and Floseal® on rat sciatic nerve
regeneration after neurotmesis injuries
In Journal of Stem Cells & Regenerative Medicine, Vol.X(1). (2014)
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Effects of umbilical cord tissue mesenchymal stem cells
(UCX®) on rat sciatic nerve regeneration after
neurotmesis injuries
Gärtner A1,2*, Pereira T1,2*, Armada-da-Silva PAS3,4, Amado S4,5, Veloso AP3,4, Amorim I6,7, Ribeiro J1,2,8,
Santos JD9, Bárcia RN10, Cruz P10, Cruz H10, Luís AL 1,2, Santos JM10, Geuna S11,12, Maurício AC 1,2

Peripheral nerves have the intrinsic capacity of self-regeneration after traumatic injury but the extent of the regeneration is often
very poor. Increasing evidence demonstrates that mesenchymal stem/stromal cells (MSCs) may play an important role in tissue
regeneration through the secretion of soluble trophic factors that enhance and assist in repair by paracrine activation of
surrounding cells. In the present study, the therapeutic value of a population of umbilical cord tissue-derived MSCs, obtained by a
®
proprietary method (UCX ), was evaluated on end-to-end rat sciatic nerve repair. Furthermore, in order to promote both, end-toend nerve fiber contacts and MSC cell-cell interaction, as well as reduce the flush away effect of the cells after administration, a
®
commercially available haemostatic sealant, Floseal , was used as vehicle. Both, functional and morphologic recoveries were
evaluated along the healing period using extensor postural thrust (EPT), withdrawal reflex latency (WRL), ankle kinematics
analysis, and either histological analysis or stereology, in the hyper-acute, acute and chronic phases of healing. The histological
®
analysis of the hyper-acute and acute phase studies revealed that in the group treated with UCX alone the Wallerian
degeneration was improved for the subsequent process of regeneration, the fiber organization was higher, and the extent of
®
fibrosis was lower. The chronic phase experimental groups revealed that treatment with UCX induced an increased number of
regenerated fibers and thickening of the myelin sheet. Kinematics analysis showed that the ankle joint angle determined for
untreated animals was significantly different from any of the treated groups at the instant of initial contact (IC). At opposite toe off
®
(OT) and heel rise (HR), differences were found between untreated animals and the groups treated with either UCX alone or
®
®
®
UCX administered with Floseal . Overall, the UCX application presented positive effects in functional and morphologic recovery,
in both the acute and chronic phases of the regeneration process. Kinematics analysis has revealed positive synergistic effects
®
brought by Floseal as vehicle for MSCs.
Key Words: Wharton’s jelly, mesenchymal stem cells, neurotmesis, myelinization, functional assessment, stereology
Introduction
A full understanding of nerve regeneration, namely complete
functional achievement and organ re-innervation after nerve
injury, still remains a main goal for regenerative medicine.
Peripheral nerve injury has a high regenerative potential, but
functional recovery rarely occurs after total
nerve
transection. In the peripheral nervous system, nerves can
spontaneously regenerate without any treatment if nerve
continuity is maintained (axonotmesis), whereas
more
severe type of injuries must be surgically treated by direct
end-to-end surgical reconnection of the damaged nerve ends
[1-3]
. Cell transplantation has been proposed as a method for

[4]

improving peripheral nerve regeneration , including Schwann
cell (SC) transplantation that can enhance axon outgrowth and
[5]
[6]
survival, both in vitro
and in vivo . Mesenchymal stem cells
(MSCs) have become one of the most interesting agents for
regenerative medicine. Scientific and clinical evidence have
demonstrated that MSCs have the ability to migrate to specific
sites of injury or of tissue regeneration where they modulate the
immune and the inflammatory responses and mobilize intrinsic
cell reservoirs through a series of distinct paracrine mechanisms
[7]
. Furthermore, MSCs are not only capable of differentiating
into tri-lineage mesenchyme cell types, such as adipocytes,
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[8]

chondrocytes and osteoblasts , but also into neuronal-like
cells, including astrocytes, oligodendrocytes, microglial,
[9-11]
neurons and neuroglial cells
. MSCs have been isolated
from various types of adult tissues, the bone marrow being
the most commonly used (BM-MSCs). Dezawa and
collaborators in 2001 showed that autologous BM-MSCs
were capable of differentiating into cells with Schwann cell
[12, 13]
properties
. BM-MSCs have been applied for cell-based
therapies. However, factors such as the limited number of
BM-MSCs available, the heterologous and non-consistent
nature of bone marrow preparations, the possibility of donor
site morbidity, and the decreasing number of BM-MSCs with
donor age, make it imperative that alternative and more
primordial MSCs sources are found. Different isolation
procedures have led to umbilical cord tissue-derived MSCs
[14-17]
(UC-MSCs) that exhibit a neuronal phenotype
and have
potential utility for the treatment of neurodegenerative
[18, 19]
diseases
. Interestingly, these cells, which are major
histocompatibility complex (MHC) class II negative, are able
[16]
to both evade and modulate the immune system , making
them an attractive cell source for MSC-based therapies. In
addition, these cells represent a non-controversial source of
primitive mesenchymal progenitor cells that can be isolated
after birth, cryogenically stored, thawed, and expanded for
[20]
therapeutic uses
. Within our group, a method to
consistently isolate, expand, and cryopreserve a wellcharacterized population of human stem cells derived from
the umbilical cord tissue has been developed and such cells
® [21]
termed as UCX
. The isolation method has been
specifically designed for clinical use and it has been recently
adapted according to advanced therapy medicinal product
(ATMP) standards, as defined by the guideline on the
minimum
quality data
for
certification
of
ATMP
(EMA/CAT/486831/2008/corr, 2010) (results to be published
®
elsewhere). More recently, the UCX paracrine activity has
been demonstrated to repress T-cell activation better than
BM-MSCs and to promote the expansion of Tregs.
®
Accordingly, the xenogenic UCX administration in an acute
®
inflammation model showed that UCX can reduce paw
[22]
edema in vivo more efficiently than BM-MSCs
. Finally,
animals treated with intra-articular (i.a.) and intra-peritoneal
®
(i.p.) infusions of UCX showed faster and almost full
remission of local and systemic arthritis manifestations,
potentially demonstrating a potent paracrine induction of
[22]
tissue regeneration .
Biomaterials are known to be able to support cellular systems
to either differentiate into neuroglial-like cells or to enhance
their paracrine effects on the overall regenerative process.
Concomitantly, biomaterials can be directly involved in the
regenerative process, helping to improve the motor and
sensory functional recovery, shortening the healing period
[1, 20, 23]
®
and avoiding regional muscular atrophy
. Floseal is a
commercially available haemostatic sealant composed of
collagen-derived particles and topical bovine-derived
thrombin, which has been proven to control bleeding in
[24, 25]
®
several medical applications
. Floseal has been
previously applied in vivo in bone regeneration, associated to
®
the synthetic graft Bonelike and raloxifene hydrochloride,
®
increasing osteointegration of Bonelike granules and new
[26]
®
bone formation . In this study, we hypothesized that UCX
could be integrated surrounding the sectioned sciatic nerve
(neurotmesis) and modulate the inflammatory response,
including the Wallerian degeneration that occurs in the hyper-
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[27]

acute phase after injury
. We also hypothesized that
®
Floseal used as vehicle could help promoting end-to-end
contact between nerve fibers and MSC cell-cell interactions
®
within the suture, as well as maintaining UCX cells within
the wounded site. In order to test this hypothesis, the
®
therapeutic value of UCX was evaluated on end-to-end rat
sciatic nerve repair after neurotmesis in the hyper-acute and
acute healing phases since the Wallerian degeneration
occurring during the first days after the injury is crucial for an
effective regeneration. On the other hand, a functional and
morphometric analysis in the chronic phase allowed for the
evaluation of the actual nerve regeneration. Overall, our
®
®
results suggest that the application of UCX and Floseal
presented synergistic positive effects in functional and
morphological recoveries in the overall nerve regeneration
process.
Materials and methods
2.1 Ethics and regulation
Umbilical cord donations were obtained with written informed
consents according to Directive 2004/23/EC, which sets the
standards of quality and safety for
the
donation,
procurement, testing, processing, preservation, storage and
distribution of human tissues and cells. All the animal testing
procedures were in conformity with the Directive 2010/63/EU
of the European Parliament and with the approval of the
Veterinary Authorities of Portugal in accordance with the
European Communities Council Directive of November 1986
(86/609/EEC). Humane end points were followed in
accordance to the OECD Guidance Document on the
Recognition, Assessment and Use of Clinical Signs as
Humane Endpoints for Experimental Animals Used in Safety
Evaluation (2000). Adequate measures were taken to
minimize pain and discomfort taking into account human
endpoints for animal suffering and distress. Animals were
housed for two weeks before entering the experiment.
®

2.2. UCX Isolation and Culture
Cells were isolated from the umbilical cord tissue as in
Santos et al. 2008 (INPI 103843, PCT/IB2008/054067,
WO/2009/044379) with a number of minor alterations. Briefly,
after 24h in contact with a saline solution containing
antibiotics and anti-mycotics, umbilical cords were cleared of
blood clots and transversely sectioned in 2.5 cm portions.
These pieces were subsequently treated with a digestion
solution containing collagenase and trypsin, for 4h at 37ºC
after which cells were allowed to adhere to the lower surface
of a t-flask for 30 min. After this time, the liquid media was
collected and centrifuged at 200g at 4ºC for 5
min,
supernatant was collected and returned to the original t-flask
and the pellet was discarded. The isolated cells were
maintained in a humidified chamber at 37ºC and 7% CO2,
cells were subject to regular medium replacements and
maintained until 80% of confluency. The MSCs phenotype
was confirmed by flow cytometry. Detection was performed
with the following antibodies and their respective isotypes (all
from BioLegend unless stated otherwise): PE anti-human
CD105 (eBioScience); APC anti-human CD73; PE antihuman CD90; PerCP/Cy5.5 anti-human CD45: FITC antihuman CD34;; PerCP/Cy5.5 anti-human CD14; Pacific Blue
anti-human CD19 and pacific-blue anti-human HLA-DR.

| 82

Mesenchymal stem cells for nerve regeneration
®

UCX were maintained in culture in α-MEM (Minimum Essential
Medium Eagle’s Alpha Modification, Sigma - Aldrich) with 2mM
glutamine, supplemented with 20% FBS (heat inactivated Fetal
Bovine Serum, Invitrogen™) at 37ºC in a 5% CO2, humid
environment. For cell passage, PBS (Dulbecco’s Phosphate
Buffered Saline, Sigma-Aldrich) was used prior to trypsinization
to wash cells, followed by contact with TrypLE™ Select
(Invitrogen™). TrypLE™ Select was inactivated by addition of
PBS and subsequent centrifugation at 200g for 10 min
4
2
(Sartorius, Model: 2-6). Seeding density was 1x10 cells/cm ,
unless indicated otherwise. Cell viability was evaluated using
the trypan blue (Sigma-Aldrich) exclusion method (Figures 1A
and 1B).
®

2.3. UCX Tri-Lineage Differentiation
®

To induce adipogenic differentiation, UCX were cultured for 3
days in adipogenic differentiation medium, consisting of α-MEM
supplemented with 20% FBS, 2 mM L-glutamine, 10 μg/mL
insulin (Sigma-Aldrich), 200 μM indomethacin (Sigma-Aldrich),
0.5 mM isobutylmetylxantine (Sigma-Aldrich), and 1 μM
dexamethasone (Sigma-Aldrich); and subsequently 1 day in
adipogenic maintenance
medium,
consisting of α-MEM
supplemented with 20% FBS, 2 mM L-glutamine and 10 μg/mL
insulin. Medium was replaced every 3 days during 21 days,
after which histochemical staining was performed. For
chondrogenic differentiation, cells were grown in suspension as
pellets, incubated in chondrogenic differentiation medium
consisting on DMEM-LG (Sigma-Aldrich), 1% FBS, 2 mM L-

glutamine, 6.25 μg/mL insulin (Sigma-Aldrich), 10 ng/mL
TGF-β1 (Tebu-bio), and 50 μM ascorbate-2-phosphate
(Sigma-Aldrich). Finally, to induce osteogenic differentiation,
cells were incubated in osteogenic differentiation medium
whose composition is α-MEM, 10% FBS, 1 g/L glucose, 2
mM glutamine, 10 mM β-glycerol phosphate, 50 μg/mL
ascorbate-2-phosphate, and 100 nM dexamethasone (all
reagents are from Sigma-Aldrich). The medium was replaced
every 3 days during 21 days and histochemical staining was
performed. In adipogenic and osteogenic differentiation
protocols,
cells
were
washed
and
fixed with
paraformaldehyde 4% for 20 min and stained with oil red O
and alkaline phosphatase, respectively. For chondrogenic
differentiation, cells were also fixed in paraformaldehyde 4%,
dried, embedded in paraffin and cut into sections and finally
stained with alcian blue. The presence of stained cells was
confirmed by inverted microscopy with phase contrast (Leica,
DMIL HC) (Figure 1C).
®

2.4. Vehicle preparation and UCX association
®

Floseal is a ready-to-use commercial hemostatic matrix,
also applied in neurosurgery; the application kit consists of a
bovine-derived gelatin matrix, a human derived thrombin
component, applicator tips and several mixing accessories.
®
Floseal is biocompatible and resorbed within 6 to 8 weeks.
®
The preparation of the Floseal prior to use followed the
manufacture instructions (www.floseal.com). Briefly, using
the 5 ml syringe with needle-attached provided in the

Figure 1 - UCX® characterization. Isolated UCX® presented a fusiform, fibroblast-like morphology in culture (A). Results from Flow Cytometry analysis of cell
surface markers are presented as histograms (B). Multi-lineage differentiation potential of UCX® was qualitatively analyzed by histological staining methods
(C). Adipogenic differentiation was assessed with Oil Red O staining (C, i); osteogenic differentiation with Alkaline Phosphatase staining (C, ii) and
chondrogenic differentiation with Alcian Blue staining (C, iii).
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thrombin component package, the 5 ml chloride solution is
transferred to the vial containing the thrombin. The dissolved
thrombin is aspirated from the small bowl into the syringe to
the indicated mark (4 ml) and the gelatin matrix granules
syringe is connected to the syringe containing the thrombin
solution and the gelatin matrix – thrombin solution mixture is
transferred back and forth between the syringes for a total of
10 passes (Figure 2A).
Intracellular free Ca2+ concentration ([Ca2+]i) was measured
in Fura-2-loaded MSCs by using dual wavelength
[1]
spectrofluorometry as previously described
. The
®
measurements were performed on UCX cells mixed with
®
Floseal on discs in order to correlate MSC survival capacity
®
with the presence of Floseal . Results obtained from
epifluorescence technique are referred to measurements
from UCX® cells which correspond to [Ca2+]i from cells that
did not begin the apoptosis process (data not shown).
According to these results, it is reasonable to conclude that
®
Floseal is a viable substrate for local delivery of
undifferentiated MSCs into the nerve injury.
2.5. Microsurgical procedure
Adult male Sasco Sprague Dawley rats (Charles River
Laboratories, Barcelona, Spain) weighing 250-300 g, were
randomly divided into groups of 6 to 7 animals each. For
surgery, animals were placed prone under sterile conditions
and the skin from the clipped lateral right thigh scrubbed in a
routine fashion with antiseptic solution. The surgeries were
performed under an M-650 operating microscope (Leica
Microsystems, Wetzlar, Germany). Under deep anesthesia
(ketamine 90 mg/Kg; xylazine 12.5 mg/Kg, atropine 0.25
mg/Kg i.m.), the right sciatic nerve was exposed through a
skin incision extending from the greater trochanter to the midthigh distally followed by a muscle splitting incision. After
nerve mobilization, a transection injury was performed
(neurotmesis) immediately above the terminal nerve
ramification using straight microsurgical scissors. For the
acute phase study, animals were randomly assigned to 3
experimental groups. In the first group (End-to-End),
immediate cooptation with 7/0 monofilament nylon epineural
sutures of the 2 transected nerve endings. In the second
group (End-to-EndUCX group) the animals received the
same treatment as the previous group, but the injury local
®
was infiltrated with UCX suspended in culture medium. The
third group was composed of 6 healthy animals without any
injury (Control). For these groups, animals were euthanized
21 days (week 3) after the neurotmesis injury and surgery
procedure. Animals were then randomly assigned to five
experimental groups, and included in the chronic phase
study. In a first group (End-to-End), immediate cooptation
with 7/0 monofilament nylon epineural sutures of the 2
transected nerve endings was performed. In a second group
(End-to-EndFlosealUCX group), nerve transaction was
reconstructed by end-to-end suture, like in the first group,
®
®
and then locally enwrapped with UCX mixed with Floseal .
In a third group (End-to-EndUCX group) animals received the
same treatment as the previous group, but locally infiltrated
®
with UCX alone, suspended in culture medium. In a fourth
group (End-to-EndFloseal group), animals received the same
treatment as the previous group, but locally enwrapped with
®
Floseal alone. Also, a group of 6 animals without any injury
was included (Control).
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For these groups, animals were euthanized 20 weeks after
the neurotmesis injury and surgery procedure. In both
®
studies, 5000 viable UCX cells were applied / neurotmesis
lesion in a volume of 20 μl of culture medium. In order to also
®
evaluate the effect of UCX in the hyper-acute phase of the
healing period, 4 more animals were euthanized 3 days after
the surgical procedure for repairing the neurotmesis lesion
and submitted to histological analysis: end-to-end suture
®
(End-to-End), end-to-end suture covered by Floseal (End®
to-EndFloseal), end-to-end suture infiltrated with UCX (End®
to-EndUCX), and end-to-end suture with UCX mixed with
®
Floseal (End-to-EndFlosealUCX). In this experimental
®
group, 5000 viable UCX cells were also applied in the
neurotmesis lesion either suspended in 20 μl of culture
®
®
medium or in the appropriate vehicle (Floseal ). UCX cells
were either infiltrated into the interfascicular epineurium in
the End-to-EndUCX groups or placed in contact to the
external side of the nerve epineurium in the End-toEndFlosealUCX groups. These surgical procedures limited
the systemic dissemination of the MSCs and improved the
local application of these MSCs in the injury site. Since all the
experimental animals are euthanized after the healing period
of 3 days, 3 weeks and 20 weeks for the hyper-acute, acute
and chronic study, respectively, the same animals were not
used in the three different healing period studies. To prevent
autotomy, a deterrent substance was applied to the animals’
[28, 29]
right paw
. The animals were intensively examined for
signs of autotomy and contracture post-operative and none
presented severe infections (Figures 2B, 2C and 2D).
2.6. Functional assessment
The
chronic
phase
groups
(End-to-End;
End-toEndFlosealUCX;
End-to-EndUCX;
End-to-EndFloseal,
Control) were tested pre-operatively (week 0), at week 1 and
then, every 2 weeks until the end of follow-up time (20
weeks). The acute phase group (End-to-End, End-toEndUCX, and Control) were tested pre-operatively (week 0),
and at days 7 (week 1), 14 (week 2) and 21 (week 3).
Animals were gently handled, and tested in a quiet
environment to minimize stress. No functional assessment
was performed in the hyper-acute phase experimental group.
Evaluation of motor performance (EPT) and nociceptive
function (WRL)
Motor performance and nociceptive function were evaluated
by measuring extensor postural thrust (EPT) and withdrawal
reflex latency (WRL), respectively. The animals were tested
pre-operatively (week 0), at day 7 (week 1), 14 (week 2), and
21 (week 3) (Acute phase study); and pre-operatively (week
0) and were tested pre-operatively (week 0), at week 1 and
afterwards, every 2 weeks until the end of follow-up time (20
weeks) (Chronic phase study). The EPT was originally
[30]
proposed by Thalhammer and collaborators, in 1995
as
part of the neurological recovery evaluation in the rat after
sciatic nerve injury. For this test, the entire body of the
animal, with exception of the hind-limbs, is wrapped in a
surgical towel. EPT is induced by supporting the animal by
the thorax and lowering the affected hind-limb towards the
platform of a digital balance. As the animal is lowered to the
platform, it extends the hind-limb, anticipating the contact
made by the distal metatarsus and digits.
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Figure 2 – Floseal® preparation, rat sciatic nerve injury and surgical reconstruction. The 5 ml chloride solution is transferred to a vial containing thrombin. The
vial is gently swirled until the thrombin is dissolved. The dissolved thrombin is aspirated from the small bowl into the syringe to t he indicated mark (4 ml) and
the gelatin matrix granules syringe is connected to the syringe containing the thrombin solution and the gelatin matrix – thrombin solution mixture is
transferred back and forth between the syringes for a total 10 passages (A). Rat sciatic nerve reconstructed with an end-to-end suture and Floseal® (End-toEndFloseal group) (B). Rat sciatic nerve with a neurotmesis injury with a gap of 10 mm (C). The neurotmesis injury was performed and regeneration initiated
after reconstruction with an end-to-end suture where the coaptation was performed with 7/0 monofilament nylon epineural sutures of the 2 transected nerve
endings (D).

The force in grams (g) applied to the digital platform balance
is recorded. The same procedure is applied to the contralateral, unaffected limb. For the EPT test, the affected and
normal limbs are tested 3 times, with an interval of 2 minutes
between consecutive tests, and the 3 values are averaged to
obtain a final result. The normal (unaffected limb) EPT
(NEPT) and experimental EPT (EEPT) values are
incorporated into an equation (Equation (1)) to derive the
percentage of functional deficit, as described in the literature
[23, 31-34]

.
% Motor deficit = [(NEPT – EEPT) / NEPT] × 100

(1)

To assess the nociceptive withdrawal reflex (WRL), the
hotplate test was modified as described by Masters and
[35]
collaborators
. The animal is wrapped in a surgical towel
above its waist and then positioned to stand with the affected
hind paw placed on a hot plate, at 56ºC, and with the other
on a room temperature plate. WRL is defined as the time
elapsed from the onset of hotplate contact to withdrawal of
the hind paw and measured with a stopwatch. Normal
animals withdraw their paws from the hotplate within 4.3 s or
[1, 23, 34, 36]
less
. The affected limbs were tested 3 times, with
an interval of 2 min between consecutive tests to prevent
sensitization, and the three latencies were averaged to obtain
[37]
a final result . If there was no paw withdrawal after 12 s,
the heat stimulus was removed to prevent tissue damage,
[38, 39]
and the animal was assigned the maximal WRL of 12 s
.
Kinematics analysis
Ankle kinematics was carried out prior nerve injury (week 0),
and at the 20-week follow-up time and it was only performed
in the chronic phase study in the following experimental
groups:
End-to-End,
End-to-EndFlosealUCX,
End-toEndUCX, and End-to-EndFloseal group.
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Also, a group of 6 animals without any injury was included
(Control). Animals walked on a Perspex track with length,
width and height of 120, 12, and 15 cm, respectively. In order
to ensure locomotion in a straight line, the width of the
apparatus was adjusted to the actual animal size during the
experiments. The animals’ gait was video recorded at a rate
of 300 images per second (Casio Exilim PRO EX-F1, Japan).
The camera was positioned at the track half-length where
gait velocity was steady, and 1 m distant from the track
obtaining a visualization field of 14 cm wide. The video
images were stored in a computer hard disk for later analysis
®
using an appropriate software APAS (Ariel Performance
Analysis System, Ariel Dynamics, San Diego, USA). 2-D
biomechanical analysis (sagittal plan) was carried
out
applying a two-segment model of the ankle joint, adopted
[40]
from the model firstly developed by Varejão
. The animals’
ankle angle was determined using the scalar product
between a vector representing the foot and a vector
representing the lower leg. With this model, positive and
negative values of position of the ankle joint (º) indicate
dorsiflexion and plantarflexion, respectively. For each step
cycle the following time points were identified: Initial Contact
(IC), Opposite Toe-off (OT), and Heel Rise (HR) and Toe-off
[40-42]
(TO)
and were time normalized for 100% of step cycle.
The normalized temporal parameters were averaged over all
recorded trials. A total of 6 walking trials for each animal with
stance phases lasting between 150 and 400 milliseconds
were considered for analysis, since this corresponds to the
[40]
animal’s normal walking velocity (20–60 cm/s) .
2.7. Sciatic nerve stereology and histological analysis
For the chronic phase study, histomorphometric analysis was
performed. Nerve samples obtained from the 10-mm-long
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sciatic nerve segments distal to the neurotmesis site and
from un-operated controls were processed for quantitative
[43]
morphometry of myelinated nerve fibers
. Fixation was
carried out using 2.5% purified glutaraldehyde and 0.5%
saccarose in 0.1M Sorensen phosphate buffer for 6-8 hours
and resin embedding was obtained following Glauerts'
[44]
procedure
. Series of about 50 semi-thin transverse
sections (2-μm thick) were cut using a Leica Ultracut UCT
ultramicrotome (Leica Microsystems, Wetzlar, Germany)
starting from the distal end of the specimen and stained by
Toluidine blue. Stereology was carried out on one section,
randomly selected from each of these series, using a
DM4000B microscope equipped with a DFC320 digital
camera and an IM50 image manager system (Leica
Microsystems, Wetzlar, Germany). Systematic random
sampling and D-dissector were adopted using a protocol
[45, 46]
previously described
. Fiber density and total number
were estimated together with fiber and axon diameter and
myelin thickness. For the acute phase study, the animals
were euthanized 21 days after surgery and the samples’
histological preparation was as described for the
histomorphometric analysis. For the hyper-acute phase study
the nerve samples were collected at day 3, fixed in 10%
buffered formalin, routinely processed, dehydrated and
embedded in paraffin wax. Consecutive 4μm-sections were
cut, stained with haematoxylin and eosin (HE) and submitted
to histological evaluation where a quality analysis was
performed by a single operator.

markers CD44, CD73, CD90 and CD105 and less than 2%
positive for CD14, CD19, CD31, CD34, CD45
and HLA-DR
®
(Figures 1B). In order to assay
for UCX capacity for tri®
lineage differentiation, UCX expanded to P5 were incubated
with specific differentiation media as described
in the
®
methods section. Results showed that UCX cells have the
capacity for tri-lineage differentiation into adipocytes,
chondrocytes and osteoblasts (Figures 1C i, ii, iii). Together
®
these results show that UCX meet the minimum definition
criteria of MSCs, according to the ISCT.
3.2. Motor deficit and Nociception function
For the acute study, at week 1 following sciatic nerve
transection and end-to-end repair, every animal reached the
12-sec end point of the WRL test, which is compatible with
complete sensory loss in the plantar skin territory innervated
by sciatic nerve. During the following weeks, withdrawal
response latency improved, although at faster rate in the Endto-End group, compared with the End-to-EndUCX group
(p=0.000; Figure 7A). Motor deficit in the immediate week
following sciatic nerve transection and end-to-end repair
reached values close to maximum (i.e., close to 1.0,
compatible with complete absence of motor response in the
affected hind-limb during the EPT test). Thereafter, the EPT
response in the affected hind-limb somewhat improved until
the end of week 3, particularly in the End-to-End group (Endto-End group vs. End-to-EndUCX group, p=0.000; Figure
7B).

2.8. Statistical analysis
For data regarding the functional tests, means and standard
deviations (SD) were computed and reported for each time
point, including pre-operatively, and each experimental
group. Differences between time points and between groups
were tested by two-way analysis of variance (ANOVA) using
a mixed model of within- (time of recovery) and betweensubjects (experimental groups) factors. In case ANOVA
revealed an overall significant main effect of experimental
group (between-subjects factor), pair-wise comparisons
between the groups was undertaken using the post hoc
Tukey’s HSD test. For stereology, statistical comparisons of
quantitative data were subjected to one-way ANOVA test. All
statistical procedures were performed by using the statistical
package SPSS (version 17.0, SPSS, Inc) except
stereological data that were analyzed using the software
“Statistica per discipline bio-mediche” (McGraw-Hill, Milan,
Italy). All data in this study are presented as mean ± SD.
Statistical significance was accepted at p<0.05.
3. Results
®

3.1 UCX cells are Mesenchymal Stem Cells (MSCs)
according to the ISCT
MSCs, as defined by the International Society for Cellular
Therapy (ISCT), are cells characterized by: a) their capacity
to adhere to plastic; b) expression of specific surface
markers, namely , CD73, CD90, and CD105, and no
expression of CD14, CD19, CD34, CD45 and HLA-DR.
Additionally, according to the ISCT, MSCs are able to
undergo tri-lineage differentiation
into adipocytes,
[47]
®
chondrocytes and osteoblasts
. UCX cells were expanded
to P5 where the culture appeared homogeneous and cells
presented their typical fusiform, fibroblast-like, morphology
(Figure 1A). As expected for MSC-type stem cells, flow
cytometry analysis showed that over 95% of the cells in the
population were consistently positive for the cell surface

Figure 7 – Mean Withdrawal Reflex Latency (WRL) and Extensor Postural
Thrust (EPT) results for acute phase. Values in seconds (s) were obtained
performing the Withdrawal Reflex Latency (WRL) test to evaluate the
nociceptive function (A). Values of Motor Deficit were obtained performing
Extensor Postural Thrust (EPT) test (B). Both tests were performed
preoperatively (week 0), at day 7 (week 1), day 14 (week 2) and day 21 (week
3). The animals were sacrificed for morphological analysis at day 21 (week 3).
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For the chronic study groups, data from WRL were analyzed
through two-way Anova for repeated measures, comparing
®
groups after sciatic neurotmesis treated with UCX (End-to®
EndUCX group), Floseal (End-to-EndFloseal group), these
two treatments combined (End-to-EndFlosealUCX group)
and an end-to-end control group (End-to-End). The results
showed a significant interaction effect between time of
recovery and treatment [F(33,220) = 3.097; p = 0.000]. This
effect was explained by differences in recovery of the WRL
after sciatic nerve neurotmesis between the end-to-end
group (End-to-End) and the remaining experimental groups,
with the former animals showing better recovery in this test.
No differences in WRL recovery were found among animals
®
treated with Floseal (End-to-EndFloseal group), MSCs (End®
®
to-EndUCX group) or with combined Floseal plus UCX
(End-to-EndFlosealUCX group) (Figure 8A). As a matter of
®
fact, the Floseal did not improve the functional
recovery when associated to the cellular system and when
applied alone to the surgically reconstructed nerve, probably
due to the gelatine matrix and the thrombin component, that
works as glue, allowing for a tight contact between the two
nerve stumps but not promoting the MSCs survival or growth
factors and cytokines production in the injury site.
The fact that the End-to-EndFloseal group and the End-toEndFlosealUCX group have reached normal values in terms
of WRL, has demonstrated that our vehicle choice was
®
successful.The potential added value of UCX in the chronic
model was not noticeable by measuring WRL alone, although
the End-to-EndUCX group also reached normal WRL values
of at week 20.

Figure 8 – Mean Withdrawal Reflex Latency (WRL) and Extensor Postural Thrust
(EPT) results for 20 weeks follow-up. Values in seconds (s) were obtained
performing Withdrawal Reflex Latency (WRL) test to evaluate the nociceptive
function (A). Values of Motor Deficit were obtained performing Extensor Postural
Thrust (EPT) test (B). This test has been performed pre-operatively (week 0), at
week-1 and every 2 weeks after the surgical procedure until week 20, when the
animals were sacrificed for morphological analysis.
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As for EPT, no differences in recovery were found among
®
animals treated with Floseal (End-to-EndFloseal group),
®
®
UCX (End-to-EndUCX group) or with combined Floseal
®
plus UCX (End-to-EndFlosealUCX group), with all treated
groups presented elevated motor deficit at week 20, of
0.82±0.07, 0.87±0.03, and 0.86±0.04, respectively (Figure 8A
and 8B).These values were due to
autotomy
and
contractures developed during the healing period although a
deterrent substance was applied to animals’ right foot every
[28, 29]
48 hours
(Figure 8B).
3.3. Kinematics analysis
Ankle joint kinematics during gait was assessed in the
experimental treated groups at the end of the 20-weeks
recovery time and was compared with data from uninjured
control animals. Ankle angle was compared between groups
at four selected instants belonging to the stance phase and
significant differences between the groups were found for
each of these time points, except for TO. Post hoc pair-wise
comparisons showed that no differences in ankle joint angle
existed between the uninjured control group and any of the
sciatic-treated groups. However, differences in
this
parameter existed between experimental groups. At the
instant of IC, the ankle joint angle was significantly different
when comparing the End-to-End group to any of
the
remaining sciatic-treated groups (End-to-EndFlosealUCX,
End-to-EndUCX and End-to-EndFloseal) (p<0.05). At OT,
which occurs around 20% of the entire stance phase
duration, differences between groups were now found
between the End-to-End and End-to-EndUCX (p=0.023), and
End-to-EndFlosealUCX (p=0.005), as well as between the
two latter groups (p=0.015). Further differences in ankle
angle at this time point were observed between the End-to®
®
End group and the group treated with UCX and Floseal
(End-to-EndFlosealUCX) (p=0.038). At the instant of HR,
meaning the time during the stance phase of the rat’s gait
cycle when the push off action begins, significant differences
in ankle joint angle existed between End-to-EndFloseal
animals and those within the End-to-EndFlosealUCX group
(p=0.008) (Figure 3).

Figure 3 – Kinematic plots. Kinematic plots in the sagittal plane for the
ankle angle (º) as it moves through the stance phase, obtained at week 20
after the neurotmesis injury and surgical reconstruction of Control, End-toEnd, End-to-EndFlosealUCX, End-to-EndUCX, and End-to-EndFloseal
groups. The mean of each experimental group is plotted (N = 6).

| 87

AC Maurício et.al. JSRM/Vol.10 No.1 2014

3.4. Histological and Stereological Analysis
In the acute phase of the healing period (21 days) the
samples revealed Wallerian degeneration in varying degrees,
from mild to severe, in all material submitted for histology,
hindering the observation of axonal regeneration (Figures 4A
and 4B). A little retraction of the myelin membrane was
observed, which could be caused by the nerve injury.
However, the fiber organization was higher and the extent of
fibrosis was lower in the End-to-EndUCX group (Figures 4A
and 4B).

Figure 4 – Histological images: acute phase. Histological analysis of the
acute phase of the healing period (day 21 after neurotmesis). Figures A and
B show cross sections of epon-embedded rat sciatic nerve from the same
experimental group (End-to-EndUCX) with Toluidine Blue stain: Images of
Wallerian degeneration - many axons
with
myelin
degeneration
(arrowheads) and some regenerating axon clusters (arrows). Original
magnification: 400x. Scale bar = 10 μm.

In the hyper-acute phase (3 days), the histology of the Endto-End sample showed disruption of the perineurium,
fascicles disorganization, proliferation of Schwann cells with
axonal swelling and inflammatory infiltration in the
endoneurium. Scarce neutrophils and multinucleated giant
cells were also identified, mainly located around hair shafts,
probably due to the surgical technique (Figure 5A). In turn,
animals belonging to the End-to-EndFloseal and End-toEndFlosealUCX groups developed multiple foci of dystrophic
calcification, often accompanied by a foreign body
inflammatory reaction (Figures 5B and 5C).

EndUCX or End-to-EndFloseal group (Table 1 and Figure
6F). The results clearly demonstrate a synergistic positive
effect on regenerated nerve fibers resulting from combined
®
®
use of UCX with the Floseal vehicle.

Figure 5 – Histological images: hyper-acute phase. Histological analysis of the
hyper-acute phase of the healing period (day 3 after neurotmesis). Cross section of
paraffin-embedded rat sciatic nerve, HE: (A) End-to-End: Destruction of
perineurium and endoneurium and fascicles disorganization; (B) End-toEndFloseal: multiple foci of calcification (arrowheads) in the epineurium and fatty
infiltration, associated with diffuse mononuclear inflammatory infiltrate (arrows); (C)
End-to-EndUCX: mild to moderate amount of mixed inflammatory infiltrate (arrows)
that circumscribe the perineurium; (D) End-to-EndFlosealUCX: multiple foci of
calcification (arrowheads) associated with fibrin deposition and hemorrhage, with
destruction of the perineurium and endoneurium. Original magnification: 100x.
Scale bar = 50 μm.

In the samples from the End-to-EndFlosealUCX group, this
finding was even more prominent and extensive, associated
with deposition of large amount of fibrin and hemorrhage
which destroyed the normal architecture of the nerve (Figure
5D). Mild to moderate amount of mixed inflammatory
infiltrate
along
with
elongated
mesenchymal
cells
circumscribing the perineurium were observed in the End-toEndUCX sample (Figure 5C).
®

Such observations were indicative of an UCX - mediated
induction of Wallerian degeneration necessary for proper
nerve regeneration, an assumption that was confirmed by
long-term observations (Figure 6) and stereological estimates
(Table 1 and Figure 6F). While light microscopy analysis was
restrictive, limiting our observations to the expected smaller
size of regenerated nerve fibers relative to the controls,
stereological analysis disclosed a significantly (p<0.05) larger
axon diameter and thicker myelin thickness in the End-toEndFlosealUCX group when compared to either End-to-
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Figure 6 – Light micrographs images and histogram of the stereological
parameters.Light micrographs of Toluidine blue-stained sciatic nerve semi-thin
sections from four different experimental groups: Control (A) End-to-EndFlosealUCX
(B) End-to-EndFloseal (C), End-to-EndCX (D), End-to-End (E). Original
magnification: 1000X. Scale bar = 5 μm. Histogram summarizing results of
stereological estimates of density, total number, diameter and myelin thickness in the
4 experimental groups, Control, End-to-EndFlosealUCX, End-to-EndFloseal, End-toEndUCX, and End-to-End at week 20 after neurotmesis. Values are presented as
mean ± SD (F).
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Table 1

Fiber Density (N
/mm2)

Fiber Number
(N)

Fiber diameter
(μm)

Axon diameter
(μm)

Myelin thickness
(μm)

Control

15,905±2,87

7,666±1,90

6,66±0,12

4,26±0,07

1,19±0,03

End-to-End

20,612±1,607

14,624±1,642

4,06±0.30

3,31±0,09

0,58±0,03

End-to-End FlosealUCX

26,009±6,512

12,255±2,290

4,57±0,51

2,88±0,42

0,85±0,05

End-to-End Floseal

23,900±4,291

10,216±2,040

3,79±0,30

2,23±0,21

0,78±0,06

End-to-End UCX

28,821±1,202

12,925±2,985

3,89±0,22

2,42±0,16

0,77±0,06

Group

Table 1 – Stereological quantitative paramaters.
Stereological quantitative assessment of density, total number, diameter and myelin thickness of regenerated sciatic nerve fibers at week-20 after
neurotmesis. Values are presented as mean ± SD

4. Discussion
Nowadays, most tissue engineered nerve grafts are
composed of a neural-scaffold prepared with a variety of
biomaterials. The introduction of active cells, delivered by
appropriate vehicles, could either replace or add to the
system an important biochemical cue. The crucial role of
MSCs in tissue renewal and regeneration has been well
[48]
®
established
. UCX cells in particular have already
demonstrated to promote faster remission of local and
systemic arthritic manifestations in a chronic adjuvant[22]
®
induced arthritis model
. More recently, UCX grown in
aggregates, that better mimic tissue environment, have
produced a secretome richer in trophic factors, such as HGF,
TGF-, G-CSF, VEGF-A, FGF-2, KGF and IL-6, that
promote wound healing reactions, as demonstrated both in
vitro by vasculogenesis, mitogenic and chemotactic assays,
®
and in vivo, using a chemotaxis assay where UCX were
shown to
recruit surrounding bone marrow MSCs, known to be directly
involved in tissue regeneration (results to be published
elsewhere).
®

In the present study the in vivo application of UCX was
intended to improve the regeneration process in the rat
sciatic nerve after a neurotmesis injury which was surgically
®
reconstructed using end-to-end suture. In turn, Floseal is a
biocompatible vehicle which can be easily used and it can be
extruded from a syringe and applied topically to the bleeding
area. This haemostatic agent has the ability to acquire
®
irregular shapes fitting the wounded site. When the Floseal
is in contact with blood, the collagen particles are hydrated
and swell, restricting the blood flow. The thrombin present
converts the patient fibrinogen into a fibrin polymer,
[49]
originating a clot around the lesion area of the nerve . We
hypothesize that such matrix could partially mimic the
natural, physiological matrix of the umbilical cord (Wharton’s
®
jelly) from which UCX cells are extracted, thus promoting
three-dimensional (3D) cell-to-cell interactions. As seen by
®
us, UCX cells grown in 3D spheroid-like structures are
primed to a phenotype characterized by a secretome, which
®
is richer in pro-healing factors so, most probably; Floseal
®
could indeed enhance beneficial 3D UCX cell-to-cell
®
interactions. Furthermore, the introduction of Floseal in our
chronic model formulation was intended to 1) promote endto-end nerve fiber contacts, and 2) reduce the flush away
effect of the cells after administration, thus increasing their
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permanance within the wounding site. The survival of
transplanted MSCs in the injury site was previously reported
by other published works. It was known at the starting point
of our study that in other disease models characterized by
inflammation sites, human MSCs (HMSCs) transiently home
and niche to inflammatory sites, remaining viable in a xenotransplated rat for up to approximately 2 weeks in normal
mice/rat, increasing their permanance in inflammation sites in
diseased models, without detectable homing to other organs.
Also, the bio-distribution of placental HMSCs, stably infected
with a lentiviral construct expressing the luciferase gene, was
performed in both immune-competent and immune6
compromised NOD/SCID and Balb/c mice. When 1 x 10
placental HMSCs were administrated, the bio-distribution
pattern showed that the cells persisted only at the injection
site (intramuscular for peripheral artery disease – PAD
model, anterior paw) and did not distribute to other organs.
Also, the placental HMSCs retained consistently high levels
[50]
of luciferase expression, in vitro, for up to 3 weeks
.
Additionally, undifferentiated and differentiated HMSCs from
the Wharton’s jelly were previously used by our research
group in rat sciatic nerve reconstruction after axonotmesis
and
neurotmesis
injuries.
Undifferentiated
HMSCs
transplanted were negatively labelled to glial fibrillary acidic
protein (GFAP), growth associated protein-43 (GAP-43), and
[51]
neuronal nuclei (NeuN)
and presented positive effects on
the functional and morphological recoveries of peripheral
nerve after axonotmesis and neurotmesis. The HMSCs were
applied either by local infiltration or associated in monolayer
to
several
biomaterials
namely
poly(DL-lactide-εcaprolactone) (PLC) membranes. Other research groups
have also proven the positive effects of the HMSCs in
peripheral nerve regeneration, where the HMSCs were
transplanted to the injury site and survived after the surgical
[52-55]
procedure
. The risk of immune rejection in our
®
experimental setup was considered minimal since UCX cells
have been xeno-implanted before into rabbits, rats and
sheep without eliciting any compromising immune rejection
[22, 56]
.
Due to the large importance of the Wallerian
degeneration for subsequent cellular and molecular events
that lead to nerve regeneration, it was important to evaluate
the immediate Wallerian response and early nerve
regeneration in the hyper-acute and acute phases,
respectively. When an axon is transected, the distal
cytoskeleton disintegrates, its cell membrane disappears,
and the axon fragments.
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The Wallerian degeneration is accompanied by macrophages
entering the transected area to remove myelin and axonal
debris being first detected by light microscopy 36 to 44h after
nerve transection in mice and rats, and reaching a peak
around the third week. In the acute phase of the healing, our
samples revealed Wallerian degeneration in varying degrees,
from mild to severe, hindering the observation of axonal
regeneration. On the other hand, nerve fiber organization
was higher and the extent of fibrosis was lower when sciatic
®
nerves were treated with UCX , which suggests the
importance of these cells in improving nerve regeneration
when applied in the first days after neurotmesis, apparently
by promoting a more efficient Wallerian degeneration.
Theoretical repercussion of these histological observations
performed during the hyper-acute and acute phases were
confirmed by long-term observations and stereological
estimates. While light microscopy limited the analysis to the
observation of the expected smaller size of regenerated
nerve fibers, stereological analysis was able to disclose a
significantly larger axon diameter and higher myelin
thickness in the End-to-EndFlosealUCX group,
when
compared to the End-to-EndUCX and End-to-EndFloseal
experimental
groups.
These
histological
and
histomorphometric analyses performed in the hyper-acute,
®
acute and chronic phases also suggest that Floseal is an
®
appropriate vehicle to deliver UCX to peripheral nerve
injuries.
The myelin sheath was thicker in the regenerated nerves of
®
®
UCX -treated animals, suggesting that UCX might exert
their positive effects on Schwann cells, the key element in
Wallerian degeneration and consequent axonal regeneration.
Previous results have demonstrated that the use of either
undifferentiated or neuroglial-like differentiated Wharton jelly
MSCs did enhance the recovery of sensory and motor
function of the rat sciatic nerve in axonotmesis and
[11, 57]
neurotmesis injuries
. In turn, the degree of acute
affection in thermal and nociceptive sensitive function as well
as the rate of its recovery in the acute phase in the End-toEnd group was similar to the End-to-EndUCX. Concerning
EPT and WRL results in the chronic phase study, no
differences in recovery were found between any of the
treated groups. However, these tests are, to some extent,
more dependent on the operator and therefore subject to
human error. Potential pitfalls of the EPT do exist. It takes a
certain training period for the tester to become comfortable
handling the animals, and this comfort level is critical for the
animal to behave in an unfrightened way. There is also a
level of recognition of when the animal is bearing its
maximum weight, which is critical since the tester
is
supporting the body of the animal at all times. Also, it was
observed autotomy and contractures in the treated animals,
which limited the EPT test execution, although the application
of a deterrent substance to the animals’ right paw every 2
days. As a result, the use of different methods for an overall
assessment of nerve function has long been recommended
[58]
by several investigators
. In our lab we complement EPT
and WRL techniques with a kinematics evaluation in order to
reliably predict the potential therapeutic benefit of a nerve
repair strategy. In this case, the kinematics analysis showed
differences in ankle joint angle between experimental groups.
At the instant of IC, the ankle joint angle determined for
animals belonging to the End-to-End group was significantly
different from any of the remaining treated groups. At OT,
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which occurs around 20% of the entire stance phase
duration, differences were now found between the
® End-toEnd group and the groups ®treated with UCX
(End-to-®
EndUCX group), and UCX administered with Floseal
(End-to-EndFlosealUCX), as well as between the two latter
groups. At the instant of HR, meaning the time during the
stance phase of the animal’s gait cycle, when the push off
action begins, significant differences in ankle joint angle were
measured between End-to-EndFloseal animals and End-toEndFlosealUCX animals. Despite ankle kinematics did not
demonstrate clear differences between groups in terms of
functional recovery; it is worthwhile noting that 20 weeks
following sciatic nerve neurotmesis the ankle kinematics
during the gait stance phase was similar to that of control
animals. Because, it is unlikely that sciatic-injured animals
can fully restore the normal ankle joint motion pattern during
gait, we have to consider that our kinematics analysis might
not have sufficient sensitivity to detect small differences in
gait performance between experimental groups.
5. Conclusions
The histological analysis of the acute phase
studies revealed
®
that in the group treated with UCX alone the Wallerian
degeneration was improved for the subsequent process of
regeneration, the fiber organization was higher, and the
extent of fibrosis was lower. The chronic phase experimental
®
groups revealed that treatment with UCX induced an
increased number of regenerated fibers and thickening of the
myelin sheet.
Kinematics analysis showed that the ankle joint angle
determined for untreated animals was significantly different
from any of the treated groups at the instant of IC. At OT and
HR, differences were found between untreated animals and
®
®
the groups treated with ® either UCX
alone
or UCX
®
administered with Floseal . Overall, the UCX application
presented positive effect in functional and morphologic
recovery in both acute and chronic phases of the
regeneration process. Kinematics analysis has ®revealed
positive synergistic effects brought by Floseal
as cell
vehicle.
Additionally, further studies will be necessary to clarify the
potential of these cells in nerve and tissue regeneration.
However, the ®results discussed herein show a promising
effect of UCX in promoting myelin production in surgically
reconstructed nerves after a neurotmesis injury. This effect
was observed with human cells in rats and therefore, a more
pronounced effect is expected in humans. A new gateway it,
therefore, opened for using these cells in neurodegenerative
diseases that are typified by demyelination.
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1

Denervation and reinnervation
4.2.1 Muscle morphometric analysis
4.2.1.1.

Introduction

This part of the chapter pretends to introduce the muscle’s morphometric methods described
in detail earlier in this chapter, for the analysis of the tibialis anterior (TA) muscles of the
animals used in in the previous study (4.2 of this chapter). The purpose of this morphometric
evaluation was to assess the effect of the different treatments (UCX® cells injected in a
cellular suspension or associated to Floseal® as a vehicle) applied to the sciatic nerve after
transection, in the process of muscle’s reinnervation. We thought that it would be interesting
to ascertain the possibility that these cellular therapies could have a significant influence in
the process of muscle regeneration or inhibition of muscular atrophy following denervation.

4.2.1.2.

Materials and methods

At termination of the functional testing performed in the previous study (4.2 of this chapter),
TA muscles of the End-to-End, End-to-EndUCX, End-to-EndFlosealUCX and Control (no
lesion) groups were collected, and the tissue samples were fixed in 10% buffered formalin,
routinely processed, dehydrated and embedded in paraffin wax. Consecutive 3 μm transverse
sections from the mid-belly of each muscle were cut and stained with haematoxylin and eosin
(HE) and kept for morphometry and determination of degree of atrophy. For the morphometric
analysis, an unbiased sampling procedure was applied. The area, perimeter, “Feret’s angle”
and “minimal Feret’s diameter” which is the minimum distance of parallel tangents at
opposing borders of the muscle fiber), were evaluated from the cross sections using the
ImageJ© software (NIH) which allowed to apply this set of individual fiber measurements. A
minimum of 1000 skeletal muscle fibers was measured from each group. This assessment
was performed by 2 independent operators. Each one of the operators blindly and randomly
measured an average of 50 fibers in each section. Images were acquired using a Nikon®
microscope connected to a Nikon® digital camera DXM1200, at low magnification (100x)
under the same conditions that were used to acquire a reference ruler.
Statistical analysis was performed using the SPSS version 19.0 (SPSS, Chicago, IL). Results
are presented as mean±SEM. Multiple comparisons between groups were performed by oneway ANOVA supplemented with Tukey’s HSD post hoc test. Differences were considered
statistically significant at p<0.05.
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4.2.1.3.

Results and discussion

Following 20 weeks of sciatic nerve transection it was possible to observe by muscle
morphometry that there was a significant difference (p<0.05) in terms of fiber size between
the treatment groups (End-to-EndUCX and End-to-EndFlosealUCX) and the sham group
(End-to-End). In those treatments groups there was more than 25% increase in terms of
average fiber size area and more than 11% increase in term of the “minimal Feret’s
diameter”, when comparing to the End-to-End group. Apart from that, it was interesting to
observe that there was no significant difference (p>0.05) between the End-to-EndFlosealUCX
treatment group and the Control group (where no lesion was applied to the sciatic nerve)
(Fig.1.19 and Table 1.6).
Area (µm2)

Perimeter (µm)

Feret’s
angle (ᵒ)

Min. Feret’s
Diameter (µm)

End-to-End

1885,08±641,81

165,56±29,27

84,76±51,55

41,56±7,66

End-to-EndUCX

2373,57±837,36

198,73±35,85

88,53±55,96

46,41±46,41

End-to-EndFlosealUCX

2426,49±990,30

196,81±40,26

93,76±54,59

46,65±10,19

Control

2510,91±1136,55

199,57±45,04

89,60±52,01

47,42±11,15

Group

Table 1.6 - Morphometric quantitative assessment of area, perimeter, “Feret’s angle” and
“minimal Feret’s diameter” of Control and regenerated TA muscle fibers at week-20 after
neurotmesis with End-to-End repair, End-to-EndUCX and End-to-EndFlosealUCX treatment.
Values are presented as mean ± SD.

a) p<0.05 .vs End-to-End group; b) p<0.05 .vs End-to-EndUCX group

Figure 1.19 – Graphical representation of the mean of area and “minimal Feret’s diameter” of Control
and regenerated TA muscle fibers at week-20 after neurotmesis with End-to-End repair, End-toEndUCX and End-to-EndFlosealUCX treatment. Values are presented as mean ± SEM (error bars).

These morphometric results of denervated muscles, allowed us to conclude that when
applied to the sciatic nerve after damage, UCX® cells injected in a cellular suspension or
associated to Floseal® as a vehicle, produced interesting effects in terms of the enhancement
in muscle reinnervation. The results for the treatment with UCX® cells associated to Floseal®
were similar to the ones obtained for the Control muscles, reflecting an almost complete
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recovery in terms of muscle regeneration after denervation atrophy. These results for TA
muscle’ morphometry are coincident with the results obtained in the study described
previously (4.2 of chapter 1). In fact, both myelin thickness and kinematics proved that
Floseal® associated to UCX® cells presented the best scores. In the nerves’ histological
analysis it was also observed a positive effect of UCX® cells, by the increased number of
regenerated fibers and myelin thickness in these groups. These results were also compatible
with the differences observed in muscle’s fiber size of these treatment groups.
Regarding these data it is possible to attest that morphometry of denervated muscles might
be a suitable indicator of muscle’s regeneration supplying important information regarding the
nerve’s regeneration status.
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Chapter 1
Denervation and reinnervation

4. Results
4.3. Accepted article (in press):
Promoting nerve regeneration in a neurotmesis rat model using
poly(dl-lactide-ε-caprolactone) membranes and mesenchymal stem
cells from the wharton’s jelly: In vitro and in vivo analysis
BioMed Research International, (2014)
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ABSTRACT
Mesenchymal stem cells (MSCs) have the potential to differentiate into a variety of tissues
and might be responsible for turnover and maintenance of adult tissue. It is also known that
these cells migrate to sites of tissue damage and of active apoptosis, guided by hypoxia and
inflammation, altering the microenvironment and promoting repair and function. In
peripheral nerves, it has been suggested that MSCs can modulate Wallerian degeneration
and the overall regenerative response by acting through paracrine mechanisms directly on
regenerating axons or upon the nerve-supporting Schwann cells. In the present study, the
effect of human MSCs isolated from the Wharton’s jelly of the umbilical cord (HMSCs),
either undifferentiated and pre-differentiated into neuroglial-like cells on nerve
regeneration was evaluated in the neurotmesis injury rat sciatic nerve model. HMSCs were
embedded on the surface of a poly(DL-lactide-ε-caprolactone) (Vivosorb®) membrane and
enwrapped over the site of the end-to-end repair of the rat’s sciatic nerve. Motor and
sensory functional recovery was evaluated throughout a healing period of 20 weeks using
extensor postural thrust (EPT), withdrawal reflex latency (WRL) and ankle kinematics
during walking. Sciatic nerve morphometry was carried out on regenerated nerves. Results
in vitro showed successful differentiation of HMSCs into neuroglial-like cells,
characterized

by

expression

of

specific
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immunocytochemistry and by reverse transcriptase Polymerase chain reaction (RT-PCR)
and qPCR targeting specific genes expressed. In vivo testing showed no evident positive
effect of undifferentiated HMSCs or neuroglial-like cell enrichment at the sciaitc nerve cut
and repair site (with end-to-end and graft surgical procedure) on most of the functional and
nerve morphometric predictors of nerve regeneration although the nociception function was
almost completely recovery to values near the 4 seconds. EPT which measures the motor
function, on the other hand, recovered significantly better after undifferentiated HMSCs
enriched membrane employment, to values of residual functional impairment compared to
other treated groups. HMSCs isolated from the Wharton’s jelly of the umbilical cord and
delivered through PLC membranes might improve clinical outcome especially after trauma
to sensory nerves, particularly in the cases of nerve injuries with significant loss of nervous
tissue, requiring entubulation or grafting. When the neurotmesis injury can be surgically
reconstructed with an epineural end-to-end suture without tension or by grafting, the
addition of a PLC membrane associated with undifferentiated HMSCs seems to bring
significant advantage, especially concerning the motor function recovery.

KEY WORDS: neurotmesis, end-to-end suture, stem cells, mesenchymal stem cells,
neuroglial-like cells, nerve regeneration, Wharton jelly.
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1. INTRODUCTION
Traumatic injuries affecting the central and the peripheral nervous system are often
characterized by very limited recovery of lost functions and severe incapacity. In cases of
no surgical treatment, spontaneous nerve regeneration is in many cases curtailed by scars,
neuroma formation, mismatched nerve fascicles, or extensive splitting of the re-growing
axons. Moreover, peripheral nerve damage is often associated with neuropathic pain,
referred by patients as a more important reason for poor quality of life than the incomplete
functional recovery [1]. Functional outcome is directly related with the degree of injury.
Peripheral nerve regeneration is worse if a nerve gap exists, leading to functional
impairment and frequently, to neuroma [1, 2]. The time delay between the instant of
traumatic nerve injury and of surgical repair is also an important factor determining
functional outcome for various reasons [3].
Peripheral nerve neurotmesis is a relatively common type of traumatic injury affecting the
peripheral nervous system. These constitute a severe nerve damage in which both nerve
fibers and the nerve sheaths suffer disruption and spontaneous recovery becomes extremely
difficult in cases the peripheral nerve is not microsurgically reconstructed [4]. Whenever
tension-free suturing is possible, direct end-to-end repair is the treatment of choice.
However, when there is a nerve gap that resulted from the loss of the nerve tissue, an
autologous nerve graft is typically undertaken, usually using an expendable sensory nerve,
such as the sural nerve. However, autologous nerve grafting has important disadvantages,
the most important being donor site morbidity that may lead to a secondary sensory deficit
and occasionally neuroma and pain. In addition, no donor and recipient nerve diameters
match often occurs and the fact of using in most clinical situations, a sensory nerve to
reconstruct a motor or a motor and sensory nerve, might be the basis for poor functional
recovery [5]. In some cases, entubulation can be used instead of grafting. Numerous
experimental trials in animal models demonstrate the efficacy of tube-guides, made of
different biomaterials, in supporting peripheral nerve regeneration. Some clinical cases also
show that tube-guides can be safely employed in the reconstruction of peripheral nerves in
human patients [6]. In these cases, the nerve will grow and regenerate from the proximal
stump towards the distal nerve stump, while the ingrowth of fibrous tissue and neuroma
formation

are

prevented

by

the

tube-guide
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microenvironment is created for the Wallerian degeneration and regeneration process
during the healing period [6].
The development of cell-based therapies opened new venues in tissue regeneration
including central and peripheral nerve system. Considering the peripheral nerve system,
cellular systems are promising therapies to be applied alone or associated to scaffolds,
especially, in neurotmesis injuries where the surgical reconstruction is not possible without
tension and there is loss of tissue, creating critical defects of the nerve [6]. Regeneration is
a physical process through which remaining tissues organize themselves to replace and
repair injured or missing tissues in vivo. Stem cells from different sources are much likely
the golden key for regenerative medicine [7]. Amongst stem cells, mesenchymal stem cells
(MSCs) have become one of the most interesting targets due to their well-known
characteristics. MSCs have a high plasticity, proliferative and differentiation capacity,
together with promising immunosuppressive properties [6]. Furthermore, nowadays the
identification and characterization of MSCs is well defined by recommendations and
standards stated by the Mesenchymal and Tissue Stem Cell Committee of the International
Society for Cellular Therapy (ISCT) [8]. The therapeutic effect of MSCs does not simply
reside on their capacity to replace the original cells of damaged tissues. In fact, MSCs seem
capable of secreting a variety of growth factors and cytokines that modify their
microenvironment and induce the activity of endogenous progenitor cells within the injured
tissue [9, 10]. Also, several studies demonstrate that MSCs exert a modulatory action on the
inflammatory and immune responses, and by these means contribute to tissue healing [11].
Therefore, the use of cellular systems is a rational approach for delivering growthpromoting factors and cytokines at the nerve lesion site [12]. MSCs can be isolated from
several tissues, including bone marrow, skin, periosteum, amniotic fluid, umbilical cord
blood and matrix, and adipose tissue [12]. Bone marrow represents the most frequently
used tissue source of MSCs and these cells have been used in cell based therapies.
However, as a source of MSCs, the bone marrow has several disadvantages, like limited
number of MSCs available, the heterologous and non-consistent nature of bone marrow
preparations, the possibility of donor site morbidity, as well as decreased number of MSCs
along the adult life. For these reasons, it was important to identify alternative and more
primordial MSCs sources that would allow a safe and controlled ex vivo expansion for
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potential allogeneic utilization [12]. Umbilical cord tissue-derived MSCs exhibit a neuronal
phenotype [13-16] and are potentially useful for the treatment of neurodegenerative
diseases [17, 18], again showing the versatility of this cell source. Interestingly, these cells
are negative for the class II major histocompatibility complex (MHC), and have low
expression of MHC class I [15], increasing their potential for MSC-based therapies. In
addition, these cells represent a non-controversial source of primitive mesenchymal
progenitor cells that can be harvested after birth, cryogenically stored, thawed, and
expanded for therapeutic uses [19]. In the present work, the HMSCs isolated from the
umbilical cord Wharton’s jelly were tested concerning the nerve regeneration after a
neurotmesis injury surgically reconstructed after an end-to-end and a graft procedure. Since
these HMSCs are not only capable of differentiating into tri-lineage mesenchyme cell
types, such as adipocytes, chondrocytes and osteoblasts [8], but also into neuronal-like
cells, including astrocytes, oligodendrocytes, microglial, neurons and neuroglial-like cells
[12, 20], it was used in this study HMSCs and in vitro differentiated HMCs into neurogliallike cells. Morphology, immunocytochemistry and DNA-based approaches were applied to
sustain the identity of differentiated HMSCs into neuroglial-like cells. Regarding
immunocytochemistry, antibodies reactive to growth associated protein 43 (GAP-43),
reactive to glial fibrillary acidic protein (GFAP) and reactive to neuronal specific nuclear
protein (NeuN) were used on slides with fixed HMSCs. As per DNA-based approaches,
more particularly, RT-PCR and qPCR, the expression of seven genes, two housekeeping
genes (β-actin and GAPDH) and five genes specific of neuronal cells (GFAP, NeuN,
Nestin, NF-H and GAP-43) were analyzed. Regarding the target genes, GFAP stands for
glial fibrillary acidic protein, a protein present in the intermediate filament found in
astroglial cells, cells that support and nourish neurons; NeuN stands for neuronal specific
nuclear protein, a neuronal nuclear antigen commonly used has a biomarker for neurons;
Nestin is a type VI intermediate filament (IF) protein expressed mostly in nerve cells where
they are implicated in the radial growth of the axon; NF-H is the heaviest subunit of
Neurofilaments (NF) found in neurons, a major component of the neuronal cytoskeleton,
and believed to function primarily to provide structural support for the axon and to regulate
axon diameter; GAP-43 stands for Growth Associated Protein 43, a protein expressed at
high levels in neuronal growth cones during development, during axonal regeneration [20].
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In order to implant cultured cells like HMSCs into defective nerves (with axonotmesis and
neurotmesis injuries), there are two main techniques. The cellular system may be directly
injected to the neural scaffold which has been interposed between the proximal and distal
nerve stumps or around the crush injury (in neurotmesis and axonotmesis injuries,
respectively). In alternative, implant can also be achieved by pre-adding the cells to the
neural scaffold via injection or co-culture (in most of the cellular systems, it is allowed to
form a monolayer) and then the biomaterial with the cellular system is implanted in the
injured nerve [12, 20]. In this experimental work it was used a biomaterial commercially
available (Vivosorb®) to be used as a vehicle for the undifferentiated and differentiated
cellular system tested in the nerve defects. Biomaterials are known to be able to support
cellular systems to either differentiate into neuroglial-like cells or to enhance their paracrine
effects on the overall regenerative process. Concomitantly, biomaterials can be directly
involved in the regenerative process, helping to improve the motor and sensory functional
recovery, shortening the healing period and avoiding regional muscular atrophy [19, 21]. A
suitable biomaterial for nerve conduit must fulfil several biological and physicochemical
requirements and might be of biological origin or synthetic. Such requirements include
biocompatibility, biodegradability, permeability to ions and metabolites for the
revascularization of the regenerated nerve, and biomechanical and surface properties that
enable and modulate cellular systems adhesion [19]. Among synthetic biodegradable
materials, poly(DL-lactide-ε-caprolactone) (PLC) attracted particular attention to our
research group [22-26]. The biodegradation rate of PLC is estimated to be around 16
months and the degradation products of PLC are less acidic, like for instance poly(Llactide): poly(glycolide) (PLGA), which may cause less damage to the surrounding tissue.
Also, PLC is transparent facilitating the correct positioning of the nerve stumps. Previous in
vitro studies have shown that PLC membranes and tube-guides are biocompatible with
nerve cells and may facilitate nerve cell attachment, differentiation and growth [22, 23, 27,
28]. Also, in vivo studies have demonstrated that PLC might improve morphological and
functional recoveries, in axonotmesis and neurotmesis injuries of the rat sciatic nerve, while
the structure of the polymer was still well preserved after 20 weeks in nerves repaired with
PLC [22, 23]. Shin and colleagues (2009) tested PLC guiding-tubes and two different
synthetic, bioabsorbable biomaterials and compared their efficacy for the reconstruction of
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the sciatic nerve with a reversal autograft. In this case, the PLC tube was, within the
biomaterials, that with the best outcome, which was even comparable with the efficacy of
the autograft [29]. In the present study it was tested in vivo the therapeutic value of
undifferentiated human MSCs (HMSCs) isolated from the Wharton’s jelly of the umbilical
cord or in vitro differentiated into neuroglial-like cells, together with a poly(DL-lactide-εcaprolactone) (Vivosorb®) membrane, to promote nerve regeneration in neurotmesis
injuries surgically reconstructed with an epineural end-to-end suture or with an inverted
autograft. A complete functional analysis was performed during the healing period of 20
weeks, including extensor postural thrust (EPT) and withdrawal reflex latency (WRL) tests,
for evaluating the motor and nociception function, respectively. The functional assessment
also included the kinematic analysis of the rat gait during the healing period. A morfometry
analysis of the regenerated nerves was assessed at week 20. Also, it was tested in vitro, the
differentiation capacity of the HMSCs into neuroglial-like cells, previously to the in vivo
application.

2. MATERIALS AND METHODS
2.1. Poly(DL-lactide-ε-caprolactone) (PLC) membranes
Poly(DL-lactide-ε-caprolactone) (PLC) membranes (Vivosorb®) were purchased from
Polyganics BV, Groningen, Netherlands (FS01-006/20 Lot: FSA2009092311). Vivosorb®
is a flexible bioresorbable polymer film, made of poly(DL-lactide-ε-caprolactone)
copolymer which presents retention of mechanical strength for up to 10 weeks throughout
the critical healing period (Figure 1C, Figure 1D).
2.2. Cell Culture and in vitro differentiation of HMSC from Wharton’s jelly umbilical
cord
Human MSC from Wharton’s jelly umbilical cord (HMSCs) were purchased from
PromoCell GmbH (C-12971, lot-number: 8082606.7). This established human MSC cell
line was preferred for in vivo testing in rats, since the number of MSCs obtained was higher
in a shorter culture time, it was not dependent on donors availability and ethic committee
authorization, and the protocol was much less time consuming which was advantageous for
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pre-clinical trials with a large number of experimental animals. Cryopreserved cells were
cultured and maintained in a humidified atmosphere with 5% CO2 at 37ºC. Mesenchymal
stem cell medium (PromoCell, C-28010) was replaced every 48 hours. At 90% confluence,
cells were harvested with 0.25% trypsin with EDTA (Gibco) and passed into a new flask
for further expansion. HMSCs at a concentration of 2500 cells/ml were cultured and after
24 hours cells exhibited 30-40% confluence. Differentiation was induced with MSC
neurogenic medium (PromoCell, C-28015). Medium was replaced every 24 hours during 3
consecutive days. The formation of neuroglial-like cells was observed after 24 hours in an
inverted microscope (Zeiss, Germany) (Figure 1A, Figure 1B).
HMSC cell line (differentiated) from Wharton’s jelly was studied for cytogenetic analysis
at passage 5. When confluence was reached, culture medium was changed and
supplemented with 4μg/ml colcemid solution (stock solution, Cat. no. 15212-012, Gibco).
After 4 hours, HMSCs were collected and suspended in 8ml of 0.075M KCl solution
supplemented with bovine fetal serum (BFS). Then the suspension was incubated in 37◦C
for 35 minutes. After centrifugation (1500 rpm), 8 ml of the fixative methanol:glacial acetic
acid at 6:1 was added and mixed together, and the cells were again centrifuged. After 2
rounds of fixation, 2 new rounds were performed with the fixative methanol:glacial acetic
acid at 3:1. After the last centrifugation, the HMSC suspension was spread onto very well
glass cleaned slides. Analysis was performed by one scorer on Giemsa-stained cells.
Intracellular free Ca2+ concentration ([Ca2+]i) was measured in Fura-2-loaded cells by using
dual wavelength spectrofluorometry as previously described [12, 20, 23, 26]. The
measurements were performed on undifferentiated HMSCs after confluence was obtained
and on neuroglial-differentiated HMSCs, cultured on Vivosorb® discs in order to correlate
the HMSCs ability to differentiate and survival capacity in the presence of the Vivosorb®
membrane (Figure 1D).

2.3. Immunocytochemistry
At passage 3, HMSCs were trypsinized, washed and re-suspended in mesenchymal stem
cell medium (PromoCell, C-28010) at a concentration of 1x105cells/ml. HMSCs were fixed
with paraformaldehyde at 4ºC for 15 min and washed with distilled water before
permeabilization in 0.5% Triton-X100. Non-specific binding was blocked using blocking
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solution (PBS containing 1% bovine serum albumin (BSA)) for 1 hour at room
temperature. HMSCs were then incubated 2 hours at room temperature with primary
antibodies from rabbit against anti-growth associated protein-43 (GAP-43, 1:200)
(Chemicon, AB5220) and against anti-glial fibrillary acidic protein (GFAP, 1:500)
(Chemicon, AB5804) and from mouse against anti-neuronal nuclei (NeuN, 1:100)
(Chemicon, MAB377). After washing, HMSCs were incubated 15 minutes with goat antirat IgG (Millipore, AP136P) and goat anti-rabbit IgG (Millipore, 12-348MN) secondary
antibodies. After several washes in PBS, HMSCs were incubated with horseradish
peroxidase (HRP)-coupled streptavidin for 10 min. DAB (diaminobenzidine) served as
chromogen (Figure 2).

2.4. Reverse transcriptase Polymerase chain reaction (RT-PCR)
Reverse transcriptase Polymerase chain reaction (RT-PCR) and qPCR targeting specific
genes expressed by neuronal cells was performed. For that, primers were designed targeting
seven human genes based on the literature [30-32]. DNA sequences from GAP-43, NF-H,
Nestin, GAPDH, β-actin, NeuN and GFAP genes from mice (Mus musculus), rat (Rattus
novergicus)

and

human

(Homo

sapiens)

were

downloaded

from

GenBank

(www.ncbi.nlm.nih.gov/genbank) and aligned using the Clustal Omega bioinformatic tool
from EMBL-EBI (http://www.ebi.ac.uk/Tools/msa/clustalo). The primers targeting the
human genes are listed in Table 1. Both differentiated and undifferentiated HMSC’s
cultures were harvested with 0.25% trypsin EDTA solution (Gibco) and centrifuged at 2000
rpm 4ºC during 5 min. Cell pellets were used for total RNA extraction using an adequate
extraction kit, High Pure RNA Isolation kit (Roche). Briefly, cell pellets were lysed with a
lysis buffer, loaded into a High Pure Filter Tube, DNA was removed with DNase I enzyme,
washed twice on column, and eluted with 100 µl of Elution Buffer. RNA was quantified
and its quality assessed by using a Nanodrop ND-1000 Spectrophotometer and reads from
220 nm to 350 nm, and then stored at -80 ºC until further use. In the following step, cDNA
was synthesized from the purified RNA. To fulfill that issue, the kit Ready-To-Go YouPrime First-Strand Beads (GE Healthcare) was used following the manufacturer
instructions. Briefly, 1.5 µg of total RNA was used and diluted in DEPC-treated water to a
30 µl final volume in a RNase-free microcentrifuge tube; then heated at 65 ºC for 10
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minutes and then chilled in ice; transfer the RNA solution to the kit tube containing the
first-strand reaction mix beads; add 0.2 µg of Oligo(dT) primer and DEPC-treated water to
a 33 µl final volume; mix the content and incubate at 37 ºC for 60 minutes. cDNA was
synthesized and stored at -20 ºC until further use. Of referring that, due to the use of the
Oligo(dT) primer, the synthesized cDNA corresponds to the mRNA present in the sample
at the time of collection. cDNA synthesized from undifferentiated and differentiated
HMSC’s was used to check the expression of seven genes, two housekeeping genes (βactin and GAPDH) and five specific of neuronal cells (GFAP, NeuN, Nestin, NF-H and
GAP-43). As previously described, primers were designed in house and then synthesized in
an external laboratory (MWG Operon, Germany). Upon arrival, primers were rehydrated in
DNase/RNase free water in a concentration of 100 pmol/µl. Quantitative PCR (qPCR) was
performed in a iCycler® iQ5TM (BioRad) apparatus using the iQTM SYBR® Green Supermix
(BioRad). Each pair of primers targeting a gene was used to analyze its expression in the
differentiated and undifferentiated HMSC’s cDNA, in triplicate, along with a negative
control. The plates containing the mix targeting the seven genes for both types of cells were
submitted to the following cycles of temperatures: 95ºC during 4 minutes, 35 cycles
comprising 95ºC during 20 seconds, 55ºC during 20 seconds and 72 ºC during 20 seconds
ending with Real-Time acquisition, and final extension of 75ºC for 7 minutes. After cycling
temperatures, the number of cycle threshold for each well was recorded. The plate
containing the amplified genes or qPCR products was kept in ice and observed in a 2%
agarose gel to check and reinforce the identity of the amplicons. Briefly, 2 gr of NuSieve®
3:1 Agarose (Lonza) were mixed with 100 ml Tris-Acetate-EDTA buffer, melted, mixed
with ethidium bromide in a final concentration of 0.2 µg/ml, and loaded in a horizontal
electrophoresis apparatus. After solidification, 15 µl of the qPCR products were loaded in
the agarose wells, and submitted to a 120 V potential difference during 40 minutes to
separate the amplicons. Gel was then observed under UV light and pictures recorded using
the GelDoc® 2000 (BioRad) and Quantity One® software (BioRad).

2.5. Surgical procedure
All animal testing procedures were carried out in conformity with the Directive
2010/63/EU of the European Parliament and with the approval of the Veterinary
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Authorities of Portugal in accordance with the European Communities Council Directive of
November 1986 (86/609/EEC). Humane end points were followed in accordance to the
OECD Guidance Document on the Recognition, Assessment and Use of Clinical Signs as
Humane Endpoints for Experimental Animals Used in Safety Evaluation (2000). For the in
vivo testing, Sasco Sprague adult rats (Charles River Laboratories, Barcelona, Spain) were
divided in groups of 6 animals each. All animals were housed in a temperature and
humidity controlled room with 12-12 hours light / dark cycles, two animals per cage
(Makrolon type 4, Tecniplast, VA, Italy), and were allowed normal cage activities under
standard laboratory conditions. The animals were fed with standard chow and water ad
libitum. Adequate measures were taken to minimize pain and discomfort taking in account
human endpoints for animal suffering and distress. Animals were housed for two weeks
before entering the experiment. For surgery, animals were placed prone under sterile
conditions and the skin from the clipped lateral right thigh scrubbed in a routine fashion
with antiseptic solution. The surgeries were performed under an M-650 operating
microscope (Leica Microsystems, Wetzlar, Germany). Under deep anesthesia (ketamine 90
mg/Kg; xylazine 12.5 mg/Kg, atropine 0.25 mg/Kg i.m.), the right sciatic nerve was
exposed through a skin incision extending from the greater trochanter to the midthigh
distally followed by a muscle splitting incision [22]. The right sciatic nerve transection
(neurotmesis) injury was performed, immediately above terminal nerve ramification, with a
straight microsurgical scissor. A group of 6 animals was used as control and with the sciatic
nerve being left intact (Group 1 – Control). In Group 2 the sciatic nerve was transected and
left unrepaired, with the nerve stumps sutured to surrounding tissue in order to prevent
nerve regeneration (Group 2 - Gap). In Group 3, immediate cooptation with 7/0
monofilament nylon epineural sutures of the 2 transected nerve endings was performed
(Group 3 – End-to-End). In Group 4, the two endings of nerve transection were
immediately sutured with a 7/0 monofilament nylon suture, and enwrapped in a PLC
(Vivosorb®) membrane covered with a monolayer of non-differentiated HMSCs (Group 4 –
End-to-EndPLCCellnonDif), in Group 5, the two endings of nerve transection were
immediately sutured as the previous group and enwrapped in a PLC (Vivosorb®) membrane
covered with a monolayer of differentiated HMSCs (Group 5 – End-to-EndPLCCellDif). In
the last three groups, the sciatic nerve was bisected immediately above the terminal nerve
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ramification and at a10mm distal point. The resulting nerve graft, with a length of 10mm,
was inverted 180º and sutured with 7/0 monofilament nylon. One group was used as control
for the graft (Group 6 – Graft), in another group the graft was enwrapped in a PLC
(Vivosorb®) membrane covered with a monolayer of non-differentiated HMSCs (Group 7 –
GraftPLCCellnonDif) and in the last of the groups, the graft was enwrapped in a PLC
(Vivosorb®) membrane covered with a monolayer of differentiated HMSCs (Group 8 –
GraftPLCCellDif) (Figure 1A, Figure 1B, Figure 1C, Figure 1D). No local or systemic
signs of rejection or foreign body were observed in the experimental animals transplanted
with

PLC

membranes

and

HMSCs

(undifferentiated

and

differentiated).

No

immunosuppressive treatment was given to any of the experimental animals during the
entire study.
2.6. Functional assessment
All animals were tested pre-operatively (week 0), and every week until week 12 and every
2 weeks until the end of follow-up time (20 weeks). Animals were gently handled, and
tested in a quiet environment to minimize stress levels.

2.6.1. Motor performance and nociceptive function
The extensor postural thrust (EPT) was originally proposed by Thalhammer and
collaborators, in 1995 [33] as a part of the neurological recovery evaluation in the rat after
sciatic nerve injury. For this test, the entire body of the rat, excepting the hind-limbs, was
wrapped in a surgical towel. Supporting the animal by the thorax and lowering the affected
hind-limb towards the platform of a digital balance, elicits the EPT. As the animal is
lowered to the platform, it extends the hind-limb, anticipating the contact made by the distal
metatarsus and digits. The force in grams (g) applied to the digital platform balance (model
TM560; Gibertini, Milan, Italy) was recorded. The same procedure was applied to the
contra-lateral, unaffected limb. Each EPT test was repeated 3 times and the average result
was considered. The normal (unaffected limb) EPT (NEPT) and experimental EPT (EEPT)
values were incorporated into an equation (Equation 1) to derive the functional deficit
(varying between 0 and 1), as described by Koka and Hadlock, in 2001 [34].

Doctoral Thesis - Tiago de Melo Silva Ramos Pereira

| 114

Motor Deficit = (NEPT – EEPT) / NEPT

(Equation 1)

To assess the nociceptive withdrawal reflex (WRL), the hotplate test was modified as
described by Masters and collaborators [35]. The rat was wrapped in a surgical towel above
its waist and then positioned to stand with the affected hind paw on a hot plate at 56ºC
(model 35-D, IITC Life Science Instruments, Woodland Hill, CA). WRL is defined as the
time elapsed from the onset of hotplate contact to withdrawal of the hind paw and measured
with a stopwatch. Normal rats withdraw their paws from the hotplate within 4.3 s or less
[36]. The affected limbs were tested 3 times, with an interval of 2 min between consecutive
tests to prevent sensitization, and the three latencies were averaged to obtain a final result
[37]. If there was no paw withdrawal after 12 s of stimulation, the heat stimulus was
removed to prevent tissue damage, and the animal was assigned the maximal WRL of 12 s
[38, 39].
2.6.2. Kinematic Analysis
Ankle kinematics was carried out before nerve injury (week 0), and at the 20-week followup time. Animals walked on a Perspex track with length, width and height of respectively
120, 12, and 15 cm. In order to ensure locomotion in a straight direction, the width of the
apparatus was adjusted to the size of the rats during the experiments. The rats’ gait was
video recorded at a rate of 300 images per second (CASIO EXILIM PRO EX-F1, Japan).
The camera was positioned at the track’s half-length where gait velocity was steady, and 1
m distant from the track obtaining a visualization field of 14 cm wide. The video images
were stored in a computer hard disk for latter analysis using an appropriate software
APAS® (Ariel Performance Analysis System, Ariel Dynamics, San Diego, USA). 2-D
biomechanical analysis (sagittal plan) was carried out applying a two-segment model of the
ankle joint, adopted from the model firstly developed by [25]. The rats’ ankle angle was
determined using the scalar product between a vector representing the foot and a vector
representing the lower leg. With this model, positive and negative values of position of the
ankle joint (º) indicate dorsiflexion and plantarflexion, respectively. For each step cycle
the following time points were identified: initial contact (IC), Opposite Toe off (OT), and
Heel Rise (HR) and toe-off (TO) [25, 40, 41] and were time normalized for 100% of step
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cycle. The normalized temporal parameters were averaged over all recorded trials. A total
of six walking trials for each animal with stance phases lasting between 150 and 400 ms
were considered for analysis, since this corresponds to the normal walking velocity of the
rat (20–60 cm/s) [25, 42, 43]
2.7. Histology and Scanning electron microscopy (SEM)
Nerve samples (10-mm-long sciatic nerve segments distal to the crush site and from unoperated controls) were processed for histological analysis of myelinated nerve fibers [44].
Fixation was carried out using 2.5% purified glutaraldehyde and 0.5% saccarose in 0.1M
Sorensen phosphate buffer for 6-8 hours and resin embedding was carried out following
Glauerts' procedure [45]. Series of 2-µm thick semi-thin transverse sections were cut using
a Leica Ultracut UCT ultramicrotome (Leica Microsystems, Wetzlar, Germany) and stained
by Toluidine blue. Histological observation was carried out on a DM4000B microscope
equipped with a DFC320 digital camera and an IM50 image manager system (Leica
Microsystems, Wetzlar, Germany).
Prior to scanning electron microscopy (SEM) analysis, the HMSCs cultured on PLC discs
and the PLC tube-guide without HMSCs (Figure 2C and Figure 2D) were first fixed with
1.5% glutaraldehyde in 0.14 M sodium cacodylate buffer (pH 7.3) for 2h at 4oC.
Afterwards, the PLC samples with and without the HMSCs were dehydrated using graded
ethanol solutions from 60 % to 100%, 5 minutes each, and subjected to critical point
drying. Finally, the samples were mounted on aluminum stubs using double-side adhesive
tape and sputter coated with gold/palladium thin film, using the SPI Module Sputter Coater
equipment for 100 seconds and with a 15mA current. The SEM / EDS exam was performed
using a High resolution (Schottky) Environmental Scanning Electron Microscope with XRay Microanalysis and Electron Backscattered Diffraction analysis: Quanta 400 FEG
ESEM / EDAX Genesis X4M.

2.8. Statistical analysis
Data was analysed using two-way mixed factorial ANOVA (General Linear Model). The
design included two between-subjects variables with two conditions or levels (grafting vs.
non-grafting) and three conditions (no-cells, undifferentiated cells, and differentiated cells)
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and one within-subjects factor that included the time-repeated functional measures.
Mauchly’s test was used to assert sphericity and, if necessary, degrees of freedom
correction was introduced using the Greenhouse-Geiser’s epsilon. Simple planned
contrasts (General Linear Model, simple contrasts) were used to compare data pooled
across all experimental groups during recovery against pre-operative data. Pairwise
comparisons between groups were carried out by the HSD Tukey’s test. All statistical
procedures were performed with the statistical package SPSS (version 17.0, SPSS, Inc).
Data is presented as mean ± standard deviation of the mean (SD) or as mean ± standard
error of the men (SEM).

3. RESULTS
3.1.

Confirmation

of

HMSCs

differentiation

into

neuroglial-like

cells

by

immunocytochemistry and karyotype analysis
The phenotype of HMSCs was assessed by PromoCell. Rigid control of quality tests were
performed for each PromoCell’s lot of HMSCs. HMSCs were tested for cell morphology,
adherence rate and viability. Furthermore, each cell lot was characterized by flow
cytometry analysis for a comprehensive panel of markers, such as PECAM (CD31),
HCAM (CD44), CD45, and Endoglin (CD105). The HMSCs exhibited a mesenchymal-like
shape with a flat and polygonal morphology. During expansion the cells became long
spindle-shaped and colonized the whole culturing surface (Figure 1A). After 72 hours of
culture in neurogenic medium, we observed a morphological change. The cells became
exceedingly long and there was a formation of typical neuroglial-like cells with multibranches and secondary branches (Figure 1B). Initially, the testing of differentiation into
MSCs neuroglial-like cells was based on the expression of typical neuronal markers by
immunocytochemistry, such as glial fibrillary acidic protein (GFAP), growth-associated
protein (GAP)-43 and the neuronal specific nuclear protein (NeuN). Undifferentiated
HMSCs were negatively labeled for GFAP, GAP-43 and NeuN (inserted panels in Figure
2A, Figure 2B and Figure 2C). After 72 hours of differentiation, HMSCs became positively
stained for GFAP (Figure 2A) and GAP-43 (Figure 2B), and all nuclei of neuroglial-like
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cells were also positive for NeuN, demonstrating successful differentiation of HMSCs into
neuroglial-like cells (Figure 2C).
Undifferentiated HMSCs exhibited a normal star-like shape with a flat morphology (Figure
1A and Figure 1D). After in vitro differentiation, HMSCs morphology changed into typical
neuroglial-like pattern with multi-branches and secondary branches (Figure 1B). Giemsastained cells of differentiated HMSC cell line at passage 5 were analyzed for cytogenetic
characterization. However, no metaphases were found, therefore the karyotype could not be
established. However, the karyotype of undifferentiated HMSCs was determined previously
and no structural alterations were found demonstrating absence of neoplasic characteristics
in these cells, as well as chromosomal stability to the cell culture procedures [46].

3.2. Confirmation of HMSCs differentiation into neuroglial-like cells by RT-PCR
analysis
Both differentiated and undifferentiated HMSC’s were harvested and its RNA purified and
converted to cDNA using adequate procedures. Primers targeting typical neuronal markers,
two housekeeping genes (β-actin and GAPDH) and five specific of neuronal cells (GFAP,
NeuN, Nestin, NF-H and GAP-43) were used to support the differentiation into MSCs
neuroglial-like cells.
In the following (Figure 3), it’s shown the average of Ct values and the agarose gel of the
PCR products from experiments over the undifferentiated HMSC’s. In these cells, the
molecular analysis showed a very small amplification of GFAP gene, absence of
amplification of the NF-H and GAP-43 genes, and reasonable amplification of NeuN, βactin, GAPDH and Nestin genes. Amplification of a given gene is correlated with its
expression seeing that the template DNA is the one generated from mRNA.
In Figure 4, the same results are shown now for the differentiated HMSC’s. In this case, the
molecular analysis show a similar amplification for NeuN, -actin, GAPDH and Nestin
genes as for the undifferentiated HMSC’s, but now an increase in the GFAP, NF-H and
GAP-43 gene expression is perceived. As indicated in Figure 4, this implies a reduction in
Ct values.
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3.3. Functional analysis
3.3.1. Nociceptive function evaluated by withdrawal reflex latency (WRL)
Figure 5A presents the data for the WRL during the healing period of 20 weeks. As
expected, during the first week (week 1) following sciatic nerve transection and repair,
animals were unable to respond to the hot stimulus, indicating complete loss of thermal and
nociceptive sensitivity at the sole of the foot. Signs of recovery of foot’s withdrawal
response began at week 2 following the sciatic nerve injury. Thereafter, the WRL steadily
improved during the 20-weeks recovery time although without recovering its normal value
of less than 4 seconds (simple contrasts, 20 weeks vs. pre-injury; p<0.05). Anyway, the
WRL at week 20 for the treated groups was almost in the normal value range. At week 20,
the mean WRL of the End-to-EndPLCCellnonDif and End-to-EndPLCCellDif group, was
5.40±1.56 and 7.32±3.43 seconds, respectively. Concerning the graft groups where the PLC
membrane associated to the cellular system the WRL mean values were 5.41±0.46 and
6.54±2.10 seconds, for GraftPLCCellnonDif and GraftPLCCellDif group, respectively.
Differences in WRL recovery were found both as a result of grafting [F(1,31)=7.765; p<0.01]
and of HMSCs application [F(2,31)=14.112; p<0.001]. In particular, WRL recovered faster
and better in animals treated with direct end-to-end repair (End-to-End, End-toEndPLCcellnonDif, and End-to-EndPLCcellDif groups) compared to those receiving a graft
(Graft, GraftPLCcellnonDif, and GraftPLCcellDif groups). Also, animals treated with
differentiated (p<0.001) and undifferentiated (p<0.005) HMSCs showed slight worst WRL
response, compared with animals without cellular treatment. Untreated animals (Gap
group) showed no signs of recovery of the WRL response during the healing period of 20
weeks.

3.3.2. Motor performance by measuring extensor postural thrust (EPT)
Immediately following sciatic nerve transection, all animals presented a severe motor
deficit demonstrated by a virtual complete loss of EPT response in the affected hind limb
(Figure 5B). During the healing period of 20 weeks, the abnormal EPT response improved
to some degree in all surgically-treated animals although force output remained diminished
at the ending of the follow-up (simple contrasts, 20-weeks vs. pre-injury; p<0.001). At
week 20, the mean EPT of the End-to-EndPLCCellnonDif and End-to-EndPLCCellDif
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group, was 0.19±0.17 and 0.64±0.27, respectively. Concerning the graft groups where the
PLC membrane associated to the cellular system the WRL mean values were 0.13±0.08 and
0.51±0.19, for GraftPLCCellnonDif and GraftPLCCellDif group, respectively.
The rate of recovery, but not the extent, of the EPT response during recovery was affected
by application of HMSCs cells. [F(2,31)=28.778; p<0.001] but not due to grafting
[F(1,31)=0.271; p>0.1, non-significant]. Pairwise comparisons showed differences between
EPT responses in animals that did not receive the cellular treatment, compared to those
treated with undifferentiated (p<0.05) and differentiated HMSCs (p<0.001). Differences in
EPT response between animals treated with undifferentiated and differentiated HMSCs
were also significant (p< 0.001). An interaction effect on EPT responses could be found
involving the type of nerve repair (i.e. direct end-to-end repair or grafting) and the
application of HMSCs [F(2,31)=4.910; p<0.05]. Pooled EPT data suggests that
undifferentiated HMSCs, but not differentiated HMSCs, enhanced EPT recovery in animals
that were specifically treated with autologous sciatic nerve graft, thus helping in
minimizing the negative consequences of grafting in functional outcome. Also, data
suggests that undifferentiated HMSCs, but not differentiated HMSCs, enhanced EPT
recovery in animals that were specifically treated with an end-to-end suture.

3.3.3. Kinematic Analysis
The angle and angular velocity of the ankle joint (Figure 6A, Figure 6B and Table 2) during
the stance phase of the step cycle were measured at the end of the study (week 20). These
measures were collected also in the uninjured control rats. Regarding sciatic-injured
animals, no changes in ankle angle could be seen between the different sciatic nerve-treated
experimental groups and between treated groups and the control group, irrespectively of the
specific time instant of the stance phase considered (Figure 6A, Table 2).
Regarding ankle angular velocity, differences between the experimental groups could be
found at HR [F(6,33)=10.414; p<0.001] and TO [F(6,33)=2.542; p<0.05], but not at IC
[F(6,33)=1.311; p>0.1, non-significant] and OT [F(6,33)=1.776; p>0.1, non-significant]. At
HR, ankle velocity was significantly altered in the Gap group compared with the End-toEndPLCCellDif, GraftPLCCellnonDif, and GraftPLCCellDif groups (p<0.05). Also at HR,
significant changes in ankle velocity could be seen for every group of sciatic nerve-injured
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animals compared with intact animals. Similar results were found at TO, where ankle
velocity in sciatic nerve-injured animals differed from that of intact animals. However, at
TO ankle velocity was similar in every group of sciatic nerve-injured animals (Figure 6B,
Table 2).

3.4. Sciatic nerve histology
Histological analysis on semithin sections showed that nerve fiber regeneration occurred in
all repaired nerves. In comparison to controls – (Group 1 – Control) (Figure 7), in all
repaired nerves regenerated fibers showed small axons with thin myelin sheaths and
microfasciculation (Figure 8A, Figure 8B, Figure 8C, Figure 8D). Microfasciculation was
more evident in the graft repaired groups (GraftPLCCellnonDif and GraftPLCCellDif)
(Figure 8C and Figure 8D) in comparison to End-to-End treated groups (End-toEndPLCCellnonDif and End-to-EndPLCCellDif) (Figure 8A and Figure 8B). From a
histological point of view, the comparison between treatment with undifferentiated and
differentiated HMSC did not show clear differences both after end-to-end (Figure 8A and
Figure 8B) and graft (Figure 8C and Figure 8D) nerve reconstruction.

4. DISCUSSION
Tissue engineering focusing on the in vitro fabrication of autologous, living tissues with the
potential of regeneration is a promising scientific and clinical field. Peripheral nerve
regeneration should include a multidisciplinary team able to develop biomaterials, to
develop cell therapies, and to elaborate in vitro analysis and pre-clinical trials concerning
animal welfare and the most appropriate animal model before the clinical trials and clinical
application approval [47]. Transected peripheral nerves can regenerate spontaneously
providing the connection between the proximal and distal severed stumps. In cases where
there is no substantial nerve tissue loss, surgical treatment consists in direct end-to-end
suturing of the nerve ends [48-52]. However, in spite of the progress achieved with
microsurgical nerve repair, the outcome of nerve reconstruction is still far from being
optimal, concerning in most of the clinical cases, a poor functional recovery [53]. Since
during the regeneration process, axons require neurotrophic support, they could benefit
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from the presence of a cellular system capable of responding to stimuli of the local
environment during axonal regeneration, producing important growth factors and
cytokines. In case of loss of substance a nerve autograft procedure, usually using
expendable sensory nerves, is required [54-56]. However, the nerve autograft leads to
donor site morbidity and secondary sensory deficit, and occasionally neuroma and pain. In
addition, no donor and recipient nerve diameters match often occurs and the fact of using in
most clinical situations, a sensory nerve to reconstruct a motor or a motor and sensory
nerve, might be the basis for poor functional recovery [57]. Alternatives to peripheral nerve
grafts include cadaver nerve segments allografts, end-to-side neurorraphy, or entubulation
by means of autologous non nervous tissues such as vein or muscles [55, 58-62]. Therefore
one of the scientific challenges in the past thirty years has been to find an alternative to the
autologous nerve graft [61]. The use of a nerve conduit (i.e. a tubular structure designed to
bridge the gap of a sectioned nerve, protect the nerve from the surrounding tissue, and
guide the regenerating axons into the distal nerve stump) is the most popular alternative to
nerve autografts; yet, conduits can also play an important role as a vehicle for neurotrophic
factors and cellular systems [3, 23, 24, 27, 55, 58-60, 63-66]
In a previous study, it was evaluated the therapeutic value of HMSCs on rat sciatic nerve
after axonotmesis injury associated to the same PLC membrane (Vivosorb®). Also, in vitro
characterization of the cellular system cultured on PLC discs (Vivosorb®) was carried out
by means of nuclear magnetic resonance (NMR) analysis, immunocytochemistry, and
intracellular ionic calcium concentration measurements using the epifluorescence
technique. During HMSCs expansion and differentiation into neuroglial-like cells, the
analysis of the culture medium, by NMR, was performed in order to evaluate the metabolic
profile of these cells. Also, it was necessary to ascertain that PLC membranes were capable
of supporting the expansion and differentiation of HMSCs. This was accomplished mainly
by assessing [Ca2+]i, using epifluorescence technique and the Fura-2AM probe, of
undifferentiated and neuroglial-differentiated HMSCs. The Vivosorb® membrane proved to
be adequate to be used as scaffold associated with undifferentiated HMSCs or neuroglialdifferentiated HMSCs, so that in vivo studies could be pursued in models of severe nerve
injury, such as in the present study [20]. The same results were obtained in the present
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experimental work, considering the [Ca2+]i, measurements using epifluorescence technique
with Fura-2AM probe.
In this study, in vitro results demonstrated successfully the HSMCs differentiation into
neuroglia-like cells, as demonstrated by changes in cell morphology and positive staining
for the specific neuroglial markers GFAP, GAP-43, and NeuN. Previously, it was
demonstrated by NMR, that HMSCs expansion was glycolysis-dependent but that the
differentiation of these cells required the switch of the metabolic profile to oxidative
metabolism. Simultaneously, in vivo studies in a sciatic nerve crush rat model, showed
improvement in regenerated sciatic nerve’s morphology, such as increased myelin sheath
thickness, in animals treated with transplanted undifferentiated and differentiated HMSCs,
which was accompanied also by enhanced recovery of motor and sensory function [20].
Peripheral nerve crush injuries are appropriate to investigate the cellular and molecular
mechanisms of peripheral nerve regeneration, and to assess the role of different factors in
the regeneration process [67]. Nerve crush injury is also a well-established model in
experimental regeneration studies to investigate the impact of various pharmacological
treatments [27, 68, 69] and should be used before testing therapeutic approaches in a more
serious lesion, like neurotmesis. The present study intended to confirm the ability of PLC
membranes together with undifferentiated and in vitro differentiated HMSCs to promote
nerve regeneration and to improve functional recovery even when nerves are surgically
treated by epineural end-to-end suture or autologous grafting. Nerve histology
demonstrated successful nerve regeneration of the transected and repaired sciatic nerves
although the extent of such regeneration was somewhat limited. Regenerated axons and
nerve fibers were small in diameter and their number was clearly diminished in comparison
with uninjured nerves. Not surprisingly, such changes in morphology were more severe in
sciatic

nerves

treated

with

the

autologous

graft

and

the

cellular

system

(GraftPLCCellnonDif and GraftPLCCellDif groups) compared with the direct end-to-end
suture and the cellular system (End-to-EndPLCCellnonDif and End-to-EndPLCCellDif).
The use of PLC membranes enwrapping the repaired sciatic nerves could not significantly
alter the degree of nerve regeneration. Similarly, coating the sciatic nerves at the injury site
with undifferentiated or differentiated HMSCs could not significantly modify the extent of
nerve regeneration. These results should be confirmed by histomorphometric analysis,
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which unfortunately was not possible to be performed in this study. The results confirmed
the results obtained previously by Gartner et al., 2013 [20], where the myelin sheath was
thicker in the regenerated nerves of HMSCs-treated animals, suggesting that HMSCs might
exert their positive effects on Schwann cells, the key element in Wallerian degeneration and
consequent axonal regeneration and explaining the functional recovery improvement,
obtained also in the present work. As a matter of fact, regarding functional outcome, the use
of undifferentiated HMSCs modestly improved recovery of motor function in the affected
hind-limb when in those cases an autologous graft was used to bridge the gap of the
transected sciatic nerve. At this point, the mechanisms by which undifferentiated, but not
differentiated, HMSCs might enhance functional recovery are not identifiable. For that
reason, experiments of RT-PCR were performed with undifferentiated and in vitro
differentiated HMSCs in this experimental work. According to the results of RT-PCR,
undifferentiated HMSCs cells in vitro secreted several factors that can aid in nerve
regeneration. Consistent with the immunocytochemistry observations in which the
antibodies did not recognized GFAP, NF-H and GAP-43 proteins in the undifferentiated
HMSC’s in the slides, the molecular analysis showed a small expression of GFAP gene and
absence of expression of the NF-H and GAP-43 genes in these same undifferentiated cells.
In fact, the small detection of the GFAP gene expression may be due to the high sensitivity
of the molecular tests in comparison with immunocytochemistry tests. Moreover, the
expression of the remaining genes, NeuN, β-actin, GAPDH and Nestin, was also observed
in undifferentiated HMSC’s. The expression of the housekeeping genes, β-actin and
GAPDH, is expected to occur. As per the NeuN and Nestin gene, the observation of its
expression in undifferentiated HMSC’s is not new; Bertani et al. [70], showed that naïve
MSC’s express at a constitutive level NeuN gene, which increases when these cells are
chemically induced to differentiate to pre-neuronal cells. Furthermore, Woodbury et al.
[71], compared gene expression profiles before and after MSC induction for a number of
germ layers, and observed that even before neuronal induction, MSC population and clonal
lines expressed a mixture of mesodermal, germinal, endodermal and ectodermal genes,
including several whose expression was thought to be restricted to neuronal cells.
Molecular analysis on these same genetic markers over the differentiated HMSC’s showed
an increase in the expression of GFAP, NF-H and GAP-43 genes. These genes were not
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expressed, or expressed at very low levels, in the undifferentiated HMSC’s transcriptome.
Overall, these results support the effective in vitro differentiation of HMSC’s into neuronlike cells.
HMSCs isolated from the Wharton’s jelly of the umbilical cord and delivered through PLC
membranes might improve clinical outcome especially after trauma to sensory nerves,
particularly in the cases of nerve injuries with significant loss of nervous tissue, requiring
entubulation or grafting. When the neurotmesis injury can be surgically reconstructed with
an epineural end-to-end suture without tension or by grafting, the addition of a PLC
membrane associated with undifferentiated HMSCs seems to bring significant advantage,
especially concerning the motor function recovery, basically by the secretion of local
growth factors and cytokines secretion.
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TABLE LEGEND
Table 1 – List of primers used, target gene and size of the PCR product.
Table 2 – Kinematic data for angular position (º) and for angular velocity (º/s) as it moves
through the stance phase, obtained at week 20 after the neurotmesis injury. The mean (and
SD) values of each group are described in the table (N = 6). * Significantly different from
Control (p<0.05). † Significantly different from Neuro-Gap (p<0.05).

FIGURE LEGENDS
Figure 1 - Monocultures of HMSCs from Wharton’s jelly over PLC membrane exhibiting a
mesenchymal-like shape with a flat polygonal morphology (A). Monocultures of HMSCs
HMSCs from Wharton’s jelly over PLC membrane after 72h of culture in neurogenic
medium, differentiated HMSCs (small white arrows) became exceedingly long and there is
a formation of typical neuroglial-like cells with multibranches (B) (Magnification: 100x).
SEM image of PLC tube-guide with inner diameter highlighted by large white arrow and
outer diameter highlighted by small black arrows (Magnification: 250x) (C). SEM image of
HMSCs (large black arrow highlighting cell) cultured over a PLC disc (Magnification:
1000x) (D).
Figure 2 – Neuroglial-like cells obtained from HMSCs in vitro differentiated with
neurogenic medium exhibiting a positive staining for: (A) GFAP which is a glial cell
marker; (B) GAP-43 which is related with axonal outgrowth and (C) NeuN which is a
marker for nucleus of neurons. Undifferentiated HMSC cells from the Wharton’s jelly
presenting a negative staining for: (small panel inserted in A) GFAP; (small panel inserted
in B) GAP-43 and (small panel inserted in C) NeuN (Magnification: 200x).
Figure 3 – In this figure average of Ct values (A) and agarose gel profile of the
amplification of the selected genes from the undifferentiated HMSC’s (B) are shown.
Agarose gel of the undifferentiated HMSCs’s gene expression lane 1 to 3, duplicates of
GFAP gene and negative; lane 4 to 6, duplicates of NeuN gene and negative; lane 7 to 9,
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duplicates of b-actin gene and negative; lane 10, 50 bp DNA ladder; lane 11 to 13,
duplicates of GAPDH gene and negative; lane 14 to 16, duplicates of Nestin gene and
negative; lane 17, 50 bp DNA ladder; lane 18 to 20, duplicates of NF-H gene and negative;
lane 21 to 23, duplicates of GAP-43 gene and negative; lane 24, 50 bp DNA ladder.

Figure 4 - In this figure the average of Ct values (A) and agarose gel profile of the
amplification of the selected genes from the differentiated HMSC’s (B) are shown. Agarose
gel of the gene expression of differentiated HMSC’s lane 1 to 3, duplicates of GFAP gene
and negative; lane 4 to 6, duplicates of NeuN gene and negative; lane 7, 50 bp DNA ladder;
lane 8 to 10, duplicates of -actin gene and negative; lane 11 to 13, duplicates of GAPDH
gene and negative; lane 14, 50 bp DNA ladder; lane 15 to 17, duplicates of Nestin gene and
negative; lane 18 to 20, duplicates of NF-H gene and negative; lane 21, 50 bp DNA ladder;
lane 22 to 24, duplicates of GAP-43 gene and negative.
Figure 5 – Mean Withdrawal Reflex Latency (WRL) and Extensor Postural Thrust (EPT)
results for 20 weeks follow-up. Values in seconds (s) were obtained performing
Withdrawal Reflex Latency (WRL) test to evaluate the nociceptive function (A). Values of
Motor Deficit were obtained performing Extensor Postural Thrust (EPT) test (B). This test
has been performed pre-operatively (week 0), at week 1, week 2 and every 2 weeks after
the surgical procedure until week-20, when the animals were sacrificed for morphological
analysis. Data displayed as mean ± SEM.

Figure 6 - Kinematic plots in the sagittal plane for angular position (º) (A) and for angular
velocity (º/s) (B) as it moves through the stance phase, obtained at week 20 after the
neurotmesis injury. The mean of each group is plotted (N = 6).
Figure 7 – Histological appearance of a normal rat sciatic nerve (Magnification: 1000x).
Figure 8 – Histological appearance of regenerated nerve fiber treated with undifferentiated
and differentiated HMSC: End-to-endPLCcellnonDif (A), End-to-endPLCcellDif (B),
GraftPLCcellnonDif (C), GraftPLCcellDif (D) (Magnification: 1000x).
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Table 1
Primer
product
GFAP hum Fwd: 5’-CCAGCTGCGGGCCAAGGA-3'

GenBank target gene PCR
NG_008401.1

56 bp

GFAP hum Rev: 5’- GCAGCTCAGCCTGGTAGACG-3’
NeuN hum Fwd: 5’- AGTAGCTGGGAATTATGGA-3’

NM_005598.3

157 bp

NM_001101.3

100 bp

NeuN hum Rev: 5’-ATTGGGACAGTAGGAGTCAGA-3’
β-actin hum Fwd: 5’-GGCACCCAGCACAATGAAGA-3’
β-actin hum Rev: 5’-CTGGAAGGTGGACAGCGAGGC-3’
GAPDH hum Fwd: 5’-CCCTGCCTCTACTGGCGC-3’

XM_005253678.1 60 bp

GAPDH hum Rev: 5’-TTCCCGTTCAGCTCAGGG-3’
Nestin hum Fwd: 5’-GGCAGCGTTGGAACAGAGGTTGGA-3’

NM_006617.1

164 bp

NM_021076.3

176 bp

Nestin hum Rev: 5’-ACATCTTGAGGTGCGCCAGCT-3’
NF-H hum Fwd: 5’- GTGGTGGAGAAGTCTGAGAA-3’
NF-H hum Rev: 5’-GGAGACTTTGTTTCTTCTTC-3’
GAP-43 hum Fwd: 5’- TGCTGTGCTGTATGAGAAGAACC-3’ NM_001130064.1 160 bp
GAP-43 hum Rev: 5’-GCAAGGGCTGAGGTGTTATGA-3’
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Table 2

Initial Contact
Position (º)

Velocity (º/s)

Opposite Toe Off

Heel Rise

Toe Off

Position (º)

Velocity (º/s)

Position (º)

Velocity (º/s)

Position (º)

Velocity (º/s)

Control

-11.7(7.3)

-405.9(303.2)

27.0(9.0)

-353.8(234.9)

38.5(10.0)

-48.3(103.5)

9.5(19.6)

51.1(413.1)

End-to-End

-39.3(12.1)

-835.7(249.2)

20.9(8.9)

-376.9(109.4)

38.8(7.2)

-267.4(56.0)*

13.2(10.7)

437.2(214.8)*

Gap

-31.8(5.4)

-447.6(464.6)

14.1(2.7)

-494.7(204.2)

31.4(5.8)

-374.3(30.6)*

17.1(14.5)

392.7(328.8)*

End-to-End PLCCellnonDiff

-6.0(13.0)

-450.0(191.9)

16.2(14.7)

-223.8(94.0)

32.6(13.3)

-239.5(41.6)*

19.3(8.8)

556.0(195.2)*

End-to-End PLCCellDiff

-7.2(11.5)

-396.6(354.2)

16.9(11.3)

-257.6(88.5)

34.8(9.9)

-223.7(50.8)*†

25.9(17.8)

589.2(316.2)*

GraftPLCcellnonDif

0.5(51.4)

-630.0(249.9)

16.8(13.0)

-269.3(45.5)

35.5(12.4)

-198.0(69.7)*†

-14.0(48.2)

508.3(175.0)*

-25.6(20.7)

-643.5(281.2)

10.8(14.5)

-356.5(314.0)

30.1(15.7)

-200.9(85.0)*†

1.3(22.1)

343.4(248.4)*

GraftPLCCellDiff

Figure 1

Figure 2
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Figure 3
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Figure 5
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Figure 6
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Figure 7

Figure 8
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SUPPLEMENTARY DATA
Table 3 - Values in seconds (s) were obtained performing Withdrawal Reflex Latency (WRL) test to evaluate the nociceptive function. This test
has been performed pre-operatively (week-0), at week 1 and 2 and after every two weeks until the end of the 20-week follow-up time. Results are
presented as mean and standard deviation (SD). N corresponds to the number of rats within the experimental group.
Gap
1A
1B
1C
1D
Mean ± SD
End-to-end
2A
2B
2C
2D
2E
2F
2G
Mean ± SD
Graft
3A
3B
3C
3D
3E
3F
Mean ± SD
End-to-end PLCCellnonDif
4A
4B
4C
4D
4E
4F
Mean ± SD
End-to-end PLCCellDif
5A
5B
5C
5D
5E
5F
Mean ± SD
Graft PLCCellnonDif
6A
6B
6C
6D
6E
6F
Mean ± SD
Graft PLCCellDif
7A
7B
7C
7D
7E
7F
Mean ± SD

Week 0

Week 1

Week 2

Week 4

Week 6

Week 8

Week 10

Week 12

Week 14

Week 16

Week 18

Week 20

2,00
1,00
2,00
2,00
1,75±0,50

12,00
12,00
12,00
12,00
12,00±0,00

12,00
12,00
12,00
12,00
12,00±0,00

12,00
12,00
12,00
12,00
12,00±0,00

12,00
12,00
12,00
12,00
12,00±0,00

12,00
12,00
12,00
12,00
48,00±0,00

12,00
12,00
12,00
12,00
12,00±0,00

12,00
12,00
12,00
12,00
12,00±0,00

12,00
12,00
12,00
12,00
12,00±0,00

12,00
12,00
12,00
12,00
12,00±0,00

12,00
12,00
12,00
12,00
12,00±0,00

12,00
12,00
12,00
12,00
12,00±0,00

3,00
2,00
2,00
4,00
2,00
2,00
1,00
2.29±0.95

12,00
12,00
12,00
12,00
12,00
12,00
12,00
12.0±0.00

4,00
5,00
12,00
2,00
6,00
12,00
12,00
7.57±4.31

4,00
12,00
8,00
3,00
2,00
12,00
8,00
7.00±4.12

10,00
5,00
5,00
4,00
10,00
12,00
10,00
8.00±3.21

5,00
2,00
3,00
5,00
2,00
3,00
4,00
3.43±1.27

8,00
10,00
4,00
2,00
5,00
3,00
2,00
4.86±3.08

12,00
2,00
4,00
6,00
2,00
3,00
2,00
4.43±3.64

5,00
4,00
4,00
4,00
2,00
4,00
2,00
3.57±1.13

7,00
2,00
6,00
4,00
6,00
4,00
3,00
4.57±1.81

5,00
2,00
4,00
4,00
2,00
2,00
2,00
3.00±1.29

4,00
3,00
4,00
2,00
2,00
2,00
2,00
2.71±0.95

2,00
2,00
2,00
2,00
1,00
2,00
1,83±0,41

12,00
12,00
12,00
12,00
12,00
12,00
12,00±0,00

12,00
12,00
12,00
12,00
12,00
12,00
12,00±0,00

12,00
12,00
12,00
12,00
12,00
12,00
12,00±0,00

12,00
12,00
12,00
12,00
12,00
12,00
12,00±0,00

12,00
12,00
12,00
12,00
12,00
12,00
12,00±0,00

5,00
8,00
4,00
12,00
6,00
5,00
6,67±2,94

4,00
5,00
4,00
10,00
6,00
4,00
5,50±2,35

3,00
3,00
3,00
7,00
4,00
4,00
4,00±1,55

4,00
3,00
3,00
7,00
3,00
3,00
3,83±1,60

4,00
3,00
3,00
12,00
3,00
2,00
4,50±3,73

4,00
3,00
3,00
12,00
3,00
3,00
4,67±3,61

2,89
3,08
3,25
3,00
2,74
2,40
2,89±0,30

12,00
10,86
12,00
12,00
12,00
12,00
11,81±0,47

12,00
10,77
12,00
12,00
12,00
12,00
11,80±0,50

12,00
8,44
7,88
12,00
10,00
12,00
10,39±1,90

11,05
7,35
9,12
12,00
4,60
12,00
9,35±2,95

12,00
7,10
8,59
12,00
12,00
12,00
10,62±2,20

12,00
5,64
8,02
12,00
6,40
10,15
9,04±2,77

9,34
5,44
7,29
5,26
3,58
10,49
6,90±2,64

7,29
5,03
7,40
8,03
3,71
7,26
6,45±1,69

7,58
4,24
6,55
7,61
5,34
5,73
6,18±1,33

5,64
4,10
6,49
7,65
5,88
5,30
5,84±1,19

3,92
3,84
5,92
7,80
6,31
4,60
5,40±1,56

3,03
2,21
2,19
3,06
2,54
3,42
2,74±0,50

12,00
4,29
12,00
12,00
12,00
12,00
10,72±3,15

12,00
4,75
12,00
12,00
12,00
12,00
10,79±2,96

12,00
6,26
12,00
12,00
12,00
12,00
11,04±2,34

12,00
3,29
12,00
12,00
11,27
12,00
10,43±3,51

9,75
4,83
6,68
11,06
9,51
12,00
8,97±2,71

12,00
3,94
12,00
10,84
5,24
12,00
9,34±3,73

9,49
3,62
9,33
10,11
7,45
12,00
8,67±2,87

9,81
4,72
9,72
9,60
4,43
12,00
8,38±3,08

7,99
6,28
5,79
9,20
5,32
12,00
7,76±2,53

9,35
7,75
8,31
8,19
5,13
11,56
8,38±2,10

3,87
4,34
11,54
6,75
5,90
11,54
7,32±3,43

2,88
3,03
3,36
2,87
2,18
3,48
2,97±0,46

12,00
12,00
12,00
12,00
12,00
12,00
12,00±0,00

12,00
12,00
12,00
12,00
12,00
12,00
12,00±0,00

11,27
12,00
12,00
12,00
12,00
12,00
11,88±0,30

11,06
12,00
12,00
12,00
12,00
12,00
11,84±0,38

11,04
12,00
9,54
11,96
11,75
9,35
10,94±1,21

10,39
11,74
8,24
8,81
9,66
6,92
9,29±1,69

9,02
11,14
6,67
7,37
8,82
6,16
8,20±1,84

8,77
6,44
6,34
7,47
8,20
5,58
7,13±1,22

8,19
5,60
6,13
6,56
6,82
5,02
6,39±1,10

7,64
5,88
5,73
5,77
5,93
4,72
5,59±0,94

6,20
5,29
5,53
5,38
5,24
4,80
5,41±0,46

3,12
3,50
2,67
2,64
2,52
2,62
2,84±0,38

12,00
12,00
12,00
12,00
12,00
12,00
12,00±0,00

12,00
12,00
12,00
12,00
12,00
12,00
12,00±0,00

12,00
12,00
12,00
12,00
12,00
12,00
12,00±0,00

12,00
11,86
12,00
12,00
12,00
12,00
11,98±0,06

12,00
9,64
12,00
10,86
12,00
9,57
11,01±1,18

11,74
9,45
12,00
10,42
11,73
7,37
10,45±1,80

10,17
8,72
12,00
9,74
10,81
6,47
9,65±1,90

9,05
7,85
12,00
8,33
9,18
5,89
8,72±2,00

8,22
7,31
12,00
6,33
8,51
6,03
8,07±2,16

7,15
5,98
11,56
6,02
8,04
5,80
7,43±2,20

5,21
5,58
10,35
5,63
7,61
4,87
6,54±2,10

Table 4 - Values of Motor Deficit were obtained performing Extensor Postural Thrust (EPT) test. This test has been performed pre-operatively
(week-0), at week 1 and 2 and after every two weeks until the end of the 20-week follow-up time. Results are presented as mean and standard
deviation (SD). N corresponds to the number of rats within the experimental group.
Week 0
Gap
1A
1B
1C
1D
Mean ± SD
End-to-end
2A
2B
2C
2D
2E
2F
2G
Mean ± SD
Graft
3A
3B
3C
3D
3E
3F
Mean ± SD
End-to-end PLCCellnonDif
4A
4B
4C
4D
4E
4F
Mean ± SD
End-to-end PLCCellDif
5A
5B
5C
5D
5E
5F
Mean ± SD
Graft PLCCellnonDif
6A
6B
6C
6D
6E
6F
Mean ± SD
Graft PLCCellDif
7A
7B
7C
7D
7E
7F
Mean ± SD

0,08
0,09
0,07
0,08
0,08±0,01

Week 1
0,90
0,89
0,95
0,98
0,93±0,04

Week 2
0,92
0,90
0,90
0,90
0,91±0,01

Week 4
0,92
0,90
0,87
0,92
0,90±0,02

Week 6
0,92
0,95
0,75
0,95
0,89±0,10

Week 8
0,98
0,89
0,85
0,90
0,91±0,05

Week 10
0,87
0,87
0,90
0,91
0,89±0,02

Week 12
0,84
0,90
0,82
0,95
0,88±0,06

Week 14
0,84
0,89
0,80
0,89
0,86±0,04

Week 16
0,91
0,95
0,79
0,87
0,88±0,07

Week 18
0,96
0,90
0,84
0,95
0,91±0,06

Week 20
0,94
0,95
0,86
0,90
0,91±0,04

0,07
0,07
0,08
0,07
0,09
0,06
0,07
0,07±0,01

0,90
0,93
0,90
0,90
0,97
0,77
0,87
0,89±0,06

0,80
0,83
0,85
0,91
0,97
0,86
0,89
0,87±0,06

0,73
0,70
0,88
0,84
0,69
0,83
0,81
0,78±0,08

0,68
0,73
0,82
0,82
0,60
0,78
0,78
0,74±0,08

0,56
0,66
0,76
0,72
0,56
0,72
0,76
0,68±0,09

0,54
0,57
0,57
0,57
0,51
0,63
0,70
0,58±0,06

0,54
0,50
0,50
0,39
0,46
0,57
0,47
0,49±0,06

0,64
0,45
0,53
0,55
0,45
0,55
0,45
0,52±0,07

0,48
0,40
0,44
0,38
0,38
0,38
0,33
0,40±0,05

0,42
0,40
0,38
0,34
0,38
0,38
0,42
0,39±0,03

0,50
0,40
0,40
0,40
0,39
0,40
0,50
0,43±0,05

0,07
0,08
-0,08
0,00
0,09
0,00
0,03±0,07

0,83
0,89
0,93
0,91
0,93
0,89
0,90±0,04

0,87
0,91
0,94
0,85
0,89
0,87
0,89±0,03

0,78
0,92
0,88
0,82
0,82
0,89
0,85±0,05

0,78
0,75
0,78
0,77
0,77
0,78
0,77±0,01

0,81
0,75
0,65
0,72
0,74
0,65
0,72±0,06

0,73
0,60
0,63
0,58
0,63
0,66
0,64±0,05

0,72
0,64
0,63
0,68
0,64
0,67
0,66±0,03

0,69
0,53
0,50
0,64
0,69
0,53
0,60±0,09

0,60
0,46
0,45
0,54
0,64
0,50
0,53±0,08

0,50
0,54
0,57
0,57
0,50
0,54
0,54±0,03

0,50
0,52
0,54
0,54
0,54
0,46
0,52±0,03

0,03
0,06
0,26
0,14
0,03
-0,05
0,08±0,11

0,97
0,97
0,99
0,97
0,95
0,90
0,96±0,03

0,94
0,98
0,92
0,86
0,88
0,87
0,91±0,05

0,98
0,98
0,98
0,98
0,88
0,98
0,96±0,04

0,97
0,99
0,91
0,93
0,90
0,95
0,94±0,03

0,88
0,99
0,91
0,94
0,83
0,99
0,92±0,06

0,80
0,85
0,90
0,90
0,77
0,79
0,84±0,06

0,84
0,85
0,82
0,88
0,76
0,80
0,83±0,04

0,79
0,80
0,87
0,83
0,75
0,64
0,78±0,08

0,72
0,61
0,64
0,64
0,57
0,51
0,62±0,07

0,50
0,45
0,60
0,60
0,29
0,31
0,46±0,14

0,12
0,50
0,28
0,08
0,15
0,03
0,19±0,17

0,13
0,02
-0,08
0,10
0,00
0,46
0,11±0,19

0,95
0,92
0,96
0,98
0,92
0,98
0,11±0,19

0,97
0,98
0,97
0,98
0,94
0,98
0,97±0,02

0,97
0,94
0,96
0,99
0,92
0,99
0,96±0,03

0,97
0,93
0,94
0,98
0,95
0,98
0,96±0,02

1,00
0,98
0,98
0,83
0,84
0,98
0,94±0,08

0,98
0,75
0,99
0,86
0,77
0,66
0,84±0,13

0,99
0,89
0,89
0,70
0,52
0,99
0,83±0,19

0,98
0,55
0,76
0,80
0,40
0,98
0,75±0,23

0,99
0,59
0,73
0,68
0,40
0,98
0,75±0,23

0,99
0,75
0,61
0,50
0,79
0,98
0,77±0,23

0,87
0,22
0,66
0,48
0,60
0,98
0,64±0,27

0,03
0,24
-0,02
0,23
0,01
-0,42
0,01±0,24
-0,15
0,18
0,15
-0,06
0,39
-0,25
0,24±0,04

0,97
0,99
0,99
0,99
0,97
0,98
0,98±0,01
0,90
0,98
0,98
0,99
0,98
0,98
0,97±0,03

0,98
0,99
0,98
0,98
0,98
0,99
0,98±0,01
0,98
0,98
0,97
0,98
0,98
0,99
0,98±0,01

0,99
0,99
0,99
0,99
0,99
0,99
0,99±0,00
0,99
0,99
0,98
0,99
0,98
0,99
0,99±0,01

0,99
0,98
0,99
0,99
0,99
0,98
0,99±0,01
0,98
0,99
0,98
0,98
0,98
0,99
0,98±0,01

0,89
0,85
0,94
1,00
0,84
0,98
0,92±0,07
0,98
0,98
0,98
0,98
0,98
0,99
0,98±0,00

0,76
0,70
0,72
0,88
0,59
0,85
0,75±0,11
0,94
0,98
0,98
0,99
0,98
0,92
0,97±0,03

0,56
0,70
0,67
0,50
0,38
0,70
0,59±0,13
0,84
0,93
0,94
0,98
0,88
0,76
0,89±0,08

0,59
0,67
0,48
0,60
0,39
0,66
0,57±0,11
0,73
0,77
0,92
0,85
0,63
0,68
0,76±0,11

0,53
0,48
0,40
0,28
0,27
0,44
0,40±0,11
0,64
0,49
0,87
0,69
0,58
0,25
0,59±0,21

0,16
0,05
0,32
0,35
0,22
0,02
0,19±0,14
0,60
0,38
0,76
0,63
0,61
0,26
0,54±0,18

0,21
0,13
0,23
0,13
0,08
0,01
0,13±0,08
0,53
0,35
0,77
0,66
0,50
0,24
0,51±0,19

1

Denervation and reinnervation
4.4 Muscle morphometric results for PVA
4.4.1. Introduction

This part of the chapter presents muscle’s preliminary morphometric results for the recently
tested experimental groups (using newly developed biomaterials for nerve regeneration),
through the methods described in detail earlier in this chapter (section 4.2 and 4.2.1). For this
study it was used two different experimentally induced sciatic nerve lesions: axonotmesis by
focal crush, causing axonal interruption but preserving the connective sheaths (Gärtner et al.,
2012a; Gärtner et al., 2012b); and a complete nerve transection disrupting the whole nerve
trunk (neurotmesis) (Gärtner et al., 2014; Pereira et al., 2014). For this study we selected
polyvinyl alcohol hydrogel (PVA) as the biomaterial for nerve grafting. PVA is a
biodegradable, water-soluble synthetic polymer that has been increasingly used in biomedical
applications. PVA may mimic the regulatory characteristics of natural extracellular matrix
(ECM) and ECM-bound growth factors, both in clinical applications and in basic biology
studies (Ribeiro et al., 2013). Its hemocompatibility and biocompatibility was previously
confirmed when PVA was previously used by our research group in vascular grafting
(Alexandre et al., 2014). It was also previously evaluated the association of human MSCs
(hMSCs) isolated from the umbilical cord (UC) Wharton’s jelly with PVA. For this purpose
hMSCs were cultured on PVA membranes and it was proved the cytocompatibility and
biointegration of the developed biomaterial associated to this cellular system when used in
vivo in pre-clinical trials using the ovine animal model (Alexandre et al., 2014).
The functional unit of the nervous system, the neuron, is an electrically excitable cell that
processes and transmits information by electrical and chemical signaling, so electrical
conductivity is one of the crucial characteristics for an ideal nerve guidance channel (Guillot
et al., 2007). For peripheral nerve tube-guides, the polymers with electrical conductivity have
attracted interest because they simultaneously display the physical and chemical properties
of organic polymers and the electrical characteristics of metals which might improve the nerve
regeneration. The importance of those polymers is based on the hypothesis that such
biomaterials can be used to host the growth of cells, and electrical stimulation can be applied
directly to the cells, which proved to be beneficial in many regenerative strategies, where
peripheral nerve regeneration is the most promising area in biomedicine (Ribeiro et al., 2013;
Wood et al., 2012). Having this into account, PVA loaded with electrical conductive materials,
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such as carbon nanotubes (CNTs) and polypyrrole (PPy) was also tested in vivo. These
strategies improved the nerve regeneration, since PVA with CNTs or PPy is a conductive
biomaterial with higher electrical conductivity than the polymer matrix. PPy and CNTs are two
of the most used agents to produce electrical conductive polymers for tissue engineering.
Besides, the introduction of metal ions into a polymer, particularly when the metal is linked
chemically into a polymer chain, often imparts new or improved properties to the polymer
(Ribeiro et al., 2013).
Data from the functional (EPT, WRL and kinematics) and morphological (histomorphometry)
of the sciatic nerves collected from these animals is currently being processed. The results
obtained will be later related to TA muscles’ morphometry and prepared for publication.

4.4.2. Materials and methods
Biomaterial preparation - Synthetic biodegradable tubes of PVA (Aldrich, Mowiol 10-98) and
PVA loaded with COOH-functionalized CNTs (Nanothinx, NTX5, MWCNTs 97% –COOH),
and with PPy (Aldrich, 10-40 S/cm of conductivity), were prepared using a casting technique
to a silicone mold. A 15% (%w/v) aqueous solution of PVA was prepared. Then the solution
of PVA was mixed with 0.05% (%w/v) of COOH- functionalized and 0.05% (%w/v) of PPy.
The tube-guides were produced with the following dimensions: length = 16 mm, diameterin = 2
mm, diameterout = 5 mm (Fig.1.20).

Figure 1.20 – Tube-guides used to reconstruct the rat sciatic nerve after axonotmesis and
neurotmesis injuries. From the left to the right panel: PVA tube-guide loaded with CNTs, PVA tubeguide loaded with PPy and PVA tube-guide.

The tube-guides were produced by a freezing/thawing process consisting in three cycles of
freezer (-30ᵒC)/incubator (25ᵒC), and an annealing treatment started with a stage of 14h on an
incubator (25ᵒC) followed by a ramp rate of 0.1ᵒC/min until 80ᵒC, and then a stage of 20h at
80ᵒC. Afterwards, the tube-guides were hydrated during 2h before use. The electrical
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conductivity analysis of these prepared tube-guides showed a value of 1.5x10-6 S/m for
simple PVA tubes, which is according to bibliography (Park et al., 2001). The tubes with
0.05% (%w/v) of COOH--functionalized CNTs showed a value of 5.79x10-4 S/m, whereas for
PVA loaded with PPy they presented a value of 1.8375x10-3 S/m. It is important to have in
mind that PPy by itself has some conductivity. After obtaining these promising electrical
conductivity values, the above two PVA nerve tube-guide compositions were chosen for
further characterizations and applied in animals submitted to a standardized crush injury
(axonotmesis) or a neurotmesis injury with a 10-mm gap.
hMSCs culture on PVA membranes - Human MSC from Wharton’s jelly UC (hMSCs) were
purchased from PromoCell GmbH (C-12971, lot-number: 8082606.7). Cryopreservated cells
were cultured and maintained in a humidified atmosphere with 5% CO2 at 37ᵒC.
Mesenchymal Stem Cell Medium (PromoCell, C-28010) was replaced every 48 hours. At
80% confluence, cells were harvested with 0.25% trypsin with EDTA (Gibco®) and passed
into a new flask for further expansion. hMSCs at a concentration of 2500 cel/ml were cultured
and after 24 hours cells exhibited 30-40% confluence. hMSCs at a concentration of 104
cells/cm2 were cultured exhibiting an 80% confluence after 4 days on immersed PVA
membranes in culture medium. The hMSCs exhibited a mesenchymal-like shape with a flat
and polygonal morphology. During expansion, the cells became long spindle-shaped and
colonized the whole culturing surface and PVA membranes (Fig.1.21). According to results
published by our research group (Alexandre et al., 2014), it is reasonable to conclude that
PVA is a viable substrate for undifferentiated MSCs vascular local delivery.

Figure 1.21 – MSCs isolated from Wharton’s jelly exhibiting a mesenchymal-like shape with a flat
polygonal morphology. Magnification: 100x.
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Surgical procedures - Adult male Sasco Sprague Dawley rats (Charles River Laboratories,
Barcelona, Spain) weighing 350–400 g were divided in groups of 5 to 7 animals each: in the
first group animals were used as control without any sciatic nerve injury (Control). In the
Axono group the crushed sciatic nerve did not have any other intervention. The standard
crush injury was performed by a non-serrated clamp (Institute of Industrial Electronic and
Material Sciences, University of Technology, Vienna, Austria), exerting a constant force of 54
N for a period of 30 s, 10 mm above the bifurcation into tibial and common peroneal nerves
inducing a 3 mm axonotmesis lesion. In the other crushed animals, the axonotmesis lesion of
3 mm was enwrapped with a PVA membrane (Axono PVA), with a PVA membrane loaded
with PPy (Axono PVA PPy) and with a PVA membrane loaded with carbon nanotubes (Axono
PVA CNTs). The standardized crush injury was carried out with the animals placed prone
under sterile conditions and the skin from the clipped lateral right thigh scrubbed in a routine
fashion with antiseptic solution. The surgery procedure was the one previously described
(Luís et al., 2007a; Luís et al., 2007b) (Fig.1.22).

Figure 1.22 – The standard crush injury (axonotmesis lesion) is performed by a nonserrated clamp
exerting a constant force of 54 N for a period of 30 s, inducing a 3-mm axonotmesis lesion (A).
Crush injury enwrapped with a PVA tube-guide loaded with CNTs (B).

In the other groups, the right sciatic nerve the sciatic nerve was bisected (neurotmesis)
immediately above the terminal nerve ramification and at a 10 mm distal point. In one of
these, the resulting nerve graft, with a length of 10 mm, was inverted 180ᵒ and sutured with
7/0 monofilament nylon constituting the control for the graft (Graft group). In another group
the proximal and distal nerve stumps were sutured to a PVA guide tube (Graft PVA)
(Fig.1.23). In two other groups, nerve stumps were sutured to a PVA coated with polypyrrole
(Graft PVA PPy) and carbon nanotubes (Graft PVA CNTs). In the last group the nerve
stumps were sutured to a PVA tube coated with carbon nanotubes and covered with a
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monolayer of non-differentiated hMSCs (Graft PVA CNTs MSCs group). To prevent
autotomy, a deterrent substance was applied to rat right foot. No local or systemic signs of
rejection or foreign body were observed in the experimental animals transplanted with PVA
membranes/tubes and hMSCs. There was no need of administrating immunosuppressive
treatment to the experimental animals during the entire healing period of 12/20 weeks after
the surgical procedure. All procedures were performed with the approval of the veterinary
authorities of Portugal in accordance with the European Communities Council Directive
86/609/EEC.

Figure 1.23 – In the rats in which a PVA tube-guide was used for the neurotmesis injured sciatic
nerve, the proximal (A) and distal nerve stumps (B) were inserted 3 mm into the tube-guide and held
in place, maintaining a nerve gap of 10 mm, with two epineurial sutures using 7/0 monofilament nylon
(C).

Functional assessment: During the healing period, the regenerative process was evaluated
by functional tests (including EPT, WRL and kinematic analysis) described earlier in this
chapter. The regenerated nerves harvested at 12 and 20 weeks post-surgery, with
axonotmesis and neurotmesis injuries respectively, are currently being analyzed by
histomorphometry.

Muscle morphometry: At termination of the functional testing performed in this study, TA
muscles of all the axonotmesis, neurotmesis and Control (no lesion) groups were collected,
and the tissue samples were fixed in 10% buffered formalin, routinely processed, dehydrated
and embedded in paraffin wax. Consecutive 3 μm transverse sections from the mid-belly of
each muscle were cut and stained with haematoxylin and eosin (HE) and kept for
morphometry and determination of degree of atrophy. For the morphometric analysis, an
unbiased sampling procedure was applied. The area, perimeter, “Feret’s angle” and “minimal
Feret’s diameter” which is the minimum distance of parallel tangents at opposing borders of
the muscle fiber, were evaluated from the cross sections using the ImageJ © software (NIH)
which allowed to apply this set of individual fiber measurements. A minimum of 1000 skeletal
muscle fibers was measured from each group. This assessment was performed by 2
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independent operators. Each one of the operators blindly and randomly measured an
average of 50 fibers in each section. Images were acquired using a Nikon® microscope
connected to a Nikon® digital camera DXM1200, at low magnification (100x) under the same
conditions that were used to acquire a reference ruler.

Statistics: Statistical analysis was performed using the SPSS version 19.0 (SPSS, Chicago,
IL). Results are presented as mean ± SEM in fig.5 and fig.6. Multiple comparisons between
groups were performed by one-way ANOVA supplemented with Tukey’s HSD post hoc test.
Differences were considered statistically significant at p<0.05.

4.4.3. Results and discussion
Following 16 weeks of sciatic nerve crush it was possible to observe by muscle morphometry
that there was a significant difference (p<0.05) in terms of fiber size between Control, sham
(Axono) and the treatment (Axono PVA, Axono PVA PPy and Axono PVA CNTs) groups. In
the Axono PVA PPy treatment group there was a 9% increase in terms of average fiber size
area and a 5% increase in term of the “minimal Feret’s diameter”, when comparing to the
untreated Axono group. In the Axono PVA CNTs treatment group there was a 19% increase
in terms of average fiber size area and a 10% increase in term of the “minimal Feret’s
diameter”, when comparing to the untreated Axono group. Opposite results were observed for
the Axono PVA group in which the mean fiber size area and “minimal Feret’s diameter” were
significantly lower than the untreated Graft group (17% and 9% respectively) (Fig.1.24).

Figure 1.24 – Graphical representation of the mean of area and “minimal Feret’s diameter” of
Control, regenerated TA muscle fibers at week-16 after axonotmesis (Axono) and axonotmesis
with the sciatic nerve enwrapped in different PVA membranes (PVA, PVA PPy and PVA CNTs).
Values are presented as mean ± SEM.

It is also interesting to observe that not only the two most promising treatment groups (Axono
PVA PPy and Axono PVA CNTs), but also the sham (Axono) exhibited better scores than
Control (no lesion) group. This might be explained by the increased nerve sprouting in the
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nerves submitted to the crush lesion which might have produced a significant effect in terms
of muscles’ reinnervation promotion. Such kind of evidence was also found in a previous work
on tibial nerve crush injury, in which hyper-innervations of neuromuscular junctions (NMJs)
were observed after injury and reverted back to the normal level at the same time as the
functional recovery (Ninagawa et al., 2013). The recent published paper by (di Summa et al.,
2014) where collagen nerve tube-guides (Neurogen®) were used in vivo to promote peripheral
nerve regeneration, combined with Schwann cells, it was possible to demonstrate an
improved distal stump sprouting. This sprouting was more pronounced in the experimental
group where the Schwann cells were derived from bone marrow mesenchymal stem cells
(BM-MSCs) when compared to Schwann cells derived from adipose tissue mesenchymal
stem cells (AT-MSCs). On the other hand, no significant differences were observed in
proximal regeneration among all the experimental groups. BM-MSCs and AT-MSCs -loaded
conduits showed a diffuse sprouting pattern, while loaded Schwann cells showed an
enhanced cone pattern and a typical sprouting along the conduits walls, suggesting an
increased affinity for the collagen type I fibrillar structure. This observation is important and
should be related to results obtained from the innervated muscle morphometry analysis. It
should be bear in mind that the sprouting is also evaluated and a constant observation in the
histomorphometry analysis of the regenerated peripheral nerve after axonotmesis and
neurotmesis lesions, where different reconstruction strategies were tested in vivo in the rat
model by our research group for the past years (Gärtner et al., 2012a; Gärtner et al., 2014;
Gärtner et al., 2012b; Pereira et al., 2014).
Twenty weeks after sciatic nerve transection (neurotmesis) it was possible to observe by
muscle morphometry that there was a significant difference (p<0.05) in terms of the increase
in mean fiber size between some of the treatment (Graft PVA PPy and Graft PVA CNTs)
groups and the sham (Graft group). In fact, in the Graft PVA PPy treatment group there was a
25% increase in terms of average fiber area and a 13% increase in term of the “minimal
Feret’s diameter”, when comparing to the untreated Graft group. Whereas in the Graft PVA
CNTs treatment group there was a 42% increase in terms of average fiber area and a 21%
increase in term of the “minimal Feret’s diameter”, when comparing to the untreated Graft
group. Although both these two treatment groups (Graft PVA PPy and Graft PVA CNTs)
exhibited significant improvement in fiber size, approaching the values for normal muscles
(with no lesion), both of them were still significantly different (p<0.05) from the Control group
at 20 weeks after lesion. As in the axonotmesis lesion, PVA treatment without any coating
(Graft PVA) revealed no benefit since mean fiber size was lower (with significant difference in
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terms of “minimal Feret’s diameter”; p<0,05) when compared to the sham group (Graft)
(Fig.1.25).
However, unexpected results came from the Graft PVA CNTs MSCs, which exposed the
worst results in terms of muscular atrophy after denervation (Fig.1.25).

Figure 1.25 – Graphical representation of the mean of area and “minimal Feret’s diameter” of
Control, regenerated TA muscle fibers at week-20 after neurotmesis (Graft) and neurotmesis with
the proximal and distal nerve stumps sutured to a PVA (Graft PVA) tube and PVA coated PVA
tubes (PVA, PVA PPy and PVA CNTs). Values are presented as mean ± SEM.

The decreased fiber size observed in these animals’ TA muscles was coincident with the
smaller sized muscles that were collected at 20 weeks after surgery. Histologically it was also
possible to detect a considerable amount of necrosis with delayed muscle regeneration in this
group’s muscles (Fig.1.26A-B).

Figure 1.26 – Macroscopic appearance of Control TA muscle (left) and 20 weeks following
neurotmesis and surgical treatment with PVA CNTs MSCs (right) (A). Histological HE staining of a
transverse section of TA muscle from Graft PVA CNTs MSCs group. Magnification 40x (B).

The occurrence observed in these muscles is in fact somehow surprising since in the
treatment groups presented in the previous study (section 4.2.1 of this chapter) no adverse
effect was noticed when similar hMSC from Wharton’s jelly were used. Some toxic metabolite
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resulting from the interaction between the vehicle, where the cells were suspended (PBS),
and the PVA CNTs biomaterial, could be involved in the explanation of such findings. The
negative effect on muscle regeneration might be better understood if related to a sciatic nerve
adverse reaction to the PVA CNTs MSCs tubes. These conclusions will be re-evaluated as
soon as we get access to the nerve’s histomorphometry analysis. The histomorphometry
analysis of the regenerated nerves might not show the increased myelin sheath thickness in
this experimental group, that was observed in previous experimental groups where hMSCs
from the Wharton’s jelly were used (Gärtner et al., 2014), not because there is a deleterious
effect of the cellular system, but because the vehicle is not appropriate to the cells
microenvironment. As a matter of fact these cells were previously tested associated to
Floseal® and some local nerve necrosis could be observed by histological analysis. In our
previous published work, the myelin sheath was thicker in the regenerated nerves of hMSCstreated animals, suggesting that hMSCs might exert their positive effects on Schwann cells,
the key element in Wallerian degeneration and consequent axonal regeneration (Gärtner et
al., 2014).
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Chapter 2
Skeletal muscle injuries and regeneration

Original illustrations on this chapter were created by students from the 2 nd year of
graduation in “Faculdade de Belas Artes da Universidade do Porto (FBAUP-UP)”:
David Lopes (this page), Juliana Ferreira and Luís Santos (2014).
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2 Skeletal muscle injuries and regeneration
1. Introduction

Muscles are considered organs because they are composed not only of muscle tissue, but
also of epithelial, connective, and nervous tissue. Together they form the muscular system
(McKinley et al., 2012). Most of the work done by the body, such as pumping blood through
the blood vessels, eating, breathing, moving food through the gastrointestinal tract, moving
urine out of the urinary bladder, speaking, standing up straight, and getting our skeletons to
move, is a result of the activity of muscles. Those which involve skeletal muscle tissue are the
ones in which it works primarily in a voluntary manner and therefore its activity can be
consciously (voluntarily) controlled. Unlike the other types of muscle (smooth and cardiac),
skeletal muscle is considered as voluntary because it can be made to contract or relax by
conscious control through the stimulation of the somatic nervous system. The contraction
mechanism is somewhat similar in all three, but they vary in their appearance, location,
physiology, internal organization, and means of control by the nervous system (McKinley et
al., 2012). Some of the actions performed by skeletal muscle generate body heat at the same
time and much of the heat released by muscle is used to maintain normal body temperature
(Keynes et al., 2001; Tortora et al., 2014). Involuntary contractions of skeletal muscles,
known as shivering, can dramatically increase the rate of heat production. Muscular tissue
has four special properties that enable it to perform these different functions, contributing to
the body homeostasis. They include electrical excitability (also common to nerve cells),
contractility, extensibility and elasticity (Tortora et al., 2014). Skeletal muscle constitutes
approximately 45% of the human body’s total body weight and is basically composed of long,
cylindrical, striated fibers (or myocites), that can use ATP to generate force (Santos, 2004;
Tortora et al., 2014). The specialized muscle fibers respond to stimulation from the nervous
system by undergoing internal changes that cause them to shorten, exerting physical forces
on other tissues, such as bone and skin, to produce movement of body parts. Skeletal muscle
is also important in providing protection to the rest of the body tissues.

1.1. Skeletal muscle embryology
In the vertebrates such as mammals, skeletal muscle is formed in the embryo from paraxial
mesoderm, which segments into somites on either side of the neural tube and notochord
(Fig.2.1). The dorsal part of the somite, the dermomyotome, gives rise to the overlying derm
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of the back and to the skeletal muscles of the body and limbs (Buckingham et al., 2003).
During embryonic development, each skeletal muscle fiber arises from the fusion of a
hundred or more small mesodermal MyoD+/Myf5+ cells termed myoblasts (Charge et al.,
2004; Tortora et al., 2014). It is clear that in the myogenesis, the MyoD family of basic
transcription factors plays a critical role, since in the absence of these factors, the cells in the
somite that would normally become myoblasts, do not allocate correctly to sites of
myogenesis and adopt other cell fates, substantiating the importance of MyoD and Myf5 as
myogenic determination factors. This is demonstrated by the total loss of skeletal muscle in
MyoD:Myf5 double knockout mice (Charge et al., 2004). Pax3 and Pax7 are also critical in
establishing and maintaining the embryonic lineage (Gayraud-Morel et al., 2009). Although it
is unclear how Pax3 functions in the embryo, its importance have been proved by functioning
through transcriptional activation in vivo through a co-activation process. Proliferating
myoblasts withdraw from the cell cycle to become terminally differentiated myocytes that
express the “late” myogenic regulatory factors (MRFs), Myogenin and MRF4, and
subsequently muscle-specific genes such as myosin heavy chain (MHC) and muscle creatine
kinase (MCK). Several other genes are known to be involved in the different stages of muscle
formation, from delamination to differentiation stages. Mononucleated myocytes fuse to each
other to form multinucleated syncytium, which eventually mature into contracting muscle
fibers (Charge et al., 2004).

Figure 2.1 – Schematic representation of somitogenesis. Adapted from Buckingham et al (2003).

1.2. Skeletal muscle anatomy
Some fibers contain hundreds of nuclei in order to control and carry out all cellular functions.
Skeletal muscle fibers can vary greatly in length, ranging from a few centimeters in short
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muscles to up to 30–40 cm in the human body’s longest muscles. When mature, these can
reach 10 to 100 µm in diameter. Muscle cells are very different from typical cells with respect
to their cellular organization, cellular organelles, and other properties (Keynes et al., 2001;
Tortora et al., 2014).

1.2.1. Muscle architecture and connective tissue
The architecture of a given muscle is extremely consistent between individuals of the same
species. Frequently, muscle fibers are depicted as projecting in bundles (fascicles) from an
origin on a proximal tendon plate to an insertion more distally (Lieber et al., 2000). Three
concentric layers of connective tissue, composed of collagen and elastic fibers, encircle each
individual muscle fiber, fascicle and the entire muscle itself (McKinley et al., 2012) (Fig.2.2).

Figure 2.2 – Structural organization of skeletal muscle and connective tissue distribution. Illustration
by Juliana Ferreira (2014).

The myofibers are surrounded by a thin membrane (endomysium or basement membrane)
which is the innermost connective tissue layer that helps to bind the muscle fibers to each
other yet allowing them to move freely over one another (McKinley et al., 2012; Tortora et al.,
2014). The endomysium houses small blood vessels that supply the fibers with nutrients.
Muscle fibers are grouped together in fascicles which are surrounded by a thicker sheet of
connective tissue (the perimysium) which also tolerate a certain degree of motion between
fascicles and conduct neurovascular bundles. The whole muscle is contained within an outer
layer of thick and strong connective tissue (the epimysium). These connective tissue sheets
that constitute the non-contractile portion of the muscle are interconnected networks that are
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continuous with the insertions tendons, which serve to attach the muscles to the skeleton.
This strong, continuous network of connective tissue is essential to the function of the
musculoskeletal system. The various skeletal muscles of the body are further grouped
together and protected by large dense irregular connective tissue sheets, called fascia which
cover groups of muscles (Tortora et al., 2014).

1.2.2. Nerve and blood supply
Nerves typically enter the muscle along with the main blood vessels of the muscle as a unit
called a neurovascular bundle, which enter the muscle body near the tendon attachment
spreading through the connective tissue channels formed by the perimysium and
endomysium. The neurons that stimulate skeletal muscle fibers to contract through their
extension (axon) are called somatic motor neurons. Skeletal muscles have an extensive
blood supply with a network of capillaries between individual fibers to provide essential
nutrients for muscle function (Keynes et al., 2001). Generally, an artery and one or two veins
accompany each nerve that penetrates a skeletal muscle and each muscle fiber is in close
contact with one or more capillaries (Tortora et al., 2014).

1.2.3. Cellular structure and function
The roughly cylindrical fibers that predominate in skeletal muscle, are multinucleated cells
formed by fusion of myoblasts (elongated mononucleated cells) whose respective nuclei
become arranged around the edge of the fiber (peripheral nuclei), immediately internal to the
plasma membrane (sarcolemma). At that stage the cells loose the capacity to undergo cell
division.

Figure 2.3 – Development of skeletal muscle. Adapted from McKinley et al. (2012).
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The intense muscle growth that arises after birth occurs due to the enlargement of the
existing muscle fibers (hypertrophy) rather than an increase in cell number (hyperplasia).
During childhood, human growth hormone together with other hormones like testosterone,
stimulates the enlargement of skeletal muscle fibers (Tortora et al., 2014). Hypertrophy is a
consequence of the increased number of myofibrils, mitochondria, sarcoplasmic reticulum
and other organelles. A few myoblasts do not fuse with muscle fibers during development and
persist in mature skeletal muscle as satellite cells (SCs) (Fig.2.3). In the adult muscle, this
precursor cells are known as satellite cells because they lie along the muscle fiber under the
basal lamina. The origin of these cells is unclear but they are known to become activated
upon muscle injury to assure postnatal regeneration (Buckingham et al., 2003; GayraudMorel et al., 2009). These embryonic-like cells retain the ability to fuse with one another or
with damaged muscle fibers to regenerate functional muscle fibers. Nevertheless the number
of new fibers that can arise from SCs fusion in not enough to overcome a significant skeletal
muscle damage or degeneration and in such cases there is replacement of muscle fibers by
fibrous tissue (Tortora et al., 2014).
The sarcolemma bounds the individual muscle cell attaching to the surrounding connective
tissue and its importance is based on the fact that it is electrically conductive (Keynes et al.,
2001; Norris, 2012) (Fig.2.4). There is an internal membrane system of interconnecting
transverse tubules invaginated from the sarcolemma at regularly spaced intervals along the
fiber length oriented transversely across the fiber axis toward the center. Muscle action
potentials propagate along the sarcolemma through these tubules, rapidly spreading
throughout the muscle fiber. This arrangement ensures that all the superficial and deep parts
of the muscle fiber become excited by an action potential almost simultaneously. The
sarcolemma surrounds the cytoplasm of a muscle fiber (sarcoplam) which contains a
substantial amount of glycogen. The sarcoplam also contains a protein called myoglobin,
which can be found exclusively in muscle. Myoglobin binds to the oxygen diffused in the
interstitial fluid that is released afterwards whenever mitochondria require it for ATP
production. Mitochondria lie strategically close to the contractile proteins that use ATP during
contraction (Tortora et al., 2014).

1.2.4. Myofibril structure
Myofibrils are the contractile elements of skeletal muscle and extend the entire length of the
muscle fiber. During contraction, the myofibrils shorten as their component proteins change
position. A fluid-filled system of membranous sacs called the sarcoplasmic reticulum encircles
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each myofibril and stores calcium ions (Ca2+) in the relaxed muscle. Together with the Ttubules, these structures are unique to muscle fibers (McKinley et al., 2012). Dilated end sacs
of the sarcoplasmic reticulum called terminal cisterns intrude the transverse tubules from both
sides. When activated, Ca2+ will be released from the terminal cisterns into the sarcoplasm,
which triggers muscle contraction (Tortora et al., 2014).

Figure 2.4 – Internal organization of a skeletal muscle fiber: myofibrils and main cellular organelles.
Illustration by Juliana Ferreira (2014).

Under the light microscope, the cells of skeletal muscle exhibit alternating light and dark
bands, termed striations, that reflect the overlapping pattern of parallel thick and thin
contractile protein filaments (or myofilaments) inside the cell (McKinley et al., 2012) (Fig.2.5).
This is the reason why skeletal muscle is also referred as striated. The thin filaments are
composed mostly by the protein actin while the thick filaments are basically composed by the
protein myosin. The myosin molecule contains 2 heavy chain polypeptides which contain the
myosin heads that interact with actin and allow muscle to contract (Scott et al., 2001). The
filaments within a myofibril are overlapped and arranged in compartments called the
sarcomeres which constitute the basic functional units of a myofibril and are separated from
each other by a dense protein material called the Z-disc (Tortora et al., 2014). The extent of
overlap of the thick and thin filaments depends on whether the muscle is contracted, relaxed,
or stretched. The darker middle part of the sarcomere is the A-band and corresponds to the
entire length of the thick filaments (also includes the thin filaments overlapping parts). The Ibands is a less dense area (lighter) that corresponds to the rest of the sarcomere and only
contains the rest of thin filaments. A narrow H-zone in the center of each A-band contains
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only the thick filaments. The M-line is situated at the middle of the sarcomere and contains
supporting proteins that hold the tick filaments together (Tortora et al., 2014).

Figure 2.5 – Schematic representation of the filament arrangement in a sarcomere (upper image) and
electron micrograph of the same region (lower image). Adapted from (Tortora et al., 2014).

1.2.4.1. Muscle proteins
Myofibrils are constituted by three types of proteins which can be classified as contractile,
regulatory or structural proteins. The contractile proteins actin and myosin are the
components of the thin and thick filaments respectively and are able of generating force
during contraction (Fig.2.6).
Myosin functions as a motor protein since it converts adenosine tri-phosphate’s (ATP)
chemical energy into mechanical energy of motion by the force production (Tortora et al.,
2014). Apart from actin, the thin filament are also composed of the regulatory proteins
tropomyosin and troponin (Scott et al., 2001). They help to switch the contraction on and off
through the transformations induced by the calcium ions (Ca2+) that bind to troponin after
being released from the sarcoplasmic reticulum, subsequently to the reception of a stimulus
in the form of an action potential (Scott et al., 2001). Structural proteins like titin, myomesin
(that form the M-line), nebulin and dystrophin are also important because they maintain the
thick and thin filaments in the proper alignment, providing them elasticity and extensibility.
They are also responsible for linking the myofibrils to the sarcolemma and extracellular matrix
(Tortora et al., 2014). Apart from dystrophin the sarcolemma also contains important

Doctoral Thesis - Tiago de Melo Silva Ramos Pereira

| 165

molecules (integrins) at the ends of the musculotendinous junction, that give the sarcomere
its high tensile strength (Norris, 2012).

Figure 2.6 – Molecular structure of myofilaments within a myofibril: contractile, regulatory and
structural protein composition. Adapted from (McKinley et al., 2012).

1.2.5. Types of skeletal muscle fibers
Muscle fiber types can be described using histochemical, biochemical, morphological, or
physiologic characteristics and can be grouped together using different classification
techniques (Scott et al., 2001). Skeletal muscle fibers vary in their content of myoglobin (the
red protein that binds oxygen). For that reason fibers with a high content in myoglobin are
also called red muscle fibers (contain more mitochondria and capillaries) and those with low
myoglobin content are called white muscle fibers (Tortora et al., 2014). Skeletal muscle fibers
can also be categorized as either slow or fast depending on how fast ATP is hydrolyzed
which is reflected on speed of contraction on relaxation. Gathering these structural and
functional characteristics, muscle fibers can be classified in three types: (1) slow oxidative
fibers, (2) fast oxidative-glycolitic fibers and (3) fast glycolytic fibers. This classification is
based on the biochemical identification of metabolic enzymes. Other methods for fiber typing
like histochemical staining for myosin ATPase (7 types can be differentiated through the
intensity of staining at different pH levels) and myosin heavy chain isoform identification
(MHCI, MHCIIa and MHCIIb) might also be used (Scott et al., 2001) (Fig.2.7). The overall
result in muscle enlargement is a consequence of the hypertrophy of the fast glycolytic fibers
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and most of skeletal muscles have a mixture of these three types of fibers in their
composition. However all the fibers of a given motor unit (defined as the set of one motor
neuron together with the group of muscle fibers it controls) have similar characteristics and so
are considered as being of the same type (Scott et al., 2001; Tortora et al., 2014). Changes in
fiber type composition may be partially responsible for some impairment seen in cases like
prolonged inactivity, limb immobilization or muscle denervation. Fiber conversions between
type IIb and type IIa are the most common and type I to type II conversions are also possible
in cases such as severe spinal cord injury, but generally decreased use of skeletal muscle
can lead to a conversion of muscle fiber types in the slow to fast direction (Scott et al., 2001).

Figure 2.7 – Transverse section of the three types of skeletal muscle fibers. Histochemical
mATPase staining at acidic pH. Adapted from (Tortora et al., 2014).

1.2.5.1. Slow oxidative fibers
These are also designated as type I fibers and contain large amount of myoglobin (the
oxygen-binding protein of erythrocytes) and many capillaries, giving them a dark red
appearance. They also have a significant number of large mitochondria and for that reason
they generate ATP through an aerobic cellular respiration. They are also entitled as “slow”
since they use ATP at a slow rate resulting in a slow contraction. Nevertheless this type of
fibers is very resistant to fatigue and is specially adapted for functions like posture
maintenance or aerobic activities (Tortora et al., 2014). Slow fibers are usually half the
diameter of fast fibers (McKinley et al., 2012).

1.2.5.2. Fast oxidative-glycolytic fibers
These are also designated as type IIa or intermediate fibers and are usually the largest. They
also contain large amounts of myoglobin and several capillaries giving them the same dark
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red appearance. They generate considerable quantities of ATP by aerobic cellular respiration,
which gives them a moderately high resistance to fatigue. They can also generate ATP
through anaerobic glycolysis since their intracellular glycogen level is high. They are
considered fast fibers because they use ATP at a fast rate.

1.2.5.3. Fast glycolytic fibers
Also known as type IIb, these fibers appear white in color since they have low myoglobin
content, relatively few blood capillaries and mitochondria. However they contain large
amounts of glycogen and therefore generate ATP mainly anaerobic cellular respiration
(glycolysis). These fibers contract strongly and quickly due to their ability to use ATP at a fast
rate. That’s why these fibers are specially adapted for intense anaerobic activities (Tortora et
al., 2014).

1.3. Muscle contraction
The stimulation of a muscle fiber by a nerve impulse results in a series of events that
culminates in muscle fiber contraction and that can be summarized by the following sequence
of events: (1) A nerve impulse causes acetylcholine (Ach) release at a neuromuscular
junction. ACh binds receptors on the motor end plate, initiating a muscle impulse; (2) The
muscle impulse spreads quickly along the sarcolemma and into the muscle fiber along Ttubule membranes, causing calcium ions to be released into the sarcoplasm; (3) Calcium ions
bind to troponin, causing tropomyosin to move and expose active sites on actin. Myosin
heads attach to the actin and form cross-bridges; (4) Myosin heads go through cyclic “attach,
pivot, detach, return” events as the thin filaments are pulled past the thick filaments. ATP is
required to detach the myosin heads and complete the sequence of cyclic events. The
sarcomere shortens, and the muscle contracts. The cyclic events continue as long as calcium
ions remain bound to the troponin; (5) Calcium ions are moved back into the sarcoplasmic
reticulum by ATP-driven ion pumps to reduce calcium concentration in the sarcoplasm,
leading to relaxation. Termination of the muscle impulse results in the passive sliding of
myofilaments back to their original state (McKinley et al., 2012).

1.4. Muscle tone
Even at rest some motor units are always active allowing the muscle to maintain tension.
However the contractions of these muscles do not produce enough tension to produce
movement. This resting tension is designated as muscle tone and allows the stabilization of
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the body posture. To sustain muscle tone, small groups of motor units are alternately active
and inactive in a constantly shifting pattern. When there is an increase in the stimulation of an
active muscle, the fibers begin to contract. Skeletal muscle contraction can be divided in two
types: isometric and isotonic. In the first case the length of the muscle does not change
because the tension produced by this contracting muscle never exceeds its resistance. In an
isotonic contraction, the tension produced equals or exceeds the resistance, and then the
muscle fibers shorten, resulting in movement. Isotonic contractions can also be classified as
concentric, if a muscle is actively shortening and pulling on its tendon to produce movement
and to reduce the angle at a joint, or eccentric if its actively lengthening (the tension exerted
by the myosin cross-bridges resists movement of a load) (McKinley et al., 2012; Tortora et al.,
2014).

1.5. Muscle regeneration
1.5.1. Skeletal muscle injuries
Skeletal muscle tissue is one of the most studied tissues in regenerative biology due to its
accessibility, remarkable ability to regenerate efficiently and the diversity of experimental
models of lesion that can be employed (Gayraud-Morel et al., 2009). Nevertheless, the
regeneration of this tissue is limited (Tortora et al., 2014). Each of the injury models could
potentially have a distinct effect on the fate of resident or circulating cells in the muscle bed
after trauma. The selective survival or death of these cells will certainly affect the
regenerative process itself, which is largely assured by the resident progenitor population of
SCs (Gayraud-Morel et al., 2009). Skeletal muscle degeneration after acute injury or during
disease is characterized by myofiber necrosis. After the initial phase of sarcolemmal or
sarcoplasmic reticulum damage, an influx of extracellular calcium, results in a loss of calcium
hemostasis and increased proteolysis (Gayraud-Morel et al., 2009). As referred in the
previous chapter, calpains are calcium-activated proteases that can cleave myofibrillar and
cytoskeletal proteins and hence are implicated in this degenerative process. Thus disrupted
myofibers undergo focal or total autolysis depending on the extent of the injury. This marks
the beginning of the inflammatory phase that overlaps the other two stages of tissue
reconstruction and remodeling for a complete restitution of the damaged tissue with variable
amount of fibrosis. It has been suggested that factors released by the injured muscle activate
inflammatory cells residing within the muscle, which in turn provide the chemotactic signals to
circulating inflammatory cells (Charge et al., 2004). Neutrophils are the first population of
inflammatory cells to infiltrate the site of injury. They have the ability to release proteases that
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can help degrade cellular debris (to allow phagocytosis by neutrophils and macrophages) that
may be produced by muscle damage, but can also release high concentrations of cytolytic
and cytotoxic molecules that can damage muscle. Neutrophils are capable of direct lysis of
the sarcolemma through a superoxide-dependent mechanism (Baoge et al., 2012; Tidball,
2005). Monocyte macrophages will follow the same route as neutrophils, in order to establish
debris phagocytosis.
Studies in the rat have shown that there are two types of macrophages. Type I macrophages
are associated with muscle necrosis while II are associated with regenerative myofibers
(Cseri, 2012). These cells will subsequently enhance myogenic cell growth by releasing
mitogenic factors and protecting precursors from apoptosis (Gayraud-Morel et al., 2009). This
is confirmed by the fact that conditioned media from cultures of peritoneal macrophages or
macrophage cell lines can increase the rate of proliferation of myoblasts in vitro as well as
increasing the number of MyoD-expressing cells (Tidball, 2005). Neovascularization is a
fundamental step in muscle regeneration and is quickly established after muscle damage in
order to provide essential systemic factors and blood derived cells to the injury site (GayraudMorel et al., 2009).
Several biological and chemical models of degeneration/regeneration have been described.
Myotoxins like cardiotoxin or notexin are the most commonly used and will be described in
detail in section 2 of this chapter (Pereira et al., 2013). These myotoxins (cardiotoxin and
notexin) destroy myofibers but are believed to spare the majority of SCs (specially with
notexin)(Gayraud-Morel et al., 2009). Bupivacaine, a local anesthetic as also been used in
numerous works by causing muscle degeneration through the interference with Ca2+ release
and intake from the sarcoplasmic reticulum (see section 2 of this chapter) (Gayraud-Morel et
al., 2009; Pereira et al., 2013). A less utilized model is barium chloride (BaCl2), which is an
insoluble sulfate salt used in contrast radiography that stimulates exocytosis while blocking
the efflux of Ca2+ (Gayraud-Morel et al., 2009). In terms of physical models, freeze injury by
direct application of a metallic rod cooled in liquid nitrogen is probably one of the few models
that results in the absence of viable cells at the site of lesion. Other physical models like
irradiation (high doses of ionizing gamma radiation), crush, myotomy, myectomy, transient
denervation or devascularization involve external injury sources, which are rarely
physiological, although they provide insights into the mechanisms guiding degeneration and
regeneration (see section 2 of this chapter) (Gayraud-Morel et al., 2009; Pereira et al., 2013).
Eccentric physical exercise represents a more physiological model of injury and is
accompanied by less damage to surrounding cellular structures. This kind of aggression to an
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untrained muscle is sufficient to trigger SC activation and induce myofiber regeneration,
extending beyond the area of necrotic myofibers (Gayraud-Morel et al., 2009). Other models
with abnormal degeneration due to artificial or spontaneous deregulation of specific genes
like the the mdx mouse, are also used currently used as an animal model of Duchenne
muscular dystrophy (DMD) (Charge et al., 2004). Although a variety of models have been
described and proved to be effective, it is currently unclear which injury model should be
employed for regeneration studies. For the animal models on injury, it is also important to
refer that animal species and strain influences muscle regeneration. For example, the
regeneration process in Swiss SJL/J mice is more efficient than in Balb/c, C57BL6J, and
B6AF-1, while A/J mice appear the least efficient (Charge et al., 2004).

1.5.2. Skeletal muscle stem cells
Sublaminal SCs that remain quiescent in the adult muscle, represent the pre-eminent stem
cells for muscle growth, repair and regeneration (Gayraud-Morel et al., 2009). These
mononuclear, spindle-shaped, elongated cells are difficult to discriminate from myonuclei in
the adult muscle, but this has been overcome by the use of specific markers (such as Pax7,
CD34, M-cadherin or NCAM) (Mitchell et al., 2010). Increased density of SCs have been
detected at the motor neuron junctions and adjacent to capillaries, suggesting that some
factors emanating from these structures may play a role in homing satellite cells to specific
muscle locations or in regulating the satellite cell pool (Charge et al., 2004). As already
mentioned in section 1.3.2 of the previous chapter for denervation, SCs that remain viable
after injury, will proliferate and fuse with one another and with the myofiber end-fragments,
generating myoblasts for reconstitution of injured myofibers (Gayraud-Morel et al., 2009). The
main factors that stimulate SC activation are fibroblast growth factors (FGFs), the
transforming growth factor-β family (TGF-β), insulin growth factor-I and –II (IGF-I and -II),
hepatocyte growth factor (HGF) and interleukin-6 (IL-6) (Charge et al., 2004; Gayraud-Morel
et al., 2009) and will be described in detail later in this chapter. Apart from activating the
proliferation of SCs, most of these factors also contribute in the inhibition of myoblast fusion.
Upon activation, SCs and myoblasts increase their cytoplasmic-nuclear ratio and can migrate
along myofibers. As myoblasts activate the terminal differentiation marker Myogenin, they
lose Pax7 expression (characteristic of all SCs) and withdraw from the cell cycle (GayraudMorel et al., 2009). At this stage the newly formed fibers (myotubes) are characterized by
central nucleation, assuming a peripheral position of the myonuclei as the fiber matures. They
are often basophilic (reflecting high protein synthesis) and express embryonic/developmental
Doctoral Thesis - Tiago de Melo Silva Ramos Pereira

| 171

forms of MHC. A small proportion of satellite cells that undergoes proliferation returns to the
quiescent state, replenishing the satellite cell pool (Fishman et al., 2013). The number of
SC/myoblast division is limited (~25-30 for adult human myoblasts) decline with ageing or
disease such as DMD (Charge et al., 2004). So clearly SC self-renewal seems to be scarce
to compensate the loss of SC throughout time.
SCs are not the only type of stem cells with myogenic potential within the skeletal muscle.
There are interstitial multipotent stem cells with fibroblastic appearance that express the cell
stress mediator (PW1), but do not express myogenic markers (such as Pax7). PW1 serves as
a pan-stem cell marker in adult tissues as it defines all muscle resident stem/progenitor cells
regardless of lineage (Pannérec et al., 2013) (Fig.2.8). The PW1+/Pax7- interstitial cells
(PICs) represent a highly plastic muscle resident progenitor (contributing efficiently to skeletal
muscle regeneration in vivo) and are myogenic in vitro (spontaneously forming skeletal and
smooth muscle) (Mitchell et al., 2010; Pannérec et al., 2013). PICs and SCs have distinct
transcriptome signatures in both juvenile and adult stages. The majority of adult PICs express
PDGFRα and account for the two recently identified populations of fibro/adipogenic
progenitors (Pannérec et al., 2013), while stem cell antigen-1 (Sca1) expression in PICs is
variable. Sca1 is a marker widely used to enrich stem cells and is implicated in lineage
commitment and stem cell self-renewal (Pannérec et al., 2013). Fibro/adipogenic progenitor
cells, which are the main source of fibroblasts and adipocytes in adult tissue, represent a
significant fraction of the mononuclear mesenchymal cells found in adult skeletal muscle (Joe
et al., 2010). Interstitial adipogenic populations (IAPs) constitute a sub-population of PICs that
can be separated based upon PDGFRα expression. Basically, these PDGFRα+ PICs are
adipogenic progenitors whereas PDGFRα– PICs display myogenic potential. IAPs are
proposed to be the source of ectopic fat deposition in diseased muscle (Joe et al., 2010).
Pannérec et al. (2013) observed that during postnatal growth, PICs express many genes that
play key roles during angiogenesis. Mitchell et al. (2010) found that PICs convert to a
Pax7+/MyoD+ state before forming skeletal muscle in vitro. They also detected pronounced
myogenic capacity of PICs following injection into damaged muscle tissue in vivo,
comparable to that observed with freshly isolated SCs. What remains to be determined is
whether PICs are a source of SCs during normal postnatal development (Mitchell et al.,
2010). However some authors like Gayraud-Morel et al. (2009) refer that these cells appear
to be limited in muscle repair.
Other stem cells not derived from muscle such as bone marrow-derived and endothelial-like
cells, do also exhibit myogenic potential. However the efficiency in muscle repair by the use
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of cells such as the bone marrow, remains limited. Mesangioblasts show a mesenchymal and
vascular-like profile and have also been reported to restore function is some species. They
also express high levels of PW1 as well as PDGFRα. Pericytes are vessel-associated cells that
have also been shown to possess myogenic potential and are proposed to be the muscleresident postnatal equivalent of mesoangioblasts (Gayraud-Morel et al., 2009; Grounds,
1999; Pannérec et al., 2013).

Figure 2.8 – Skeletal muscle progenitor cells based on PW1 expression and other specific markers
(at least one for each population). Myogenic potential resides in mesangioblasts
(MABs), satellite cells (SAT) and the PDGFRα- PICs which are non-IAPs (interstitial
adipogenic progenitors). Adapted from Pannérec et al. (2013).

1.5.3. Role of transcription factors in muscle regeneration
SC activation and differentiation during muscle regeneration is reminiscent of embryonic
muscle development and in both these processes MRFs play a critical role. As already
described for the embryo, a number of genes regulate stem cell maintenance, lineage
progression and differentiation in the adult. Pax3 and Pax7 genes are members of the paired
box with highly similar protein structures, containing gene family of transcription factors
implicated in development of the skeletal muscle (Charge et al., 2004). Both Pax3 and Pax7
are important in cell survival, but Pax3 does not appear to play a critical role in muscle
progenitors in the adult. This is not equivalent for Pax7, since Pax7-null mice are severely
deficient in SCs (Gayraud-Morel et al., 2009). These Pax7-null mice are characterized by a
decreased skeletal muscle mass resulting from a fiber size decrease rather than a decrease
in fiber number (Charge et al., 2004).
In the adult, Myf5, MRF4 and MyoD regulate myoblast function and Myogenin is particularly
essential in the differentiation of these cells. Generally, quiescent satellite cells do not have
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any detectable levels of MRFs but MyoD followed by Myf5 upregulation appears upon SC
activation (Charge et al., 2004). MyoD is probably the most important transcription factor for
differentiation, since MyoD-null animals present delayed differentiation and an increased
number of precursor cells, resulting in an impaired regeneration. MyoD may downregulate
IGF-I

(which

stimulates

myoblast

proliferation)

expression

to

promote

myogenic

differentiation. Unlike MyoD, Myf5 is restricted to dividing myoblasts promoting SC selfrenewal and its expression is being down regulated during differentiation. Myf5-null mice
exhibit muscle hypertrophy, fibrosis, fat accumulation and a slightly delay in differentiation
(Charge et al., 2004; Gayraud-Morel et al., 2009).
Some SCs have no MRF expression and may have special properties that cannot be found in
the more committed subpopulation that is marked genetically with Myf5 and this suggests that
there is heterogeneity in this population with corresponding differences in terms regenerative
efficiency. After satellite cell activation, paracrine or autocrine engagement of Notch results in
myoblast pool expansion, partly by direct inhibition of terminal differentiation. Following
expansion, pro-differentiation signals are required to induce myoblast maturation. Several
molecules have been proposed for this role, including Wnt family members, IL‑6 and insulinlike growth factors (IGFs), suggesting a multifactorial promotion of myogenic differentiation.
The Notch pathway is down-regulated as Wnt signaling initiates this differentiation stimulation
(Cseri, 2012; Gayraud-Morel et al., 2009; Joe et al., 2010). At this stage, expression of
Myogenin and MRF4 (MRF members) is upregulated in these cells beginning their terminal
differentiation program. This program is completed with the activation of muscle-specific
proteins, such as MHC, and the fusion of the progenitor cells to repair damaged muscle
(Charge et al., 2004). As mentioned in 1.3.2 of chapter 1 for the events after denervation,
regeneration in the adult muscle is also characterized by re-expression of the embryonic and
neonatal MHCs.
Other proteins play important roles in SC maintenance but the precise mechanism of action
remains undisclosed. Recently, miRNAs such as miR-1, miR-206 and mi-133 have also been
reported to regulate gene expression in skeletal muscle by interfering in the translational and
post-translational processing (Cseri, 2012; Gayraud-Morel et al., 2009; Nakasa et al., 2010).
Classical cadherins are transmembrane proteins mediating cell-cell interactions in a calciumdependent manner. They are important not only in cell-cell adhesion but also in the
intracellular cytoskeleton architecture regulation. Particularly M-cadherin has been suggested
as an essential molecule for myoblast fusion during embryonic myogenesis and muscle
regeneration. Although M-cadherin-null mice do not express any developmental abnormality,
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it is believed that M-cadherin is important for muscle repair since its expression within satellite
cells is markedly induced upon muscle injury. Cytoplasmic intermediate filament proteins
such as vimentin, desmin, nestin and the protease M-calpain have also been implicated in
myoblast fusion during muscle regeneration (Charge et al., 2004).

1.5.4. Role of secretome in muscle regeneration
The secretome consists in the set of proteins/growth factors (such as trophic or
immunomodulatory cytokines) generally released by cells, tissues or organs into the
extracellular milieu, which has been shown to be crucial to the regulation of different cell
processes (Fraga et al., 2013; J Salgado et al., 2010; Ranganath et al., 2012).
The skeletal muscle is one of those tissues that is metabolically active by secreting various
proteins. Changes in this secretory profile may participate in the pathophysiology of metabolic
diseases (Hartwig et al., 2013). Al already referred in this chapter, in vitro studies have
implicated an extensive number of trophic factors, including members of FGF and TGF-β
families, IGF, HGF, tumor necrosis factor-α (TNF- α), IL-6 family of cytokines, neural-derived
factors, nitric oxide, and ATP, in maintaining a balance between growth and differentiation of
satellite cells to restore a normal muscle architecture (Charge et al., 2004).
HGF for example is a key regulator of SC activity during muscle regeneration as HGF
transcripts and protein levels have been proved to be increased during the early phase of
muscle regeneration. HGF may be release not only by SCs and newly formed myotubes, but
also from the muscle extracellular matrix after damage of the basal lamina. Through
immunoneutralization experiments, HGF was also shown to be the primary muscle factor
capable of inducing quiescent cell activation in extracts of injured muscles (Charge et al.,
2004). In vitro, HGF is able to stimulate quiescent SC to enter the cell cycle and thus
increasing myogenic progenitor cell proliferation, inhibiting at the same time the differentiation
of these cells. In vivo, the mitogenic role of HGF on SCs has been proved by blocking the
repair process and increasing the progenitor cell number after injection of HGF protein into
injured muscles. This effect of exogenous HGF injection cannot be detected if performed at
later stages of regeneration (Charge et al., 2004). This protein may also have chemotactic
action, contributing to the process of SC migration to the site of injury. The activity of HGF is
mediated through endocrine and paracrine/autocrine mechanisms.
Besides to HGF, several FGFs have been described as potent activators of myogenic
progenitor cell proliferation and as inhibitors of the differentiation of these cells, suggesting a
role for these factors in the expansion of this cell’s population. Floss et al. (1997) have
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demontrated that FGF-6-null mice revealed a severe regeneration defect with fibrosis and
myotube degeneration. In this study, the number of MyoD- and Myogenin-expressing
activated SCs after injury was significantly reduced in mutants, allowing the conclusion that
FGF-6 is a critical component of the muscle regeneration machinery in mammals, possibly by
stimulating or activating satellite cells. Armand et al. (2003) also proved that FGF-6 has a
dual function in proliferation and muscle differentiation. Other FGFs, and in particular FGF-4,
are potential redundant factors to FGF-6. FGF-2 is present in the perimysium surrounding
developing and mature myotubes and is also proposed to be involved in the regulation of SC
activity during regeneration. In fact, FGF-2 is particularly potent on myoblast activation in vitro
(Charge et al., 2004). Lefaucheur et al. (1995) used the injection of a neutralizing antibody
against FGF-2 into the muscle at the time of lesion and detected a reduction in the number
and diameter of regenerating myofibers, suggesting a delay in proliferation and/or fusion of
activated SCs. However, the injection of FGF-2 after muscle injury in mice seems to have no
effect on the repair process, suggesting that the levels of FGF may not be a limiting factor in
some regeneration models. Apart from the influence in SC activation and differentiation
repression by negatively regulating the expression of MyoD, the role of FGFs in muscle
regeneration may reside mainly in the revascularization process through their recognized
angiogenic properties. It has also been verified that FGFs have neurotrophic activity. For
example FGF-2 can interact with other growth factors to promote the synthesis and secretion
of nerve growth factor (NGF) (Husmann et al., 1996).
The paracrine/autocrine regulation of the hormone IGF-I and IGF-II, as well as their influence
in skeletal muscle development and repair has been confirmed in vitro as they have been
able to alter MRFs expression and promote both the proliferation and the differentiation/fusion
of myoblasts (Charge et al., 2004). The autocrine secretion of IGFs by SCs during
regeneration induces not only myoblast differentiation but also a simultaneous increase IGF
mRNA level. Unlike the other described growth factors that generally inhibit myoblast
differentiation, IGFs seem to have a key role in the onset of that process. IGF-II appears to be
upregulated later during the process of muscle regeneration promoting both myoblast
proliferation and differentiation (Charge et al., 2004; Husmann et al., 1996). IGF-I has been
associated to the activation of SC to proliferate, providing more myonuclei (hyperplasic effect)
and also to the increase in cytoplasmic-to-DNA volume ratio through increased protein
synthesis within existing myofibers, resulting in muscle hypertrophy (Charge et al., 2004).
IGF-I may also improve muscle regeneration via promoting cell survival as it has been shown
in vitro (Lawlor et al., 2000). IGFs may also be implicated in promoting reinnervation during
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muscle repair, since motor neurons also respond to these growth factors (Charge et al.,
2004). Other molecules like heparin-affine regulatory peptide (HARP or pleiotrophin) and MK
(midkine) appear to have an important function as neurotrophic factors in the regeneration of
the neuromuscular junctions (Husmann et al., 1996).
TGF-β1, β2 and β3 are release by platelet degranulation and have long been recognized as
modulators of myoblast activity, inhibiting myogenic differentiation and in a lower scale SC
proliferation (Husmann et al., 1996). However the role of these factors in myoblast fusion,
regulation of immune response and motorneuron survival is complex. TGF-β is chemotactic
for leucocytes, macrophages (and other monocytes) and fibroblast, up-regulating the
synthesis of fibronectin, collagens, proteoglycans and novel matrix proteins (Husmann et al.,
1996). Myostatin (MSTN) or growth and differentiation factor-8 (GDF-8) has also been
identified as a TGF-β superfamily member (Charge et al., 2004; Elkasrawy et al., 2010). The
inhibitory effect of MSTN on muscle growth is demonstrated by the hypertrophy and
hyperplasia displayed in the muscle phenotype MSTN-null mice. MSTN may regulate muscle
mass by functioning as an inhibitor of satellite cell proliferation, but it is now known that
myostatin is a key regulator of mesenchymal stem cell proliferation and differentiation
(Charge et al., 2004; Elkasrawy et al., 2010). High levels of MSTN at this early time of muscle
regeneration could also suggest that MSTN acts as a chemo-attractant for phagocytes and
inflammatory cells, a role that has been ascribed to the related TGF- β1. In a later stage of
the regeneration process, MSTN levels seem to decrease in the mononucleated cells located
in regenerating areas where activated SCs are most abundant, as well as in the newly
regenerated myotubes. MSTN levels grow up again to normal range in more mature muscle
fiber (Charge et al., 2004).
Platelet-derived growth factor (PDGF) exists in three isoforms: PDGF-AA, -AB and -BB but
only the latter has revealed a significant enhancement in proliferation and inhibition of muscle
precursor cell differentiation during skeletal muscle regeneration. PDGF is also angiogenic
and chemotactic for SC (Husmann et al., 1996).
Leukemia inhibitory factor (LIF) which is a member of the IL-6 family of cytokines seems to be
involved in myoblast proliferation. Local production of these molecules by regenerating
muscle itself, as well as by other cells in muscle, plays an important role in muscle
regeneration (Kurek et al., 1996). Nevertheless, in vivo administration of IL-6 (which has
similar in vitro effect to LIF on myoblasts) does not appear to affect the muscle repair process
(Charge et al., 2004). It is interesting that muscle secreted proteins like IL-6, which is
released into circulation from contracting muscles, can affect other tissues and organs by
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influencing glucose as well as lipid metabolism (Hartwig et al., 2013). Apart from IL-6, other
proinflamatory cytokines like IL-1β or TNF-α are also highly expressed immediately after
skeletal muscle injury (Mathes et al., 2011).
Recent studies are changing the concept about the role of some factors. For example it
seems that IGF-I and FGFs do not activate quiescent SCs as previously postulated (Cseri,
2012). In fact, studies that typically involved these factors to SC activation used cultures of
muscle cells that were not quiescent. It’s now more consensual that IGF-I and FGFs increase
the proliferative activity of SCs once they are already activated. Other studies are now
showing that PDGF-BB and TGF-β do not activate quiescent cells either and HGF is possibly
the only factor with that ability. Another component that appears to be involved in SC
activation through HGF release [by the activation of metalloproteinases (MMP) in the
extracellular matrix] is free radical nitric oxid (NO).
In conclusion, several growth factors and other proteins are involved in muscle regeneration
and it is interesting to explore not only their individual contribution to muscle repair, but also
the dynamic relation between each other. For example after platelet degranulation in a site of
injury, there is a release of growth factors such as PDGF and TGF-β. The latter is
chemotactic for leukocytes and macrophages, which themselves produce and secrete other
factors like TGF-β, FDF-2, LIF, PDGF-AB and –BB, which in turn are chemotactic to muscle
precursor cells (Husmann et al., 1996).
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Chapter 2
Skeletal muscle injuries and regeneration

2. Biomaterials and stem cell therapies for injuries
associated to skeletal muscular tissues
In: Advances in Biomaterials Science and Biomedical Applications. InTech
Edited by Rosario Pignatello ISBN 978-953-51-1051-4 (2013).
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Chapter 13

Biomaterials and Stem Cell Therapies for Injuries Associated to
Skeletal Muscular Tissues
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Rodrigues, Maria A. Lopes, José D. Santos, Ana Lúcia Luís and
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Additional information is available at the end of the chapter
http://dx.doi.org/10.5772/ 53335

1. Introduction
Skeletal muscle injuries are common in humans, particularly in athletes and it is important to develop
new methods to improve muscle regeneration. Skeletal muscle has good regener‐ ative ability, but the
extent of muscle injury might prevent complete regeneration, especially in terms of functional recovery.
Severe lesions, like those originated by trauma associated with loss of healthy muscular tissue and
development of fibrous tissue scar and irreversible muscular atrophy after long-term peripheral nervous
injuries are examples of those situa‐ tions where regeneration is limited. An alternative approach for the
restoration of the dam‐ aged skeletal muscular tissue, considered to be an ultimate treatment of some
traumatic or degenerative diseases, is the transplantation of stem cells that limit the fibrosis and the atro‐
phy of the involved muscle masses, and even imply the myocytes regeneration and local re‐
vascularization [1]. Stem cells and regenerative medicine is a fast emerging field with rapid strides of
progress and focus on human health. Successful clinical use of stem cells in regen‐ erative medicine
depends on 3 important features:
i.

stem cells can grow and divide indefinitely,

ii.

stem cells can differentiate into specialized cell types, like skeletal muscle; and

iii.

the stem cells can be delivered to the site of lesion associated to biomaterials, nowa‐ days
available with excellent characteristics concerning biocompatibility.

© 2013 Pereira et al.; licensee InTech. This is an open access article distributed under the terms of the Creative Commons Attribution
License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.
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The purpose of this review is to describe the current research lines in the skeletal muscle re‐
generation field, with special emphasis to the work performed by our research group in test‐
ing different biomaterials and cellular therapies, emphasizing the use of mesenchymal stem
cells (MSCs) isolated from the Wharton’s jelly of the umbilical cord. We also focused our re‐
search in developing skeletal muscular lesion models which could be reproducible. It is im‐
portant to state, that a multidisciplinary team has a crucial role in the development of these
biomaterials associated to cellular systems, and in pre-clinical tests. MSCs comprise a rare
population of multipotent progenitor cells with a great therapeutic potential since they are
capable of self-renewal and multi-lineage differentiation. Due to this ability, MSCs appear to
be an attractive tool in the context of Tissue Engineering and cell-based therapy concerning
skeletal muscle regeneration. Several biomaterials associated to MSCs from the Wharton’s
jelly of the umbilical cord have been tested in standard lesions of the rat muscle and the re‐
sults of these tests will be discussed here. The umbilical cord matrix is an important and safe
source of MSCs with positive effects in nerve and skeletal muscle regeneration, with no ethi‐
cal or technical issues.

2. Skeletal muscle tissue
2.1. Basic structure and terminology
The muscle fibers are the basic contractile units of skeletal muscles. They are individually
surrounded by a connective tissue layer and grouped into bundles to form a skeletal muscle
[1]. Each muscle is surrounded by a layer of dense connective tissue - the epimysium which is continuous with the tendon. The muscle is composed of numerous bundles of mus‐
cle fibers – fascicles - which are separated from each other by another connective tissue layer
named perimysium. The endomysium is the connective tissue that separates individual
muscle fibers from each other. Mature muscle cells are termed muscle fibers or myofibers.
Each myofiber is a multinucleate syncytium formed by fusion of immature muscle cells
termed myoblasts. In the cytoplasm of each myofiber – the sarcoplasm - lays the contractile
apparatus of the cell which is composed of sarcomeres arranged in series to form myofibrils,
which give myofibers their striated appearance. The sarcomeres contain a number of pro‐
teins, including alpha-actinin — which is the major constituent of the Z band — and actin
and myosin, which are the major components of the thin and thick filaments, respectively.
The sarcoplasm, located between the myofibrils, is called the intermyofibrillar network and
contains the mitochondria, lipid, glycogen, T-tubules, and sarcoplasmic reticulum [1-3].
Skeletal muscles are highly vascularized to provide essential nutrients for muscle function.
As the myofiber matures, it is contacted by a single motoneuron and expresses characteristic
molecules for contractile function, principally different myosin heavy chain isoforms and
metabolic enzymes. Both the motoneuron and the myoblast origin have been implicated to
play a role in specifying the myofiber contractile properties, although the precise mecha‐
nisms remain to be defined [1].
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2.1.1. Fiber type
Individual adult skeletal muscles are composed of a mixture of myofibers with different
physiological properties, ranging from a slow-contracting/fatigue-resistant type to a fastcontracting/non-fatigue-resistant type. The proportion of each fiber type within a muscle de‐
termines its overall contractile properties [1]. The slow contracting soleus muscle is rich in
myofibers expressing the slow type I myosin heavy chain isoform, whereas the fast contract‐
ing plantaris muscle is devoid of slow type I myofibers [1-3]. The most informative methods
to delineate muscle fiber types are based on specific myosin profiles, specially the myosin
heavy chain (MHC) isoform complement. According to the major MHC isoforms found in
adult mammalian skeletal muscles, the following pure fiber types exist: slow type I with
MHCIb, and three fast types, namely type IIA with MHCIIa, type IID with MHCIId and
type IIB with MHCIIb [4]. Despite having different physiological properties, the basic mech‐
anism of muscle contraction is similar in all myofiber types and is the result of a “sliding
mechanism” of the myosin-rich thick filament over the actin-rich thin filament after neuro‐
nal activation [5]. The connective tissue framework in skeletal muscle combines the contrac‐
tile myofibers into a functional unit, in which the contraction of myofibers is transformed
into movement via myotendinous junctions at their ends, where myofibers attach to the
skeleton by tendons. Thus the functional properties of skeletal muscle depend on the main‐
tenance of a complex framework of myofibers, motor neurons, blood vessels, and extracellu‐
lar connective tissue matrix [1].
2.2. Regeneration of the skeletal muscle
Regeneration is a unique adaptation of skeletal muscle that occurs in response to injury.
Following direct trauma or disease, the regeneration of skeletal muscle results in restora‐
tion, to some degree, of the original structure and function of the muscle tissue [6]. Skeletal
muscle regeneration is a physiological response of the tissue to traumatic or pathological
injuries and its progress depends on the type of damaged muscle and the extent of the injury.
Under normal conditions, the regenerated muscle is morphologically and functionally indis‐
tinguishable from undamaged muscle [1]. Regeneration resembles the process of formation of
skeletal muscle during embryogenesis. Skeletal myogenesis begins in the somites where
multipotencial mesodermal cells commit to the myogenic lineage. These mononucleated my‐
oblasts then fuse and form multinucleated cells (myotubes) that ultimately develop into mature
myofibers [1, 7]. During the course of muscle development, a distinct subpopulation of myo‐
blasts fails to differentiate and remains associated with the surface of the developing myofib‐
er as quiescent muscle satellite cells (SCs) in fully developed mature skeletal tissue [1, 7].
2.2.1. Satellite Cells and other cells involved in regeneration of skeletal muscle tissue
During regeneration and muscle repair, SCs fuse together or to the existing fibers to form
new muscle fibers [8]. Although the number of SCs is greatly reduced in aged muscle, those
remaining maintain an intrinsic capacity to regenerate the muscle tissue as efficiently as in
younger muscles. A vital condition for successful regeneration is the presence of SCs in the
uninjured portions of the basal membrane of the myofiber, along with its ability for reinner‐
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vation and revascularization. After a skeletal muscle injury, myofibers become completely
desintegrated via myolysis and the SCs are realeased from the basal membrane. From this
point SCs start to divide and are capable of differentiating into muscle fibers, reestablishing
myofiber’s architecture and restoring the muscle function [9, 10]. In post-natal skeletal mus‐
cle, PW1 expression is detected in SCs and a subset of interstitial cells and is markedly upregulated during muscle regeneration [11]. These interstitial multipotent stem cells are
extralaminal and exhibit fibroblastic morphology but do not express the same myogenic
markers such as Pax7 [10]. PW1+/Pax7– interstitial cells (PICs) are myogenic in vitro and effi‐
ciently contribute to skeletal muscle regeneration in vivo as well as generating satellite cells
and PICs. PICs show bipotential behavior in vitro, generating both smooth and skeletal mus‐
cle. Isolated PICs do not express Pax7 or MyoD, but they convert to a Pax7+/MyoD+ state be‐
fore forming skeletal muscle in vitro. PICs are not derived from a Pax3-expressing parental
cell and thus do not share a satellite cell lineage; however, PICs do express Pax3 upon con‐
version to skeletal muscle. PICs are a key cell population that cannot be recruited into the
skeletal muscle lineage in the absence of Pax7 function and is likely to contribute to the Pax7
muscle phenotype during postnatal growth. PICs are as abundant as SCs in muscle tissue
and correspond to the only population of PW1+/Pax7– cells in vivo, requiring Pax7 for their
myogenic capacity [11]. PDGFRα+ mesenchymal progenitor cells located in the muscle inter‐
stitium were also identified as being distinct from SCs. Of the muscle-derived cell popula‐
tions, only PDGFRα+ cells show efficient adipogenic differentiation both in vitro and in vivo,
being strongly inhibited by the presence of satellite cell-derived myofibres. These results
suggest that PDGFRα+ mesenchymal progenitors are the major contributor to ectopic fat cell
formation in skeletal muscle that is more conspicuous in perimysium and particularly in
perivascular space. The balance between satellite cell-dependent myogenesis and PDGFRα+
cell-dependent adipogenesis, rather than multipotency of satellite cells, has a considerable
impact on muscle homeostasis [12]. Hematopoietic and dendritic cells are also present in the
perimysium of the skeletal tissue, as well as some lymphocytes and macrophages [10].
2.2.2. Myogenic differentiation
Cells derived from Pax3-expressing cells are myofibres and SCs [11]. Once activated, SCs ex‐
press factors involved in the specification of the myogenic program, such as Pax-7, desmin,
MNFα, Myf5, MRF4 and MyoD. Activated SCs enter the cell cycle and proliferate as indicat‐
ed by the expression of factors involved in cell cycle progression, such as PCNA and by the
incorporation of BrDU. Recently, miRNAs have also been reported to regulate gene expres‐
sion in skeletal muscle. Upon activation, SCs generate fusion-competent myoblasts and can
self-renew at least to a limited extent. Any interruption in the proliferation or fusion of myo‐
blasts, or any alterations in the extracellular matrix leads to the development of fibrosis,
compromising the establishment of the correct muscular function [8, 10]. Proliferative MyoD
and/or Myf5 positive myogenic cells are termed myoblasts. Both SCs and myoblasts increase
their cytoplasmic-nuclear ratio and can migrate along myofibers. Proliferating myoblasts
withdraw from the cell cycle to become terminally differentiated myocytes that express the
“late” myogenic regulatory factors (MRFs), Myogenin and MRF4, and subsequently musclespecific genes such as MHC and muscle creatine kinase (CKM), and stopping Pax7 expres‐
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sion. Myogenic subpopulations have also been identified by their enriched M-cadherin and
CD34 expression. M-cadherin can be considered to be a reliable marker for both quiescent
and activated SCs. Once fusion of myogenic cells is completed, newly formed myofibers in‐
crease in size and myonuclei move to the periphery of the muscle fiber [1, 10, 13].
2.2.3. Degeneration
This scenario changes dramatically when the muscle is damaged, in which muscle degener‐
ation after acute injury is characterized by myofiber necrosis and is followed by inflamma‐
tion, tissue reconstruction and remodeling [10]. The necrosis is triggered by disruption of
the myofiber sarcolemma resulting in increased myofiber permeability. The disruption of
myofiber integrity is reflected by increased serum levels of muscle proteins, such as CK
(usually restricted to the myofiber cytosol) [1]. It has been hypothesized that increased Ca2+
influx after sarcolemmal or sarcoplasmic reticulum damage results in a loss of Ca2+ homeo‐
stasis and increased Ca2+-dependent proteolysis that drives tissue degeneration resulting in
focal or total autolysis depending on the extent of the injury [1].
2.2.4. Inflammation
The early regenerative response in skeletal muscle is similar to that in other tissues and requires
the coordinated regulation of inflammation, extracellular matrix remodeling, and myofiber
growth [14]. The early phase of muscle injury is usually accompanied by the activation of
mononucleated cells, mainly inflammatory cells and myogenic cells. Factors released by the
injured muscle activate inflammatory cells residing within the muscle, which in turn pro‐
vide the chemotactic signals to circulating immune cells. Neutrophils are the first immune
cells to invade the injured muscle, with a significant increase in their number being ob‐
served as early as 1–6h after myotoxin or exercise-induced muscle damage. After neutrophil
infiltration and 48h post-injury, macrophages become the predominant inflammatory cell type
within the site of injury. Macrophages infiltrate the injured site and through phagocytosis
remove cellular debris and may affect other aspects of muscle regeneration by activating
myogenic cells [1]. Testosterone has a documented ability to modulate the activity of im‐
mune, fibroblast, and myogenic precursor cells, which are all components of regeneration [14].

3. Skeletal muscle injury models
In order to study the process of muscle regeneration in a controlled and reproducible way, it
was necessary to develop experimental models of muscle injury [1]. In this sense, a variety
of experimental models that compromise skeletal muscle function or destroy this tissue is
available. Each of the injury models can potentially have a different effect on the fate of resi‐
dent cells and circulating cells within the muscle bed after the trauma [10]. A large number
of studies, involving a variety of experimental injuries, such as injection of myotoxic agents,
crush, ischemia, denervation and muscular dystrophies, demonstrate the unique ability of
skeletal muscle for regeneration, irrespectively the precise method used to induce the initial
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injury [15]. In this review we will focus on chemical and mechanical models of skeletal mus‐
cle injury, adding a new model of muscle injury based on surgical myectomy, developed in
order to mimic severe losses of skeletal muscle mass. Other models, like exercise and dener‐
vation, will also be outlined. The latter is not a model of injury but else of skeletal muscle
disuse but that also can be used to investigate skeletal muscle remodeling. There is a variety
of other genetic models that are essential in studying diseases like Duchenne muscle dystro‐
phy (Mdx mouse is currently the most widely used in this case) but will not be discussed in
this review.
3.1. Chemical methods of skeletal muscle injury
The use of myotoxins, such as bupivacaine (Marcaine), cardiotoxin (CTX), and notexin
(NTX) is perhaps the easiest and most reproducible way to induce muscle injury and regen‐
eration. Myotoxins are also widely used to induce skeletal muscle injury because their inoc‐
ulation by intramuscular injection does not require complex surgery. Several chemical
agents are known to produce skeletal muscle damage. Severe muscle fiber damage, like
breakdown of sarcolemma and myofibrils, has been described after intramuscular injections
of 0.75% bupivacaine, 2% mepivacaine, or 2% lidocaine associated to epinephrine [18].
While lidocaine can cause rapid destruction of skeletal muscle fibers, long-acting anesthet‐
ics, like bupivacaine, are more often used to cause skeletal muscle injury in rodents [19].
3.1.1. Bupivacaine
The bupivacaine injection procedure is simple and quick, does not involve extensive sur‐
gery, and induces a regeneration process which is qualitatively similar to that observed in
other model systems. Doses of 1.5 and 1% wt/vol produce significant levels of muscle injury
and subsequent regeneration, but these doses also produce large regions of ischemic muscle
tissue. Doses of 0.75 and 0.5% bupivacaine are also effective in inducing regeneration and
produce little or no ischemia [16]. Muscle fiber necrosis is extremely rapid after induced bu‐
pivacaine injury [14]. Injection of the drug into small skeletal muscles of rat or mouse leads
to immediate and massive myonecrosis followed by phagocytosis of necrotic debris and a
rapid and apparently complete regeneration of muscle fibers 3-4 wk after injection. The peak
isometric twitch and tetanic tensions produced by rat fast-twitch extensor digitorum longus
muscle injected with bupivacaine returns to normal values by 21 d after injection [17]. Mor‐
phological analysis has shown that many indexes of successful regeneration in healthy mus‐
cle can be completed within 2–3 weeks of recovery from injury [14]. The sequence of fiber
breakdown induced by bupivacaine is similar to that of progressive muscular dystrophy
[18] and it is also striking that the same types of muscle fibers are spared by both Duch‐
enne’s muscular dystrophy and bupivacaine toxicity. It has been suggested that bupivacaine
may disrupt Ca2+ homeostasis in vivo, triggering Ca2+-activated cellular death pathways that
include proteolysis. This suggestion is supported by the findings that
i.

bupivacaine affects sarcoplasmic reticulum function in vitro,
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ii.

extracellular Ca2+ omission delays the morphological changes and decreases the
protein degradation rate that are observed in isolated rat soleus muscle exposed to
bupivacaine, and

iii.

bupivacaine uncouples isolated rat liver and heart mitochondria and decreases mi‐
tochondrial membrane potential and oxygen consumption both in cultured fibro‐
blasts and Ehrlich tumor cells [19].

Extracellular Ca2+ plays a part in mediating the muscle damage caused by bupivacaine but
other factors must also be involved [20]. For example macrophage invasion is necessary for
complete degeneration of myofibrillar components [21]. Saito and Nonaka [22] injected
0,5ml of 0,5% bupivacaine after soleus muscle exposure of Wistar rats, and observed that SCs
proliferation began at almost the same time as following muscle crush injuries. Bupivacaine
is still commonly used for the purpose of studying the mechanisms of skeletal muscle regen‐
eration following injury [7, 14, 15, 22].
3.1.2. Cardiotoxin and Notexin
Snake venom is known for a long time to directly affect the skeletal muscle, producing fibril‐
lation, contractures and depolarization of the sarcolemma. Although initially ascribed to the
phospholipase A content of this venom, muscle contracture and depolarization seem to be
related to the cardiotoxic action of cobra venom [23]. Notexin (NTX) is a phospholipase A2
neurotoxin peptide extracted from snake venoms that blocks neuromuscular transmission
by inhibition of acetylcholine release. Cardiotoxin (CTX) is also a peptide isolated from
snake venoms, but it is a protein kinase C-specific inhibitor that appears to induce the depo‐
larization and contraction of muscle cells, disruption of membrane structure, and lysis of
various cell types [1]. CTX is postulated to be neurotoxic as its injection destroys neuromus‐
cular junctions [24]. However, CTX might cause direct destruction of muscle tissues [25].
Snake CTX polypeptide is now known to be a potent inducer of muscle contracture with
phospholipase A likely acting in accelerating the action of CTX rather than in augmenting it
[23, 26]. Dantrolene antagonizes CTX-induced contractures, suggesting a role for Ca2+ de‐
rived from the sarcoplasmic reticulum in CTX action. CTX rapidly lowers the threshold for
Ca2+-induced Ca2+ release in heavy sarcoplasmic reticulum fractions. The mechanism of ac‐
tion involved in contractures of skeletal muscle appears to be related to the immediate and
specific effect of CTX (Ca2+ release by the sarcoplasmic reticulum) [27, 28].
A more recent study by Gutiérrez and Ownby [25] focused on the role of PLA2 as important
myotoxic components in these venoms suggesting that myotoxic PLA2s binds to acceptors in
the plasma membrane leading to its disruption and pronounced Ca2+ influx which, in turn,
initiates a complex series of degenerative events associated with contracture, activation of
calpains and cytosolic Ca2+-dependent PLA2s, and mitochondrial Ca2+ overload. Fourie et al.
[30] already had suggested that the biological effects of CTX could be a consequence of in‐
hibition of plasma membrane (Ca2+ + Mg2+)-ATPases. The local myonecrosis is often associat‐
ed with other effects, such as hemorrhage, blistering and edema, in a complex pattern of
local tissue damage. Apart from membrane-active CTXs, snake venom hemorrhagic metallo‐
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proteinases also cause myonecrosis, but the mechanism involved is likely to be an indirect
one, probably related to ischemia [25]. CTX is a useful model for muscle regeneration that
does not influence muscle architecture like basal lamina or microvasculature, making the re‐
generation process less complicated than other models like crush, where for example, inade‐
quate blood supply might result in an increase of fibrosis. CTX injection also results in faster
and more extensive muscle degeneration, and an earlier start of the reconstruction phase,
than muscle crushing [24].
3.2. Mechanical methods of skeletal muscle injury
Crush injuries of the skeletal muscle can occur in considerable numbers following natural
disasters or acts of war and terrorism. They can also occur sporadically after industrial
accidents or following periods of unconsciousness from drug intoxication, anesthesia, trau‐
ma or cerebral events [31]. Crushing as a method of inducing muscle injury and regenera‐
tion was first described by Bassaglia and Gautron [32], and has since been used in several
published research studies [24]. Muscle damage occurs at three distinct stages: at the time
of the initial mechanical crushing force, during the period of ischemia and during the peri‐
od of reperfusion [31]. It has been hypothesized that ischemia is the primary instigator of
local muscle damage following crush injuries [33]. However, studies have shown that al‐
though skeletal muscle tissue can survive circulatory ischemia for 4h, the mechanical force
sustained in crushing, along with ischemia, causes skeletal muscle death in only 1 h. Stud‐
ies of enzyme release suggest that most damage to myocytes occurs during the reperfu‐
sion stage rather than the ischemic stage [31]. Animal models of muscle injury should closely
mimic the clinical situation. Among these models open crush lesion have been used frequent‐
ly, allowing standardized evaluation of regeneration in a selected muscle. For application
of the trauma, either forceps or custom-made devices have been used. There are two types
of muscle-crush models described in the literature: the segmental crush and the complete
crush, where only 4-6% of the fibers remain intact [34]. There are different forms to accom‐
plish the segmental crush model but most of them include the use of a surgical instru‐
ment (hemostatic clamp e.g.) to produce a standardized closing force in a specific area of a
muscle causing a compression contusion injury [35]. One of the important steps of this
procedure is denervation, which makes the initial steps of regeneration less painful for the
animal. Skeletal muscle contusion can also be performed without skin incision by drop‐
ping a mass over a selected muscle. This technique was used by Iwata, Fuchioka [36] em‐
ploying a 640g mass dropped from a 25 cm height onto an impactor (diameter 10 mm)
placed on the belly of the rat medial gastrocnemius. This procedure damaged around 47%
of the entire cross-sectional area of both medial and lateral gastrocnemius. At day 2 postinjury, an intense inflammatory response and necrotized myofibers with infiltrated mono‐
nuclear cells were observed. No myotubes were found at this stage. However, a number of
regenerative myotubes were detected at days 7, 14, and 21 days post-injury. This study also
showed that normal locomotion recovers prior to isometric force and complete regenera‐
tion of the injured muscle [36]. The main disadvantage of the complete muscle crush is the
potential damaging of myoneural junctions which triggers not only regeneration of mus‐
cle substance but also initial innervation deficits. These deficits always lead to impaired
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healing [34]. Histological analysis of muscle regeneration after crush injury shows an ini‐
tial phase of inflammation followed by SCs activation, myotube regeneration and fibrosis
of the muscle. It has been shown that development of fibrotic tissue is one of the main
factors affecting the recovery of muscle function after traumatic muscle injury [34]. In a
qualitative assessment performed by our group we tested the open crush lesion in the tibialis
anterior (TA) muscle of adult Sasco Sprague rats. Different standardized force intensities,
durations of muscle compression (30 seconds and 1 minute) and time points (3, 8, 15 and
21 days post-surgery) were considered for the histological evaluation of skeletal muscle
injury. Hematoxilin-eosin (HE) and Masson’s trichrome staining were employed in this
preliminary study. At day 3 post-surgery, myofiber damage was evident and the lymph
nodes were reactive due to the active inflammatory process. The presence of fibrosis was
evident only following 15 days from the initial injury. This evaluation revealed that the
crush model was not the most appropriate for in vivo evaluation of cellular therapies for
skeletal muscle regeneration aid, since the extent of this injury type did not present the
magnitude required to accurately appreciate the biological effects of MSCs utilization [38].
3.3. Myectomy and myotomy
The loss of a portion of a skeletal muscle poses a unique challenge for regeneration of mus‐
cle tissue and restoration of its normal structure and function [39]. In the event of large-scale
soft tissue traumas, extensive loss of full-thickness native tissue architecture renders the
wound site unable to support normal regeneration process. In severe tissue injuries the
acute inflammatory response is followed by formation of a provisional fibrin matrix derived
from trauma-associated blood clotting and this matrix is then infiltrated by type I collagenproducing fibroblasts [40]. In order to mimic those situations, new experimental models
have been developed in which a defined portion of the muscle tissue is removed, creating a
myectomy defect within the muscle. For example, Merrit et al. [39] removed a 0.5 x 1.0 cm or
a 1.0 x 1.0 cm fraction of the gastrocnemius muscle of rats, creating a small and large defect
respectively. This was accomplished lacerating the lateral side of the muscle with a #9 scal‐
pel blade. We have recently developed a novel experimental muscle injury model in the TA
muscle of adult Sasco Sprague rat, by using a biopsy punch to create a standardized myecto‐
my defect. Sasco Sprague male rats with 250-300g were used and after a standardized 5 mm
diameter myectomy lesion in the mid-belly of the tibialis anterior muscle, the defect was com‐
pletely filled with different vehicles and/or biomaterials, cellular suspensions containing
1x106 human MSCs isolated from Wharton’s jelly and conditioned media (Figure 1). This
concentrated media contains trophic factors secreted by MSCs during cell culture. In our re‐
search work, the myectomy model proved to be the most appropriate for a comprehensive
and standard evaluation of the rat skeletal muscular regeneration ability. The regeneration
process in other models of lesion, like simple muscle crush, did not present the magnitude
required to accurately appreciate the biological effects of MSCs [38].
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Figure 1. Biopsy punch for myectomy lesion creating a 5 mm Ø defect in the rat tibialis anterior (TA) muscle.

Another less invasive model of muscle injury has been used in a number of studies by pro‐
ducing a laceration injury (myotomy) [42-44]. In some cases this was obtained by a partial
thickness (50%) cut of gastrocnemius muscles in mice at 60% of their length from their distal
insertion, through 75% of their width and then sutured with a modified Kessler stitch and
simple sutures using a PDS 7.0 wire (Ethicon, Somerville, New Jersey) [43]. Other studies
used a full-thickness (100%) cut though 50% of the gastrocnemius muscle width [44]. The ad‐
vantages of this model are its reproducibility and the ability to apply consistently precise in‐
jections into the laceration site [43].
3.4. Denervation (indirect model)
Innervation regulates skeletal muscle mass and muscle phenotype and peripheral nerve in‐
jury in the rat is a widely used model to investigate nerve regeneration and can also be em‐
ployed as a model of muscle inactivity and muscle atrophy. Changes in the muscles may
contribute to functional deficit after nerve injury [47]. Denervation induces muscle atrophy
and 25 months post denervation muscle fibers cross sectional area of the extensor digitorium
longus (EDL) muscle diminish to only 2.5% of control animals although their fascicular or‐
ganization is maintained [47]. The effect of denervation on muscle atrophy is both activitydependent and activity-independent since the degree of hindlimb muscle atrophy after
spinal isolation (activity-independent nerve influence) is less when compared to the atrophy
caused by removal of all nerve influences by transecting the sciatic nerve [9]. Two basic
mechanisms are responsible for denervation-induced muscle atrophy. First, there is aug‐
mented activity of the ubiquitin-proteasome pathway and proteolysis [48]. Second, there is
cell death and myonuclei apoptosis conjugated with decreased capacity of satellite cell-de‐
pendent reparative myogenesis [49]. Together with atrophy, denervated/reinnervated mus‐
cles undergo phenotypical changes and conversion between muscle fiber types [50]. The
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relative increase in type I or type II muscle fibers following denervation seems to depend on
the type of muscle fibers predominant in the muscle, with type II muscle fibers (fast fibers)
increasing in proportion in soleus (considered a slow muscle) and type I muscle fiber num‐
ber increasing in gastrocnemius and TA muscles [51]. Likewise, the degree of muscle fiber
atrophy in short-term denervation (4 weeks) has been noticed to be greater in the muscle fi‐
ber type that is more abundant in the affected muscles [52]. Earlier studies suggested that it
was possible that denervated muscles could have increased muscle plasticity due to acceler‐
ation in the early myoblastic stages of muscle regeneration. Nevertheless McGeachie and
Grounds [53] data proved that very few precursors were proliferating in denervated muscle
within 30 h after injury, and the onset of myogenesis at 30 h was essentially the same in de‐
nervated and innervated muscle. They compared the onset of DNA synthesis in muscle pre‐
cursors in denervated and innervated muscle of adult BALBc mice regenerating after a
simple cut injury. This study concluded that although denervation of skeletal muscles caus‐
es an increase in SCs and connective tissue cell turnover, it does not “prime” the general
population of muscle precursors to start synthesizing DNA more rapidly after injury than in
innervated muscle [53]. After sciatic nerve transection at an adult age, electromyography
(EMG) patterns in hindlimb muscles during locomotion remained highly abnormal even af‐
ter recovery periods lasting 15 or 21 weeks [54]. This may be a limitation when using dener‐
vated muscles as a model of muscle injury since regeneration might be affected for a very
prolonged period. Like already mentioned, other models of skeletal muscle injury, like com‐
plete crush or myectomy, can be accompanied by denervation since these traumatic models
may possibly damage peripheral nerves or myoneural junctions. This might also be an un‐
desirable occurrence in the standardization of these models of muscle injury. In fact, our
preliminary work using TA myectomy showed that few animals developed severe muscle
force deficit after 4 weeks recovery, suggesting that damaged of the supplying nerve occur‐
red in these animals subset.
In our research group, standard peripheral nerve injuries in the rat sciatic nerve model have
been performed [57-63] in order to evaluate different therapeutic approaches including sev‐
eral biomaterials and cellular systems to promote sensitive and functional recovery of the
nerve. A standard crush injury is performed by a non-serrated clamp (Institute of Industrial
Electronic and Material Sciences, University of Technology, Vienna, Austria), exerting a con‐
stant force of 54 N for a period of 30s, 10mm above the bifurcation into tibial and common
peroneal nerves, inducing a 3mm axonotmesis lesion [57-63]. In order to induce a standard
neurotmesis lesion in the rat sciatic nerve model, considered a more serious lesion, under
deep anaesthesia, the right sciatic nerve is exposed through a skin incision extending from
the greater trochanter to the distal mid-half followed by a muscle splitting incision. After
nerve mobilisation, a transection injury is performed (neurotmesis) using straight microsur‐
gical scissors. The nerve is injured at a level as low as possible, in general, immediately
above the terminal nerve ramification. To prevent autotomy, a deterrent substance should
be daily applied to rat right foot [57-63]. Both experimental injuries induce severe motor def‐
icit and loss of sensory function, evaluated by measuring extensor postural thrust (EPT) and
withdrawal reflex latency (WRL), respectively [57-63]. Sensory and motor deficit then pro‐
gressively decreased along the post-operative, depending on the therapeutic approach used.
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Very promising results were obtained with chitosan type III membranes and MSCs isolated
from the umbilical cord matrix. In addition, we also perform kinematic analysis of the rat
walk which is a more sensitive behavioral test. This analysis is increasingly being used to
assess functional recovery in peripheral nerve research because of its higher accuracy and
better relationship with histological outcome [57-63]. We should bare in mind that locomo‐
tion is also of higher functional relevance since it involves integrated function of both the
motor and sensory systems and their respective components, such as skeletal muscles, sen‐
sory endings, efferent and afferent nerve fibers and integrative centers within the central
nervous system. Muscles innervated by sciatic nerve branches include both dorsiflexors and
plantarflexors and, although in our published studies we focused our kinematic analysis on‐
ly in the stance phase, we now prefer to include analysis of the ankle joint motion also dur‐
ing the swing phase in order to provide additional information [59]. Denervation can be a
very useful model of skeletal muscle injury for some experimental studies but some limita‐
tions might be pointed out in studies that attempt to focus exclusively on the muscular re‐
generation process. Nevertheless and as demonstrated by several studies, this muscular
regeneration process is highly dependent of the neural supply and the nerve regeneration
itself can be influenced by the damaged muscle tissue.

4. Tissue engineering and regenerative medicine
Every day thousands of clinical procedures are performed to replace or repair tissues in the
human body that have been damaged through disease or trauma that use tissue engineering
technology. The use of constructs for tissue engineering (TE) and regenerative medicine are
promising innovative therapies that can address several clinical situations. These constructs
are often combination of cells, scaffolds and biological factors. Although there are only a few
commercial products currently in the market for cell/drug delivery, probably because each
type of cell requires its own specific encapsulating microenvironment with cell-specific ma‐
terial properties and spatially controlled bioactive features, a vast amount of research is be‐
ing performed worldwide on all aspects of tissue engineering/regenerative medicine
exploring polymer materials. To implant cells into defective skeletal muscles, there are two
main techniques. The cellular system may be directly injected into the scaffold which is lo‐
calized in the injury site. It can also be performed by pre-adding the cells to the scaffold via
injection or co-culture (in most of the cellular systems, cells are allowed to form a monolay‐
er) and then the biomaterial with the cellular system is implanted in the injured muscle. In
case of multiple sites of injury, the systemic administration of cells capable of reaching dam‐
aged tissues would be an interesting alternative [64].
4.1. – Scaffolds and Biomaterials
Scaffolds, which are used to deliver cells, drugs, and genes into the body, can take on vari‐
ous forms from porous solid devices to injectable networks, such as a typical three-dimen‐
sional porous matrix, a nanofibrous matrix, a hydrogel, and microspheres. Although solid
scaffold provide a mechanically strong matrix for seeded cells, hydrogel scaffolds and mi‐
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crospheres are becoming increasingly popular in TE. The spherical nature maximizes the
surface area, and the small volume of beads facilitating biomolecular transport. Regarding
hydrogels, they have a similar microstructure to the extracellular matrix (ECM) and allow
good physical integration into the defect by the use of minimally invasive approaches for
material and cell/drug delivery. The biological, chemical, topography features and mechani‐
cal properties, as well as the degradation kinetics of hydrogels, can be tailored depending on
the application [65-68]. Aligned nanoscale and microscale topographic features in scaffolds
have been also reported to influence the alignment of cells. For example, this alignment is an
important requirement of functional skeletal muscle since it leads to alignment of myoblasts
and cytoskeletal proteins and promote myotube assembly along the nanofibres and micro‐
grooves to mimic the myotube organization in muscle fibres [65, 68-70]. Scaffolds are used
successfully in various fields of tissue engineering such as bone formation, periodontal re‐
generation, cartilage development, as artificial corneas, in tendon repair and in ligament re‐
placement. In addition, the incorporation of drugs (i.e., inflammatory inhibitors and/or
antibiotics) into scaffolds or specific molecules to provide adequate signals to the cells is also
possible [71] Depending on the medical applications, scaffolds requirements will depend on
its function. Hydrogels can be used as a physical barrier to protect the cells from hostile ex‐
trinsic factors before delivery, or be used as a matrix to drug controlled release or cell adhe‐
sion, growth and differentiation to further improve the secretion of therapeutic proteins
from cells. In fact cells are capable of delivering drugs in response to an external stimulus,
which is highly advantageous to maintain homeostasis for patients suffering from chronic
diseases. For the first application, the scaffold needs:
i.

to be biocompatible, by minimizing the patients’ immune response, which is detri‐
mental to cell viability, hydrogel stability, and mass transport. Ideally, the scaffold
should evoke no or only minimal fibrous tissue reaction, macrophage activation,
and cytokine and cytotoxic agent release

ii.

to have controllable degradability, being the degradation products not toxic and
eliminated easily from the implantation site by the body, and

iii.

to have mechanical properties that are sufficient to shield cells from tensile forces
without inhibiting biomechanical cues to cells through mechanotransduction path‐
ways that mediate tissue homeostasis, morphogenesis, cell growth, contractility,
differentiation, and pathophysiology [70-72].

For the second applications further requirements are needed, mainly:
i.

a microstructure that allows for the influx of nutrients and oxygen toward the en‐
capsulated cells and prevents the efflux of therapeutic molecules and cellular
wastes away from the scaffold; this is assured through adequate pore size distribu‐
tion and its interconnectivity. A high surface:volume ratio should be suitable for
cell/drug attachment;

ii.

adequate drug binding affinity to allow a controllable drug released to be stable
when incorporated in the scaffold at a physiological conditions;
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iii.

bioadhesion, to allows cells and tissues to adhere to scaffolds. Some hydrogels such
as fibrin or collagen inherently exhibit bioadhesive properties, but others do not
and therefore linker molecules that enable covalent or non-covalent molecular in‐
teractions between the scaffold and its surroundings are incorporated;

iv.

the mechanical properties of the scaffold, commonly controlled with the polymer
concentration and molar ratio between polymers and cross-linking molecules,
should match those of the tissue at the implantation site as well as the degradation
rate that should match the rate of tissue regeneration [73-77].

4.1.1. Hydrogel scaffolds
Hydrogels, three-dimensional (3D) networks of hydrophilic polymers, are appealing for bio‐
logical applications because of their high water content, high permeability, biocompatibility,
and the ability of be placed into critical defects in a minimally invasive manner [78]. They
are being used in a wide range of tissues, including cartilage, bone, muscle, fat, liver, and
neurons. For use in drug/cell delivery, hydrogels should be low-viscosity solutions prior to
gelling, which is crucial to maintain cell viability during the encapsulation process, and
should rapidly gel in the human body. These properties can be fine-tuned through varia‐
tions in the chemical structure and cross-linking density in hydrogels. Injectable hydrogels
can be formed in situ by either chemical or physical cross-linking methods [79, 80]. Physical
cross-linked hydrogels are capable of phase transition in response to external stimuli such as
temperature, pH or both [81]. Chemically cross-linked hydrogels are prepared through pho‐
topolymerization, disulfide bond formation, or reaction between thiols and acrylate or sul‐
fone. The latter hydrogels undergo significant volume changes compared to the first ones
[81-83]. The pH/temperature-sensitive hydrogels show several advantages over thermo-sen‐
sitive ones, such as the absence of clogging during injection and avoidance of pH decreased
caused by degradation. The pH/temperature-sensitive copolymer hydrogels can be pre‐
pared by combining a pH-sensitive moiety with a temperature-sensitive block. For example,
if acidic sulfamethazine oligomers (OSMs) are coupled with thermosensitive poly(e-CL-coLA)-PEG-poly-(e-CL-co-LA) triblock copolymers a pH/temperature-sensitive hydrogels
(OSM-PCLA-PEG-PCLA-OSM) is produced. Photopolymerized hydrogel systems have been
reported to provide better temporal and spatial control over the gelation process [79, 81, 84].
4.1.2. Biomaterials for scaffold fabrication
A wide variety of natural and synthetic materials have been used to prepare injectable hy‐
drogels. Natural polymers, which are either components of or have macromolecular proper‐
ties similar to the natural ECMs, are known to often undergo rapid degradation upon
contact with body fluids or medium and show batch-to-batch variation. Synthetic hydrogels
offer improved control of the matrix architecture and chemical composition, no immunoge‐
nicity, consistent supply of large quantities, but tend to have lower biological activity.
Therefore, modification of natural and synthetic derived hydrogels is usually required [79].
A natural biodegradable 3D scaffold can be made of acellular muscle ECM but it’s fragile
and difficult to handle [85]. Another natural biodegradable scaffold can be created by using
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fibrin, which leads to a process much similar to wound healing, in which fibrin forms a tem‐
porary scaffold to serve tissue regeneration and then is replaced by the physiological ECM.
Fibrin has the additional advantage that it binds growth factors [70].
Fibrin hydrogels are made from commercially purified allogeneic fibrinogen and purified
thrombin, and have been used in a variety of tissue engineering applications. Its main disad‐
vantages reported to be shrinkage of the gel, low mechanical stiffness and its rapid degrada‐
tion can be overcome by incorporating other polymers such as gelatin, hyaluronic acid, and
chondroitin-6-sulfate. Fibrin glue is clearly distinguished from fibrin hydrogels that are pre‐
pared from purified fibrinogen and thrombin. Despite the commercial fibrin glue is availa‐
ble in standardized quality; autologous fibrin glue is cheaper and has no viral transmission
and prion infection [86]. Tisseel® VH, is a fibrin glue commercialized by Baxter, and consists
of a two-component fibrin biomatrix with highly concentrated human fibrinogen to produce
fibrin gel from a blood sample and is safe to be used in TE. FloSeal® is another commercial
hemostatic matrix with potential in TE, and consists of a cross-linked bovine-derived Gela‐
tin Matrix component and a human-derived Thrombin component. Literature reports that
myoblasts seeded on fibrin gels have been shown to differentiate into contracting muscle fi‐
bres and to demonstrate a normal length–tension and force–frequency relationship [87, 88].
Alginate is the designation given to a natural family of biodegradable, biocompatible, hy‐
drophilic and non-toxic polysaccharides extracted from some marine algae and some micro‐
organisms. Alginates are linear block co-polymers composed of two different monomers, βD-mannuronic acid (M) and α-L-glucuronic acid (G), which are linked by (1-4) glycosidic
bonds. The main property of alginate that potentiates its use in different areas, it is its ability
to bind some divalent cations such as Ca2+ in the carboxylic groups which provides the ge‐
lation of the alginate solution. The properties of the gel are dependent of the ratio between
M and G monomers (M:G ratio); if the proportion of the G monomer is predominant, a
strong brittle gel it obtained, whereas if the proportion of the M monomer is predominant,
the formed gel will be weaker, but more flexible, because there are less junction zones be‐
tween the polymer chains. As alginate is a polyelectrolyte, more specifically a polyanion, it
can be ionically associated with a polycation existent in the same solution through hydrogen
bonding or electrostatic interactions, forming a polyelectrolyte complex [89, 90]. Cell-encap‐
sulating calcium cross-linked alginate hydrogels have been extensively studied because algi‐
nate molecules are anionic polysaccharides and do not associate with many proteins. Since
alginate itself is inert for cell attachment and spreading, the cell adhesion properties can be
tailored by linking molecules such as RGD peptides to its backbone [91].
Chitosan is a natural and hydrophilic copolymer, and it is composed by two monomeric
units, D-glucosamine and N-acetyl-D-glucosamine linked by β(1–4)-glycosidic bond. This
linear polysaccharide has been widely studied in medical applications due to its biocompati‐
bility, biodegradability, non-toxicity, fungistaticity, antimicrobial activity, non-carcinogenic‐
ity, notable affinity to proteins, promotion of cell adhesion as well as proliferation and
differentiation [67]. Chitosan results from the alkaline deacetylation of the chitin and its sol‐
ubility is mainly influenced by its molecular weight and degree of deacetylation. Some
methods have been developed to lower the molecular weight of chitosan by hydrolysis of
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the polymeric chains, in order to produce chitosan salts which are soluble in water. Chito‐
san-based hydrogels have been gelled via glutaraldehyde cross-linking, UV irradiation, and
thermal variations [81].
Hyaluronic Acid (HA) is a natural, hydrophilic and non-sulfated glycosaminoglycan. This
polymer is a linear polysaccharide, in which the repeating unity is a disaccharide composed
by two monomers, D-glucuronic acid and N-acetyl-D-glucosamine, linked through alternat‐
ing β1,3 and β1,4 glycosidic bonds. HA has been used as a biomaterial in various medical
applications, due to its biocompatibility, biodegradability, and non-immunogenicity. HA is
the main component existent in the extracellular matrix (ECM) of living tissues, namely in
the connective, epithelial and neural. This polymer, due to its structural and biological prop‐
erties, has the ability of mediate the cell signalling and behaviour, and the matrix organiza‐
tion. HA is able of interact with some cell surface receptors, being involved in the tissue
hydrodynamics, cell migration and proliferation. Several strategies have been reported to
prepare HA-based hydrogels [92, 93].
Among the most widely used synthetic polymers for scaffolds, either alone or copolymer‐
ized with synthetic or natural polymers, as biodegradable polymers are polyglycolide, poly‐
lactide and its copolymer poly(lactide-co-glycolide), polyphosphazene, polyanhydride,
poly(propylene fumarate), polycyanoacrylate, polycaprolactone, polydioxanone, and poly‐
urethanes, and as non-biodegradeable polymers are included polyvinyl alcohol (PVA), poly‐
hydroxyethymethacrylate, and poly(N-isopropylacrylamide) [71, 94].
The majority of natural biomaterials used in clinical applications are derived from animal or
human cadavers’ sources. In spite of thorough purification methods, these materials bear
the inherent risk of transfer viral diseases and may cause immunological body reactions
while synthetic biomaterials are not associated with these risks. So, a critical issue in this
type of cellular transplants is the search for an optimal vehicle to provide the ideal environ‐
ment for cell hosting and for the release and conduction of molecules to the site of injury for
cell-host interaction. Taking this into account we evaluated different biomaterials as vehicles
for the cellular system intended to be tested for skeletal muscle regeneration using our
myectomy injury model in the rat. Plasma derived substances, hemostatic matrix solutions
and hydrogels (Figure 2 and Figure 3) were tested and the in vivo response was compared
histologically according to the International Standard ISO 10993-6 (see 5.1.3). The following
procedure was done under sterile conditions. For preparation of the spherical hydrogel, the
polymer solution is prepared by adding in a ratio of 1:1 (V/V), a sodium alginate aqueous
solution 7% (m/V) to a sodium hyaluronate aqueous solution 0.5% (m/V), under magnetic
stirring. Afterwards the polymer solution is inserted into an insulin syringe and a droplet is
released into an excess of cerium nitrate solution 135mM, in order to obtain a cross-linked
polymer sphere of approximately 60 µl of volume. Cerium nitrate and sodium hyaluronate
solution were sterilized by microfiltration (0.22 µm membrane) and sodium alginate powder
is sterilized in an autoclave (120ºC for 15 minutes) previous to the solution preparation (Fig‐
ure 2 and Figure 3). These tested biomaterials including the spherical hydrogel were not on‐
ly used as vehicles but their properties were also evaluated and optimized to find a suitable
matrix for the cellular implants.
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Figure 2. Hydrogel preparation (alginate, hyaluronic acid and cerium).

Figure 3. Application of a spherical hydrogel containing 1x106 MSCs from the Wharton’s jelly, in the 5 mm Ø TA myec‐
tomy defect.

4.2. Cells
There is evidence both from animal studies and clinical investigations that cell therapy in‐
volving different types of stem cells application is promising as means to promote regenera‐
tion of skeletal muscles following severe injuries. Technical or/and ethical difficulties in
obtaining sufficient and appropriate stem cells from the bone marrow or from embryos (ob‐
tained from assisted reproduction techniques or somatic nuclear transfer - cloning) have
limited the application of this type of therapy. Stem cells are known as an undifferentiated
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population, with endless self-renewal and sustained proliferation in vitro and multilineage
differentiation ability [95]. The in vitro multilineage differentiation is the concept that gives
these cells an extreme priority for use in tissue and cell-based therapies. Stem cells can be
loosely classified into 3 categories based on their functional role: hematopoietic stem cells,
mesenchymal stem cells (MSCs) and embryonic stem cells [95].
MSCs have become one of the most exciting targets for tissue regeneration due to their high
plasticity, proliferative and multilineage differentiation capacity. These cells are capable of
differentiating into adipose, bone cartilage and muscle. Among all this notable characteris‐
tics, MSCs reveal other properties of great importance, they present low immunogenicity
and high immunosuppressive properties due to a decreased or even absence HLA Class II
expression [96]. Differentiation potential of MSCs in multilineage end-stage cells has been
proven, so as the treatment potential in musculoskeletal disorders [97, 98]. Since their first
isolation in 1968, from rat bone marrow [99], MSCs have been isolated with success from al‐
most all tissue sources: skeletal muscle, adipose tissues, synovial membranes, umbilical cord
matrix and blood, placental tissue, amniotic fluid among others. Along with differentiation
capacity, an increasing amount of data has demonstrated that the MSCs have the capacity of
modulating the surrounding environment, by secretion of multiple factors and activation of
endogenous progenitor cells [100, 101].
4.2.1. Umbilical cord
From our data and from previously published experimental work, the development of cell
therapies associated to biomaterials is a promising tool for increase skeletal muscle regener‐
ation, avoiding the irreversible loss of function and limit the fibrous scar tissue presence
[57-59]. Recent years have witnessed an explosion in the number of adult stem cells popula‐
tions isolated and characterized. While still multipotent, adult stem cells have long been
considered restricted, giving rise only to progeny of their resident tissues. Recently, and cur‐
rently controversial studies have challenged this dogma, suggesting that adult stem cells
may be far more plastic than previously appreciated [102, 103]. Extra-embryonic tissues as
stem cell reservoirs offer many advantages over both embryonic and adult stem cell sources.
The umbilical cord matrix is an important and safe source of MSCs with positive effects in
nerve and skeletal muscle regeneration, with no ethical or technical issues. MSC isolated
from umbilical cord matrix (Wharton’s jelly), as well as embryonic stem cells (ESCs) are ori‐
ginated from inner cell mass of blastocyst [104]. Comparing with ESCs, MSCs have shorter
population doubling time; can be easily cultured in plastic flasks, are well tolerated by im‐
mune system; therefore transplantation of these cells into non-immune-suppressed animals
does not induce acute rejection. Most important, these cells do not originate teratomas [104].
Like bone marrow stromal cells and other MSCs, the MSCs from the Wharton’s jelly are
plastic adherent, stain positively for markers of the mesenchymal lineage (CD10, CD13,
CD29, CD44, CD90, and CD105) and negatively for markers of the hematopoietic lineage.
These MSCs are capable of self-renewal with sustained proliferation in vitro and can differ‐
entiate into multiple mesodermal cells. The high plasticity and low immunogenicity of these
cells turn them into a desirable form of cell therapy for the injured musculoskeletal tissue
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without requiring the use of immunosuppressive drugs during the treatments. Interestingly,
these cells, which are HLA class II negative, not only express both an immuno-privileged
and immuno-modulatory phenotype, but their HLA complex class I expression levels can al‐
so be manipulated, making them a potential cell source for MSC-based therapies. In addi‐
tion and as previously referred, these cells represent a non-controversial source of primitive
mesenchymal progenitor cells that can be harvested after birth, cryogenically stored,
thawed, and expanded for therapeutic uses. MSCs from the Wharton’s jelly display a high
proliferative rate and plasticity, being able to differentiate into adipocytes, osteoblasts, chon‐
drocytes, cardiomyocites, neurons, and glia. More recently, Conconi et al. [105] demonstrat‐
ed that CD105(+)/CD31(-)/KDR(-) cells are able not only to differentiate in vivo towards the
myogenic lineage as demonstrated by the co-localization of HLA 1 and sarcomeric tropo‐
myosine antigens, but also to contribute to the muscle regenerative process. These cells were
found to differentiate in vitro into myoblast-like cells, expressing Myf5 and MyoD after 7
and 11 days of myogenic induction, respectively. The timing of expression of Myf5 and My‐
oD in CD105(+)/CD31(-)/KDR(-) cells is similar to that described during embryonic develop‐
ment and in myoblast cultures [105].
Using the myectomy model we tested the use of Human MSCs isolated from the Wharton’s
jelly in order to improve skeletal muscle regeneration. The cells were directly infiltrated into
the lesion or delivered by different vehicles including Floseal®, Tisseel®, carboximetilcellu‐
lose (Sigma) and spherical hydrogel (own fabrication). MSC from Wharton’s jelly were pur‐
chased from PromoCell GmbH (C-12971, lot-number: 8082606.7). The MSCs are cultured
and maintained in a humidified atmosphere with 5% CO2 at 37ºC. Mesenchymal Stem Cell
Medium, PromoCell (C-28010) is replaced every 48 hours. At 90% confluence, cells are har‐
vested with 0.25% trypsin with EDTA (GIBCO) and passed into a new flask for further ex‐
pansion. MSCs at a concentration of 2 x 105cells are cultured exhibiting a 90% confluence
after 3-4 days. The application of human MSCs in rats is possible without inducing any im‐
munossupression in the experimental animals. The MSCs exhibited a normal star-like shape
with a flat morphology in culture (Figure 4). A total of 20 Giemsa-stained metaphases of
these cells, were analyzed for numerical aberrations. Sporadic, non-clonal aneuploidy was
found in 3 cells (41-45 chromosomes) the other 17 metaphases had 46 chromosomes. The
karyotype was determined in a completely analyzed G-banding metaphase and no structur‐
al alterations were found [57]. The karyotype analysis to the MSCs cell line derived from
Human Wharton jelly demonstrated that this cell line hasn’t neoplasic characteristics and is
stable during the cell culture procedures in terms of number and structure of the somatic
and sexual chromosomes. Also, the morphologic characteristics of these cells in culture, ob‐
served in an inverted microscope, are normal. These cells presented a star-like shape with a
flat morphology, characteristic of the MSCs been adequate to be used in in vivo rat experi‐
mental model [57]. The MSCs karyotype was studied in order to be sure that these cells did
not present any number or structure chromosome abnormalities due to isolation and cell
culture procedures before in vivo application. This concern was due to the negative effects
that some cellular systems, like the ESCs present, inducing the production of teratomas. The
cellular systems implanted into the injured skeletal muscle improved the skeletal muscle re‐
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generation since these cells produce growth factors, ECM molecules, and even modulate the
inflammatory process.

Figure 4. Undifferentiated MSCs from Wharton’s jelly, exhibiting a star-like shape with a flat morphology (100x mag‐
nification).

5. Evaluation of muscle regeneration
Muscle biopsies should be considered in order to obtain careful clinical assessment or for in‐
vestigation purposes. After the collection of the muscle samples, they should be immediate‐
ly equally divided in three. One sample should be placed into formalin (for hematoxilin and
eosin - HE), another sample should be fixed into 2.5% purified glutaraldehyde in 0.1M Sor‐
ensen phosphate buffer (for electron microscopy - EM) and the other sample should remain
unfixed and refrigerated (for histochemistry, biochemistry/genetics analysis).
5.1. Routine histological evaluation
Routine evaluation of the muscle biopsy sample involves the examination of formalin-fixed,
paraffin processed sections and unfixed frozen sections with standard histological and en‐
zyme histochemical stains at the light microscopic level. HE is the routine histological stain
used for evaluation of basic tissue organization and cellular structure. For HE, the whole
piece of tissue should be fixed in a clamp and after the tissue is infiltrated with wax, both
longitudinal and cross sections must be cut before embedding. Five levels should be ob‐
tained, especially in cases suspected of vasculitis. The parameters that can be evaluated are:
the type of inflammatory infiltrate present; examination of the structure of vessels walls
(vasculitis and/or fibrinoid necrosis); presence of endomysial and perimysial fibrosis/fatty
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infiltration; the range of fiber caliber; presence of angulated fibers; increase in number of
centrally located nuclei; central capillary migration; split fiber; group atrophy; necrotic/
myopathic (degenerating) fibers; atrophic fibers; regenerating fibers; target fibers; whorl fi‐
bers and ring fibers. The rounding of fiber contour and the variation of fiber diameter
should also be analyzed, however they are better evaluated with frozen sections (Figure 5).

Figure 5. HE staining of TA muscles 15 days post myectomy (A - control) and application of fibrin (B), hydrogel (C),
Floseal® (D).

5.1.1. Morphological analysis
Long-standing histological characteristics are still used to identify the mammalian skeletal
muscle regeneration process. On muscle cross-sections, these fundamental morphological
characteristics are newly formed myofibers of small caliber and with centrally located myo‐
nuclei. Newly formed myofibers are often basophilic (reflecting high protein synthesis) and
express embryonic/developmental forms of MHC (reflecting de novo fiber formation). On
muscle longitudinal sections and in isolated single muscle fibers, central myonuclei are ob‐
served in discrete portions of regenerating fibers or along the entire new fiber, suggesting
that cell fusion is not diffuse during regeneration but rather focal to the site of injury [1].
Cross-sectional area (CSA) analysis is one of the features that can be assessed. This can be
achieved with imaging software processing (Scio Image, ImageJ) of HE-stained muscle sec‐
tions. A predefined number of fibers is traced per sample and should be determined as ap‐
propriate by the examination of no additional changes in standard deviation. The
classification of small and large fibers can be determined for example by setting three stand‐
ard deviations from the mean CSA for the uninjured group at different time points [14]. The
CSA and number of myotubes can be used to estimate the development degree of muscle
regeneration following injury [36].
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5.1.2. Collagen quantification
Collagen content in the wound bed can be calculated by image analysis of Masson’s Tri‐
chrome-stained histological images taken at a predefined image magnification. Color sepa‐
rations must be performed and an analysis threshold must be established for each image
series collected using the same brightness and white balance settings. Output images show‐
ing only computed blue coverage must be compared to the color images to ensure the repre‐
sentation of truly blue color due to collagen staining. As a control the analysis must be
performed on uninjured (control) skeletal muscle tissue sections stained with Masson’s Tri‐
chrome and collected using the same camera and threshold settings to confirm a collagen
content of zero for control tissue. The ratio of blue pixels above the threshold to total pixels
in the image is used to calculate the collagen content for each image [40].
5.1.3. International Standard (ISO 10993-6)
The International Standard (ISO 10993-6) specifies test methods for the assessment of the lo‐
cal effects after implantation of biomaterials intended for use in medical devices. These im‐
plantation tests are not intended to evaluate or determine the performance of the test
specimen in terms of mechanical or functional loading. The local effects are evaluated by a
comparison of the tissue response caused by the tested implant to that caused by the control.
The objective of the test methods is to characterize the history and evolution of the tissue
response after implantation of a medical device/biomaterial including final integration or re‐
sorption/degradation of the material. The test sample shall be implanted into the tissues
most relevant to the intended clinical use of the material. For short-term testing, animals
such as rodents or rabbits are commonly used. During the first two weeks after implantation
the reaction due to the surgical procedure itself may be difficult to distinguish from the tis‐
sue reaction evoked by the implant and for that reason in our study we collected the muscle
samples 15 days after implantation. For degradable/resorbable materials the test period shall
be related to the estimated degradation time of the test product. In our case the majority of
the vehicles/matrices tested the degradation time is less than 4 days. In the absence of com‐
plete degradation, absorption, or restoration to normal tissue structure and function, the
overall data collected may be sufficient to allow characterization of the local effects after im‐
plantation. A sufficient number of implants shall be inserted to ensure that the final number
of specimens to be evaluated will give valid results. The evaluation of the biological re‐
sponse must be accomplished by documenting the macroscopic and histopathological re‐
sponses as a function of time. The responses to the test sample must be compared to the
responses obtained at the control sample or sham operated sites. The scoring system used
for the histological evaluation shall take into account the extent of the area affected, either
quantitatively (e.g. in micrometres) or semi-quantitatively (Annex E of this Standard) [44,
106]. The biological response parameters, which shall be assessed and recorded, include:
i.
ii.

the extent of fibrosis/fibrous capsule (layer in µm) and inflammation;
the degeneration as determined by changes in tissue morphology;
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iii.

the number and distribution as a function of distance from the material/tissue in‐
terface of the inflammatory cell types, namely polymorph nuclear neutrophilic leu‐
cocytes, lymphocytes, plasma cells, eosinophils, macrophages and multinucleated
cells;

iv.

the presence, extent and type of necrosis;

v.

other tissue alterations such as vascularization, fatty infiltration, granuloma forma‐
tion and bone formation;

vi.

the material parameters such as fragmentation and/or debris presence, form and lo‐
cation of remnants of degraded material;

vii.

the quality and quantity of tissue ingrowth, for porous and degradable implant
materials [106].

Under the conditions of the study and following the results for the mentioned parameters in
the semi-quantitative scoring system (Annex E of this Sandard), the test sample is consid‐
ered as non-irritant (0,0 up to 2,9), slight irritant (3,0 up to 8,9), moderate irritant (9,0 up to
15,0), severe irritant (> 15) to the tissue as compared to the negative control sample [106].
This test method is used for assessing the biological response of muscle tissue to an implant‐
ed material (Annex C of this Standard). As already mentioned, the method compares the bi‐
ological response to implants of test specimens with the biological response to implants of
control specimens. The control materials are those used in medical devices of which the clin‐
ical acceptability and biocompatibility characteristics have been established [106]. In our
study we developed an adaptation of this Standard by considering the control as the group
where the surgical procedure (myectomy) was performed without any biomaterial or cell
implantation (Figure 6). Although the surgical technique may profoundly influence the re‐
sult of any implantation procedure, we assumed that our standardized myectomy lesion
could be considered as the Control group since we were able to determine the local effects of
the different implants by their comparison to the minor effects of the surgical procedure.
The surgeries were executed under general anesthesia with a xylazine (1.25 mg/100 g BW
im) and ketamine (9 mg/100 g BW im) combination [38].

Figure 6. ISO 10993-6 scoring for the groups tested. The Control group obtained a score of 14.7 (in blue). Scorings above
the Control group were considered as non-irritant (in yellow), slight irritant (in orange) and moderate irritant (in red).
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5.2. Histochemistry
For histochemistry a basic panel should be performed, preferentially in frozen sections. De‐
pending on the objectives, an extended panel can be done concerning the study of some
molecules like the already mentioned Masson’s Trichrome-stain or enzyme processes such
as ATPase; NADH-TR or Esterase (Bancroft&Stevens). When necessary, other special stains
can be performed on paraffin sections.
5.3. Immunohistochemistry
In general, the immunohistochemical stains are utilized for the diagnosis of various muscu‐
lar dystrophies. They also may help to determine the subtypes of inflammatory cells within
an infiltrate or for other investigation purposes. Specific skeletal muscle markers such as
myosin heavy chain and desmin can be applied in order to clearly identify this tissue. The
distinction of SCs, considered as the reservoir of myogenic precursor cells, from other cells
must be made (like plasma cells, which may be occasionally seen under the basal lamina in
pathologic conditions). SCs can be easily demonstrated by immunostaining for N-CAM;
they also express vimentin. Activated SCs generally express Myo-D and myogenin [107].
The regenerating fibers express N-CAM, MyoD and myogenin, and also embryonic and ne‐
onatal isoforms of myosin heavy chain. In contrast to mature fibers, MCH class I histocom‐
patibility complex is expressed in regenerating fibers.
5.4. Immunofluorescence
For the preparation of TA muscles for immunofluorescence they should be embedded in
Tissue-Tek OCT compound. Sections are cut at 10 µm using a Leica CM1850 cryostat and
placed onto Surgipath microscope slides. Laminin-α2 chain is detected with a 1:500 dilu‐
tion of rabbit anti-laminin-α2 (2G) polyclonal antibody. The laminin-α1 chain is detected
with a rat anti-laminin-α1 monoclonal antibody. Primary rabbit antibodies are detected with
a 1:500 dilution of fluorescein isothiocyanate-conjugated anti-rabbit secondary antibody and
the rat monoclonal antibody is detected with 1:500 dilution of fluorescein isothiocyanateconjugated anti-rat secondary antibody. In all immunofluorescence experiments, secon‐
dary only antibody controls are included to test for specificity. For mouse monoclonal
antibodies, endogenous mouse immunoglobulin is blocked with a mouse-on-mouse (MOM)
kit. A 1-µg/ml concentration of tetramethylrhodamine-conjugated wheat germ agglutinin
(WGA) is used to define muscle fibers. To examine immune response, cytotoxic T cells are
detected with fluorescein isothiocyanate-labeled rat anti-mouse CD8a and macrophages are
detected with fluorescein isothiocyanateconjugated anti-mouse F4/80 at 1:1000 (Figure 7 and
Figure 8) [50].
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Figure 7. Double imunofluorescence staining for laminin and CD31.

Figure 8. Pax7+ SC counterstained with DAPI.

5.5. Electron microscopy
Electron microscopic (EM) examination of the glutaraldehyde-fixed portion of the biopsy is
performed when the light microscopic studies are inconclusive. Thus, it is reserved for se‐
lected circumstances in which the pathologist determines that EM has the potential of con‐
tributing significantly to determining a specific diagnosis. A specimen placed in
glutaraldehyde must be small, approximately 1-2 mm in width and depth, allowing the
complete tissue penetration by this fixative. Glutaraldehyde makes tissue brittle and inter‐
feres with immunohistochemical studies, so it is not appropriate for the paraffin specimen.
With EM, other muscle cell parameters can be analyzed in detail: the myofibril architecture;
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the plasma and sarcolemmal membrane; the mitochondria (size, density and shape); T-tu‐
bule; amount of lipid; nucleus; phagocytic granules and amount of glycogen. EM is extreme‐
ly useful in some cases: to identify inclusions primarily found by light microscopy; to help
in the characterization of stored material found on light microscopy and define its intracel‐
lular localization; to analyze structural abnormalities found by light microscopy; can assist
in the diagnosis of mitochondrial myopathy or seeking evidence to support a diagnosis of
dermatomyositis (EM can be used to look for tubuloreticular inclusion in endothelial cells
when light microscopic fails to reveal it).
5.6. Contraction force measurement
To obtain an estimate of total TA muscle strength reduced by the injury and possibly recov‐
ered by the cell/vehicle implants, contractile force due to electrical stimulation can be meas‐
ured before injury, after injury and at the time of sacrifice (at different time points) for nonimplanted and implanted animals. This can be accomplished with the animals under
general anesthesia and by anchoring the knee joint using a custom clamping system anch‐
ored to the floor of the surgical stereomicroscope stand and attaching a silk ligature to the
cleft between digits 1 and 2 that must be anchored to a transducer at the other end. This can
also be executed by cutting the TA tendon just before the insertion at the ankle and tying it
with a 4.0 nylon suture attached to the isometric transducer. The exposed muscle is stimulat‐
ed using 2 custom needle electrodes placed at the proximal muscle surface. Electrical stimu‐
lation of the TA muscle is applied at 5 volts, 4 ms pulse duration, at 500 ms intervals and the
resultant tetanic force recorded (200 points(s) using a BioPac MP-100 (Harvard Apparatus)
and accompanying software (AcknowledgeTM). The muscle must be kept hydrated during
the procedure using sterile saline. Maximum tetanic force is measured by reducing the stim‐
ulation interval to 20 ms, generating continuous stimulation simulating tetanus condition.
Another method of applying the electrical stimulation can be obtained by exposing the sciat‐
ic nerve with an incision in the hamstring region The tibial nerve is cut just after the sciatic
nerve splits into the tibial and peroneal nerves to eliminate any contraction from the gastro‐
cnemius muscle causing background in the force data. The exposed sciatic nerve is then laid
over two electrodes with a small piece of parafilm and should also be kept moist with peri‐
odic treatment of mineral oil. Stimulation is made using a supra-maximal square-wave
pulse of 0.1 ms duration. Measurements are performed at the length at which maximal ex‐
tension is obtained during the twitch and the data should be recorded for sub-maximal and
maximal isometric force. Specific maximal force should be quantified by correcting for mus‐
cle mass [40, 98].
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2

Skeletal muscle injuries and regeneration
3. Aims

The work developed in this chapter was initiated by a series of preliminary studies (section 4
of this chapter) with the purpose of delineating a proper experimental plan for covering the
study of new regenerative therapies in skeletal muscle injuries.
Skeletal muscle has a distinct pattern in terms of the healing process when compared to
bone. As in most of the body tissues, when skeletal muscle is injured it heals with a scar,
forming a different tissue from the original during the repair process. In contrast, when a bone
is broken, the healing tissue is identical to the tissue that existed there before and therefore
this is called a regenerative process (Järvinen et al., 2005). Taking this into account, we
questioned if newly developed regenerative therapies could play an important role in
diminishing the limiting nature of the skeletal muscle repair process, increasing the
regeneration of a functional tissue and decreasing or inhibiting the fibrosis development.
Throughout this chapter and in the literature it is common to find the term “muscle
regeneration”, but as already stated, accordingly to (Järvinen et al., 2005) this designation is
questionable.
Our goal in the studies presented in this chapter was to improve (by exogenous intervention)
skeletal muscle healing, to approximate this process to a level of tissue restoration that could
resemble the original in a “genuine” regenerative process.
To study muscle regeneration in a controlled and reproducible way different animal models
have been developed (Charge et al., 2004). In the first study of this chapter (section 4.1)
different models of injury were tested in order to select the most appropriate for the in vivo
application of the regenerative therapies that would be employed later. Chemical
(collagenase) and physical (crush) injuries were tested in adult male Sasco Sprague-Dawley
rats (weighting between 250 and 300 g).
In the second study, it was developed a different physical injury by using a biopsy punch to
create a standardized myectomy lesion. Models of skeletal muscle lesion with loss of
muscular tissue have been described in the literature (Merritt et al., 2010; Page et al., 2011).
Nevertheless in this preliminary study it was projected the development of a more
reproducible model of injury. In this study it was evaluated histologically distinct phases of
muscle regeneration (7, 15, 21, 28 and 35 days after myectomy). The onset of the fibrotic
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involvement was also studied in the same time points through Masson’s Trichrome staining
and histological evaluation.
The third study intended to develop the cellular system that would be later tested as a cellbased therapy associated to different vehicles. This study included an in vitro assay using
human primary skeletal muscle cell line. It was our objective to test these cells for a
subsequent in vivo application, which would be compared to the in vivo application of the
hMSCs described in detail in section 2 of chapter 1. The following preliminary study consisted
in the attempt to track the transplanted hMSCs through the local tissue immunoexpression of
these cells. As described in the literature (Hu et al., 2010), anti-hNu antigen immunostaining
can be used to trace the survival and migration pattern of hMSCs after transplantation. The
presence of the transplanted human mesenchymal stem cells (hMSCs) was histologically
evaluated using this marker, at day 4, 15 and 35 after transplantation into tibialis anterior (TA)
muscle myectomy defects.
In the last study included in section 4 of this chapter, we proposed to develop a method
based on the morphometric analysis of Masson’s Trichrome stained TA muscles for the
estimation of the extent of fibrosis after myectomy. Using the threshold color tool in the
ImageJ© software (NIH) and following the validation of the method, a comprehensive analysis
was performed afterwards in several experimental groups with the samples collected 15 days
after surgery. Different biomaterials (fibrin, Floseal® and a hydrogel) were tested as vehicles
in association with different cellular products (hMSCs or their conditioned media) for the
corresponding collagen fraction in the transplanted TA muscles. The previous vehicle study is
detailed in section 5.2 (and also in section 2) of this chapter. A comprehensive semiquantitative scoring was performed in order to assign the biocompatibility of the different
available vehicles for the in vivo experiments.
MSCs are known to produce and secrete multiple paracrine factors with therapeutic
relevance for their anti-oxidants, anti-apoptotic, anti-fibrotic, angiogenic, immunomodulatory
and chemoattractive activities (Baraniak et al., 2010; Caplan et al., 2006; Yoo et al., 2009).
Following the indications that could be envisioned through the experiments developed in
section 4, the hypothesis that the conditioned media (CM) where hMSCs grow and expand in
culture could be an appropriate therapeutic product rich in growth factors comparable to
hMSCs local application, seemed to be worth of attention. Based on this rationale approach,
it was in vitro tested the potential of this cellular product (section 5.1 of this chapter) both
through 1H-NMR metabonomics and a comprehensive cytokine array (Multiplexing LASER
Bead Technology - Eve Technologies, Calgary, Alberta, Canada). In this study we compared
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two cell culture media (DMEM and a commercial medium) before and after 24h and 48h cell
conditioning with the purpose of identifying the secretome of the hMSCs used in our in vivo
experiments. Simultaneously, we executed the same analysis in different samples of human
umbilical cord plasma (hUCBS), since we realized that it would be interesting to propose this
biological product as a substitute for the FBS used in mesenchymal stem cells expansion for
clinical application purposes. As a matter of fact, an emerging interest for hMSCs application
as cell-based therapy for a wide range of pathologies has driven the clinical and the scientific
community for several pre-clinical and clinical studies, where the use of FBS is not
appropriate. So, alternatives must be tested, where the hUCBS is one of the most promising
one, due to the increasing number of umbilical cord blood units cryopreserved in private and
public cord blood banks all over the world.
The final goal of all the work described in this chapter was accomplished with the last study
here reported (section 5.2 of this chapter). Both biological products (hMSC and CM) were
assessed in association with the previously referred vehicles. Apart from the collagen fraction
estimation, the International Standard (ISO 10993-6) for biological evaluation of medical
devices was used to access the local inflammatory effects after implantation of the different
biomaterials. Fibrin (Tisseellyo®) groups were also tested at two different time points (15 and
35 days after implantation). Using this vehicle, both treatment groups (hMSCs and CM) were
explored in terms of the expression of the transcriptor factor Pax7 (which is associated with
the process of myogenesis). Functionally, the contractile force measurement of ankle
dorsiflexor muscles (which include the TA muscle) was investigated at 35 days after
surgery/treatment for the prediction of the clinical outcome of the different regenerative
treatments. This functional assessment was important to validate the morphology data
outcome.
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2 Skeletal muscle injuries and regeneration
4. Preliminary studies

A few preliminary studies were performed during the initial stages of this project in order to
define the correct criteria before the establishment of a definitive experimental protocol.
These studies were helpful not only in terms of an improvement in the efficiency of our tests
but also in the reduction of sample number required for an appropriate evaluation of the
effects of biomaterials and cellular therapies in skeletal muscle injuries. Also, it was the first
time that our research group started studying skeletal muscle regeneration using biomaterials
and cellular systems. Some of these biomaterials were already tested previously for
peripheral nerve, bone, and vascular regeneration.
We started by developing a study for the comparison of some models of skeletal muscle
injury in the rat and went on with the study of the process of regeneration in the elected
myectomy model. The next step was to find an appropriate cell line for transplantation into
muscular defects and also the assessment of the therapeutic potential of a xenogeneic
transplant of human cells in the rat. The engraftment of these cells and the paracrine effects
in the host tissues were questioned. Apart from the previously established standard in vivo
and ex vivo testing (included in the materials and methods of the articles in this chapter), a
method for morphometric evaluation of the degree of fibrosis in the transplanted muscles was
also developed as a preliminary study.

4.1. Preliminary study nº1 – Models of muscle injury
In an initial stage, a preliminary study was performed in order to define a model of muscle
injury in the rat and to evaluate the different time-points and stages in which these lesions
could be described and characterized. This first process was essential for the assessment
and establishment of a correct criterion in the evaluation of muscle regeneration for
subsequent comparison between the control groups and the groups that would be tested for
the application of cellular products. Similarly this preliminary study aimed to contribute for a
strategy that would allow a reduction of the number of samples and therefore in line with the
latest guidelines of the regulation of animal experimentation (3Rs Policies) (Guhad, 2005)
and at the same time, to develop a complete reproducible and standardized injury.
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Time (weeks)

Muscle

0
0
0
2
3
5
7
7
8a9
10
10
10
10
11
11
12
12
13
14
14
14 (+3 days)
14 (+3 days)
15

A
B
D
A
D
C
B
C
E
F
G
H
E
F
G
H
I
J
I
J

Type of
Details
lesion
Chemical
Collagenase - 225 IU
Chemical
Collagenase - 225 IU
Physical
Hemostat - 30 seconds
Sample collection
Sample collection
Chemical
Collagenase - 550 IU
Sample collection
Sample collection
Histological evaluation
Physical
Hemostat – 1 minute
Physical
Hemostat - 30 seconds
Physical
Hemostat – 1 minute
Physical
Hemostat - 30 seconds
Sample collection
Sample collection
Sample collection
Sample collection
Histological evaluation
Physical
Hemostat – 1 minute
Physical
Hemostat - 30 seconds
Sample collection
Sample collection
Histological evaluation

Table 2.1 – Time table for the surgical procedures and sample collection of preliminary study. nº1

Regarding the chemical injury, intra-muscular injection of collagenase type IV (Gibco® Cat.
No. 17104-019) was elected as the model of choice. The doses and time-points (since injury
induction until muscle harvesting) were equated considering several published studies in
which collagenase was elected as a model of chemical lesion in several species such as
horses, rabbits and mice. In horses, collagenase is often used to induce tendon/ligament
injury for further evaluation of different treatment techniques in most cases by
ultrasonographic examination. In some of these studies, a dose of 2000 IU of collagenase
was injected to create a tendonitis model for intra-lesional injection of autologous cells 7 days
after lesion (Nixon et al., 2008). In another study in horses, 4000 IU of collagenase were
injected into the suspensory ligament of the fetlock and after 3 weeks of injury stabilization,
the therapeutic effect of extracorporeal shock waves was assessed ultrasonographically
(McClure et al., 2004). In a similar review for this same therapy, the model of collagenaseinduced tendonitis was accomplished by the injection of 1000 IU followed by a maturation
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period of 31 days of injury. According to the authors, the stabilization of lesions occurred
between days 21 to 28 post-injection (Kersh et al., 2006). Also in rabbits, an injected dose of
400 IU collagenase diluted in 0.1 ml saline has been used for induction of lesions in the
Achilles tendon (Yamamoto et al., 2002). In the rat, the model of tendonitis induced by
collagenase has also been studied. The injection of 250 IU of collagenase in the
osteotendinous junction of the Achilles tendon was used as a model in a study that also
intended to evaluate the promotion of regeneration of extracorporeal shock waves (applied 3
days after injection). It should be noted that in this latter study the injection of collagenase
showed no adverse effects in animals, as all animals maintained or increased their weight
during the study period (Chen et al., 2004).
In relation to other types of chemical injury to muscle tissue, there are reports in the literature
of the use of myotoxins such as bupivacaine, cardiotoxin and notexina to obtain a
reproducible model of injury (see section 2 of this chapter for detailed description). The last
two are derived from snake venom and is interesting that the cardiotoxin injected into the
tibialis anterior muscle of rats produce a degenerative lesion with mononuclear infiltration 1
day following injection. The myogenic differentiation and formation of new myotubes 5-6 days
and at day 10 after injection the general structure of muscle is already restored. Despite the
use of cardiotoxin being a highly reproducible method for inducing muscle regeneration, the
effect on various types of muscle cells such as SCs is still unknown, constituting a potential
caveat in the referred protocol (Charge et al., 2004). It seems that although it causes
degeneration of myofibers, cardiotoxin does not affect SCs, blood vessels, and the
myelinated part of motoneurons and that is probably the reason why it allows the
regeneration process to start shortly after damage induction (de la Garza-Rodea et al., 2011).
We were not planning to select such kind of chemical lesion, since it was our aim to use a
model that could mimic a more natural type of injury.
The main goal of our first preliminary study was to transpose the information obtained in all
those studies in the design of a standardized model of skeletal muscle injury in the rat. We
were conscious that although skeletal muscle has less collagen than tendon tissue, it is
present in the muscle structure (endomysium, epimysium and perimysium). Therefore, two
different doses (225 IU and 550 IU) of collagenase type IV (Gibco® Cat. No. 17104-019) with
225 IU/mg derived from Clostridium histolyticum, diluted in 0.1 ml saline (NaCl 0, 9%) were
used. Collagenase is a protease generally used to produce degradation of cells and tissues,
being unique in its ability to degrade the collagen fibers of the connective tissue. All the safety
and handling cares of this product referred in the information provided by the manufacturer
Doctoral Thesis - Tiago de Melo Silva Ramos Pereira

| 227

(Invitrogen™) were followed during the execution of this work. This chemical injury was
assessed histologically at two different time-points (15 and 60 days post injection of
collagenase) for assessment of the acute and chronic features of these lesions (Table 2.1).
Concerning the physical injury, the literature also unveils a number of muscular tissue injuries
caused by different techniques and devices. These alternative methods may be more
physiologically relevant and can be obtained by direct trauma, crushing, freezing, denervation
or ischemia of the muscle to trigger a process of muscle regeneration. Muscle regeneration
can also be induced by repeated actions of intense exercise. In general, procedures that
promote muscle injury in an adjusted manner will induce a controlled regeneration process
(Charge et al., 2004). One of the techniques used in a quantitative assessment of muscular
lesions in rabbits by magnetic resonance imaging (MRI), consisted in 4 or 10 hours crush of
the biceps femoris muscle with a weight of 25 kg (Zhang et al., 2011). In another study,
muscle contusions in rats were produced without skin incision, by dropping a mass of 640 g
from a height of 25 cm, towards the belly of the medial gastrocnemius muscle. By this this
method it was possible to obtain an injury covering 47.1% of the section area of the medial
and lateral gastrocnemius muscle (Zhang et al., 2011).
In another study adult mice were used to assess the genetic expression of connexin during
the regeneration of skeletal muscle, the gastrocnemius muscle was exposed to crush injury.
The lesion was performed after skin incision by closing a hemostat in the muscle’s mid-belly
during 3 seconds. This trauma was standardized using the same spot and the same pressure
exerted in the surgical clamp. In some animals, the soleus muscle and the long digital
extensor were also used (Trovato-Salinaro et al., 2009). Other research articles refer to the
tibialis anterior muscle as the choice for induction of muscle crush injury in mice (Grounds et
al., 1989).
Our preliminary study was initiated by performing a crush injury in the tibialis anterior muscle,
through the closure of a hemostat mosquito during a period of 30 seconds at the mid-belly of
this muscle. The maximal force allowed by this instrument was applied exerting the maximum
pressure over the muscular tissue. The injured muscle was harvested 21 days after injury.
Afterwards, another type of hemostat (larger) was tested and with this instrument, crushing
was performed for periods of 30 seconds and 1 minute, to test the effect of duration of the
force exertion in the histological characterization of the lesion (Fig.2.9A). Also in this case, the
force applied was the maximum allowed by the instrument. For the latter procedure, muscle
tissue samples were taken at different time-points, with reference to the day that the lesion
was inflicted (3, 8, and 15 days post-lesion) muscle injury (Table 2.1). This part of the study
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intended to primarily assess the possibility of creating a model of physical injury and with that
purpose two types of hemostats were evaluated. In case one of these instruments was
considered appropriate for our purpose of creating a severe skeletal muscle lesion, the next
objective would be to evaluate the force exerted by this pinch at full capacity through the use
of pressure gauges, so it could be possible to characterize this procedure in order to
standardize its use in a reproducible manner.
For the histological assessment of both methods, the samples were taken after sedation and
induction of anesthesia with xylazine (1,25 mg/100 g BW ip) and ketamine (9 mg/100 g BW
ip), followed by an overdose of sodium pentobarbital at 20% for euthanasia in all the animals
submitted to both chemical and physical injury. All samples were collected and fixed in a 10%
formalin solution and sent for histological processing (Fig.2.9B). These samples were stained
with hematoxilin-eosin (HE) and Masson's trichrome for histological evaluation of the different
types of injury (Fig.2.9C). The election of the tibialis anterior muscle for the injury model,
relays primarily on the fact that its size is appropriate to the magnitude of the lesion caused
by the clamp, it is easily dissected to harvest a sample of the entire muscle and also by
having an appropriate size in order to be easily cut.

A

B

C

Figure 2.9 – Crush injury in the tibialis anterior muscle of the rat’s hindlimb (A); muscle collection for
histopatology (B) and HE staining of a section of the corresponding muscle (C).

Based on the results of this preliminary study (Table 2.2) we concluded that no significant
lesions were observed at 15 and 60 days post-lesion) under the conditions (doses) in which
the collagenase type IV (Gibco® Cat. No. 17104-019) was used (225 IU to 550 IU). In most
cases only a slight lymphadenitis was perceived, with no obvious signs of focal injury. Only in
one sample a mild non-purulent granulomatous myositis was detected, but no sign of muscle
fibers degeneration was present, evidencing only a very focal inflammatory reaction. Given
this collection of information obtained through this study and performing a comparative
evaluation of the results of chemical against physical injury, we conclude that in the studied
conditions we have no signs that collagenase may be a good model of chemical injury in
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muscles for the evaluation of regenerative therapies. It must be pointed out that the doses
and time-points for harvesting and analyzing the samples may be scarce for a definitive
scrutiny. Collagenase may be extremely useful in other injury models (tendonitis for
example), but despite of being described for tendinous tissues, the use of collagenase as a
model for the evaluation of different therapeutic strategies like cellular therapies in the
process of muscle regeneration in rats, does not appear to be the most ideal choice, since it
would be difficult to uncover significant differences in such a subtle and focal injury. Even
though the restricted sample, no difference between the different duration times for closure of
the clamp (30 seconds or 1 minute) was observed for the physical injuries (Table 2.2).
Although there was not an obvious difference between the lesions triggered by the two types
of hemostat used, the mosquito hemostat was potentially less likely to cause a more obvious
lesion at histology. As for the different time-points established between the injury and muscle
harvesting for analysis, some doubts were raised concerning the best for this injury model.
Regarding to the injury itself, there was no doubt that shorter periods reflect more exuberant
lesions and therefore more straightforward to classify. In fact, in the 3 days’ time-point there
was a greater degree of muscle fiber disruption and lymph node reactivity. However, it should
be noted that the aim of this study was to assess the effect of cell therapy on muscle
regeneration and according to some authors, the structural regeneration of injured muscles is
not complete at 21 days post-injury (Iwata et al., 2010). Thus, the challenge posed by these
facts related the selection of the optimal time-points for muscle harvesting after lesion
infliction, to firstly assess the effect of cellular therapies and on the other hand to allow for a
comprehensive histological evaluation, based on specific data obtained from the several
degrees of injury. Another interesting finding that was possible to perceive through the
Masson's Trichrome staining, is based on the evidence that until day 15, the chronic course
of the lesions was not verified, since only at the 21 days’ time point it was possible to confirm
the presence of fibrosis. This staining technique also revealed the presence of collagen in the
areas of necrosis in the 3 days’ lesions, despite not being newly formed but otherwise
resulting from the breakdown of muscle fibers.
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Muscle

Lesion type

Time
Staining**
point

Histological description

Focal area of lesion with proliferating macrophages presented scarce phagocytic activity
Some degeneration of muscle fibers (core)
Macrophages predominance - granulomatous inflammatory reaction
Lymph node with some macrophages with low phagocytic activity
No inflammatory infiltrate in all sections with one exception which has a very focal reaction;
Vascular congestion (normal for an animal under anesthetics)
In the remaining sections virtually no inflammatory cells, without signs of muscle fiber degeneration nor
fibrosis and with mild edema of the endomysium

Lesion/lymph node
classification

GRANULOMATOUS
NON-SUPURATIVE
MYOSITIS

A

Chemical
(Collagenase
- 225 IU)

15
days

HE

B

Chemical
(Collagenase
- 225 IU)

60
days

HE

Presence of mast cells (<1 per HPF - 400x) - Normal
Regional lymph node with eosinophils, plasma cells, lymphocytes and mast cells
No obvious signs of focal lesion

LYMPHADENITIS

C

Chemical
(Collagenase
- 550 IU)

15
days

HE

Slight hyperplasia (increased number of multinucleated muscle fibers), with cell hypertrophy (enlargement);
Regional lymph node with eosinophils, plasma cells, lymphocytes, and mast cells;
No obvious signs of focal lesion

LYMPHADENITIS

HE

Peripheral injury with multinucleated giant cells (foreign body reaction possibly due to the presence of
hair), lymphocytes, plasma cells, mast cells and some eosinophils;
Increased reactivity of muscle fibers at the lesion site;
Regional lymph node presenting large follicles with prominent germinal centers;
Predominance of plasma cells, macrophages, lymphocytes and active fibroblasts with few fibrocytes →
Granulation tissue
Fatty infiltration of the injured tissue (delimiting the lesion);
Vascular ectasia with neutrophilia and neutrophils margination;
Hemorrhage (probably due to incision);
Discrete inflammatory cells and fibrosis of the tissue adjacent to the lesion.

D

Physical
(Mosquito
hemostat)
30 sec

21
days

SUB-ACUTE
MYOSITIS

Confirmed presence of fibrosis
Signs of edema and infiltration between muscle fibers are also visible
Masson’s Compared to physical damage with the large hemostat (30 seconds at 8 days’ time point), this sample showed
Trichrome lower level of inflammatory infiltrate and narrower in terms of lesion area (approximately 5% of whole muscle
compared to 15-20% in the sample D.2); It also exhibited less edema with decreased formation of granulation
tissue (with less neovascularization)

Table 2.2 – Qualitative histological assessment from skeletal muscles samples collected at different time-points after chemical and physical lesions.
*HE – Hematoxilin-eosin, Trichrome – Masson’s Trichrome

Muscle
E

Type of
lesion
Physical
(Hemostat)
1 min

Time
Staining*
Point
8
days

F

Physical
(Hemostat)
30 sec

8
days

G

Physical
(Hemostat)
1 min

15
days

H

Physical
(Hemostat)
30 sec

15
days

Avaliação histológica

Classificação da
lesão/gânglio

HE

Unable to identify any focal lesion, sign of inflammation nor fibrosis and no lymph node was identified in this sample

HE

Peripheral and very focal lesion with presence of granulation tissue and multinucleated cells
Presence of some neutrophils (about 6 per HPF – 400x) some of which were located within vessels
(neutrophilia) and also some plasma cells
Lesion located next to a small lymph node with some macrophages, plasma cells and small number of mast
cells (1-2 per HPF)
Presence of enlarged muscle cells with abundant cytoplasm and with more than one nucleus showing clearly
visible nucleoli)
Evident extracellular matrix and no presence of inflammatory cells

HE

Unable to identify any focal lesion, sign of inflammation nor fibrosis and no lymph node was identified in this sample

Masson’s
Trichrome

HE

Staining with Masson’s Trichrome also revealed no significant evidence
Edema between muscle fibers (more than in previous samples)
No signs of fibrosis
Lymph node with moderate to high amount of inflammatory infiltrate (mast cells, macrophages and plasma
cells)
Signs of lymphadenitis
Focal area of inflammation (probably caused by the presence of hair)

LYMPHADENITIS

Masson’s
Masson's Trichrome staining confirmed the absence of fibrosis
Trichrome

HE
IeJ

Physical
(Hemostat)
30 sec / 1 min

3
days

Vascular ectasia
Lymph node with large hyperplastic follicles. Considerable inflammatory infiltrate and several germinal centers
indicative of lymph node reactivity
Presence of granulation tissue with numerous mitotic figures (mostly plasma cells and some neutrophils)
Large amount of mucin in the extracellular matrix (edema)

Presence of collagen in the necrotic area (local destruction of fibers with debris / collagen fragments)
Presence of a large number of neovessels
Masson’s
Hemorrhage (some free erythrocytes between muscle fibers)
Trichrome
Small amount of fibrosis and granulation tissue
The fibrosis might be due to the breakdown of muscle fibers

Table 2.2 (continuation) – Qualitative histological assessment from skeletal muscles samples collected at different time-points after chemical and physical lesions.
*HE – Hematoxilin-eosin, Trichrome – Masson’s Trichrome

4.2. Preliminary study nº2 – Muscular regeneration after myectomy
One of the main goals of this project was to evaluate the in vivo effect of hMSCs from the
Wharton’s jelly of the umbilical cord in severe model lesions of muscular-skeletal tissues
such as skeletal muscle. The collagenase and the crush lesions did not prove to be an
appropriate model for in vivo evaluation of cellular therapies in the skeletal muscle, since
the regeneration process in these lesions did not present the magnitude required to
accurately appreciate the biological effects of hMSCs. For that purpose we developed a
novel experimental muscle injury of the tibialis anterior muscle of the rat by using a biopsy
punch to create a standardized myectomy lesion (Fig.2.10). This preliminary study
continued our 1st preliminary study where we tried the chemical and physical lesions in
which the tibialis anterior muscles were collected at different time-points (3, 8, 15, 21 and
60 days) without a positive outcome. Both these preliminary studies were extremely
important since they allowed us to establish the correct criteria in the evaluation of the
muscle regeneration and also predict the most suitable model for stem cell and biomaterial
implantation. As in the first preliminary study, the focus of this trial was also the reduction
in number of animals used for the main study (3Rs policy) (Guhad, 2005).

Figure 2.10 – Schematic representation of the myectomy injury of the tibialis anterior muscle of
the rat. Illustration by Luis Santos (2014).
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Therefore we decided to test a surgical lesion using biopsy punch blades of different
diameters bearing in mind that it would be interesting to create a full thickness defect of
the tibialis anterior muscle in the mid-belly region that could accommodate the implant of a
cellular system associated to a biocompatible vehicle (Fig.2.11).

Figure 2.11 – Myectomy lesions in the tibialis anterior muscle of the rat’s hindlimb. Different volumes
(20-60 µl) in the defects produced by biopsy punch blades of different sizes (3-5 mm).

Compared to the chemical and other physical lesions, this surgical injury model also
appeared to have the advantage of allowing the implantation of the hMSCs together with a
vehicle that could also be considered as a scaffold for these cells in the host environment,
rather than injecting a cellular suspension in the core of the lesion. We tested 3 mm, 4 mm
and 5 mm diameter lesions with this last one being more suitable for our purpose by
creating a 60 µl volume defect.
For the establishment of the myectomy model we continued this preliminary study with the
evaluation of the morphological features of the skeletal muscle regeneration throughout
the entire regeneration process histologically analyzing the muscle samples at different
time points both with HE and Masson's Trichrome staining.

Figure 2.12 – Morphological evaluation in HE and Masson’s Trichrome sections of tibialis anterior
muscles. Samples collected at different time-points (7, 15, 21, 28 and 35 days after
myectomy).
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The histological images of control muscles (myectomy injury only) at 7, 15, 21, 28 and 35
days after surgery are represented in Fig.2.12. In the first row, the samples are stained
with the routine histological staining HE and in the second row, with Masson’s Trichrome
which is able to distinguish the various types of connective tissues, giving them three
different colors (in this case the fibrous tissue acquires blue color, contrasting with the
muscle tissue that becomes purple). For repair or regeneration to occur inflammation is
needed: acute in the first days and chronic from day 7 to 21 days after injury. At day 7, this
inflammation is exuberant but gradually decreases in intensity. In an attempt to repair the
damaged tissue, a scar or fibrosis is formed being clearly visible at day 21. At day 35, the
control samples still present a slight fibrosis that is gradually infiltrated with adipose tissue.
Overall, in our histological qualitative assessment, the myectomy model proved to be the
most appropriate for a comprehensive and standard evaluation of the rat skeletal muscular
regeneration. It must be stated that there are other models like ischemic damage that
might induce larger and more homogeneous muscle damage with a greater loss of
function than muscle laceration. However the myectomy model was in our consideration
since the beginning, because it had the advantage of mimicking a severe loss of skeletal
muscle. This was considered an important issue since we aimed to establish new
therapies that could be beneficial for muscular regeneration, in clinical cases where
skeletal muscle injury or trauma like in road our labor accidents, might be seriously
function limiting in the patients’ daily activities.
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4.3. Preliminary study nº3 – Cell culture and transplantation
During the starting period of this project, the in vitro culture of a human primary skeletal
muscle cells (SkMC) cell line was also initiated in order to try to establish a cellular system
that could be used in our in vivo studies for comparing the effect of these cells to human
mesenchymal stem cells (hMSCs) in skeletal muscle regeneration. Primary Human
Skeletal Muscle cells (SkMC) isolated adult single donors (SkMC Promocell®, C-12530 1
ml with 500,000 cryopreserved cells) were purchased from Promocell® GmbH. These cells
are positive for sarcomeric myosin and negative for smooth muscle specific α-actin. After
isolation, these cells are cryopreserved at passage 2 (P2) using PromoCell´s proprietary,
serum-free freezing medium, Cryo-SFM. These cells are tested for cell morphology,
adherence rate and cell viability. Immunohistochemical tests are carried out for each lot.
Growth performance is tested through multiple passages up to 15 population doublings
under culture conditions without antibiotics and antimycotics. They are also tested for the
absence of Human immunodeficiency virus type 1 (HIV-1), HIV-2, Hepatitis B virus (HBV),
Hepatites C virus (HCV) and microbial contaminants (fungi, bacteria and mycoplasma).
PromoCell® reports that Human SkMCs can be induced to differentiate into multinucleated
syncytia using Promocell® SkMC Diferentiation Medium.
The subculture of these cells was performed following the instructions provided by
Promocell®

GmbH

(www.promocell.com/products/human-primary-cells/skeletal-muscle-

cells):
1.

Straight after arrival the cryopreserved cells were stored in liquid nitrogen.

2.

Before thawing the cells, the Promocell® SkMC Growth Medium, C-23060, was placed in
vessels (at least 9 ml per vial of cells) in an incubator (37°C, 5% CO2) for 30 minutes.

3.

The cryovial from the liquid nitrogen container was removed and immediately placed on
dry ice. Under a laminar flow bench, the cap was briefly twisted to relieve pressure and
then retightened. The vial was then immersed into a water bath (37°C) ensuring that no
water entered the thread of the screw cap.

4.

The cryovial was then thoroughly rinsed with 70% ethanol under a laminar flow bench.
The excess ethanol was aspirated from the thread area of the screw cap, the vial opened
and the cells transferred to a cell culture vessel containing the prewarmed medium.

5.

The incubation of the cells was accomplished by placing the vessel in an incubator (37°C,
5% CO2) for cell attachment and the medium was replaced after 16 – 24 hours (Fig.2.13).
The cells are supposed to be sub-cultured once they reached 70-90% confluence.
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Nevertheless, when thawing, cells presented an awkward behavior after 5 days of in vitro
culture. The growing rate and morphology appeared to be normal until reaching about 70%
confluence.

Figure 2.13 – SkMC subculture (3 days after thawing – P1) - 100x magnification.

At this stage the culture medium (growth) was changed every 24 hours, as recommended
by the supplier but before reaching the desired confluence, the cells began to vacuolize
before eventually dying (Fig.2.14). It was suggested by the supplier that this type of
situation would be normal during the differentiation process. However, in this specific case,
this problem is not posed, since the differentiation had not yet been started.

Figure 2.14 – Subculture of SkMC with evident intracitoplasmatic vacuolization
(6 days after thawing – P3) – 400x magnification.
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Based on our interpellation, the supplier decided to test the batch of the cells provided.
They found that there was no difference from other lots with respect to growth rate and
obtaining the required confluence for initiating the process of differentiation after 10 days
of subculture (Fig.2.15). Desmin was also used as a marker of muscle cells finding about
80% of positive cells.

A

B

Figure 2.15 – Testing batch nº 9011302 (Promocell® SkMC) before changing to Differentiation
Medium (100x magnification) (A); SkMC microscopic appearance after differentiation
(100x magnification) after thawing – P3) – 400x magnification (B).

After consulting some cell culture experts, it was suggested that this problem should be
related to an excess of mitochondrial activity by lack of insulin or an excess of glucose in
the culture medium. It should be noted that the culture medium (both growth and
differentiation medium) used in this preliminary study was purchased to the same supplier
(Promocell® GmbH).
Cell therapy using direct transplantation of cultured myoblasts into muscle did not
contribute to the search of the most efficient cell for skeletal muscle tissue-engineering
(Fishman et al., 2013) and have produced limited results due to massive cell death, limited
diffusion and poor fusion of the transplanted cells (de la Garza-Rodea et al., 2011;
Gayraud-Morel et al., 2009). Since there is a lack of studies comparing the effects of these
cells to the ones generated by stem cells (Fishman et al., 2013), we thought that it would
be interesting to compare the effect of myoblasts to hMSCs in skeletal muscle
regeneration. However, at this point, we decided to use only hMSCs for our skeletal
muscle regeneration study. We had the experience of using hMSCs in xenogeneic
transplants in sciatic nerve reconstruction (see chapter 1 for detailed description) with
promising results. The immune suppressive characteristics of these hMSCs allowed its
application for xenogeneic transplantation as already established in other studies (Shin et
al., 2013).
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4.4. Preliminary study nº4 – hMSCs immunoexpression after transplantation
Apart from the lack of immunogenicity or ethical controversy, trophic activity (e.g.
promoting vascularization) and the fact of being safe (as they rarely form teratomas)
(Burlacu et al., 2013; Rodrigues et al., 2010), another advantage of using hMSCs in our
study, was the fact that it was possible to trace the grafted hMSCs cells, discriminating
them from host cells (Hu et al., 2010; Shi et al., 2004; Zhilai et al., 2012). This was
accomplished through the immunohistochemical analysis performed in this preliminary
study with anti-hNu antigen. In this study, anti-hNu antigen immunostaining was used to
trace the survival and migration pattern of hMSCs after transplantation to tibialis anterior
muscle myectomy defects. Rats receiving hMSCs grafts (with fibrin glue as a vehicle) were
euthanized at 4, 15 and 35 days post-transplantation.

4.4.1. Immunohistochemical protochol for anti-hNu staining
For the immunohistochemical study, sections were deparaffinised, hydrated and antigen
retrieval was performed in a pressure cooker in 10 mmol/L sodium citrate buffer, pH 6.0,
for 2 minutes (min). Slides were cooled for 10 min at room temperature and rinsed twice in
triphosphate buffered saline (TBS) for 5 min. The NovolinkTM Max-Polymer detection
system (Novocastra) was used for visualization, according to the manufacturer´s
instructions. After blocking endogenous peroxidase with 3% hydrogen peroxide in
methanol for 10 min, sections were incubated, overnight at 4ºC, with the monoclonal antinuclei antibody (hNu, clone 235-1, Merck Millipore, Darmstadt, Germany), diluted 1:20.
Sections were rinsed with TBS between each step of the procedure. Colour was
developed for up to 7 min at room temperature with 3,3’-diamino-benzidine (DAB) (Sigma,
St. Louis, MO) and sections were then lightly counterstained with haematoxylin,
dehydrated and mounted. Sections with human mesenchymal stem cells were used as
positive controls. Negative controls were performed by replacing the primary antibody with
an antibody of the same immunoglobulin isotype.

4.4.2. Results
Immunohistochemistry for hNu antigen revealed extensive hMSCs survival and
engraftment within the injured rat skeletal muscle. A series of sections showed that large
numbers of hMSCs survived at least for 4 days after transplantation. At this stage, grafted
hMSCs cells were clearly detected with this specific anti-human nuclei antibody (hNu,
MAB1281). hNu-immunopositive cells were found within the injury site and migrated also
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to nearby locations, spreading toward the spaces between adjacent muscle fibers (Fig.
2.16). By 15 days, many hNu+ cells had vanished from the implantation site and at 35 days
hNu+ mononuclear cells were not detected.

A

B

Figure 2.16 – Human umbilical cord mesenchymal stem cells survive and engraft within the injured
skeletal muscle 4 days after implantation. Immunohistochemistry staining for human nuclei (hNu)
antigen reveals a large number of immunostained human cells survival and engraftment within the
injury site. Magnification 100x (A); magnification 400x (B).

For the assessment of the possible differentiation of hMSCs into myotubes it would be
interesting to apply double staining for human nuclei (hNu) antigen and Pax7 or MyoD for
example. In that way we could verify that the mechanism underlying the functional
recovery after transplantation of hMSCs is not the differentiation of these cells into skeletal
muscle cells but rather through their paracrine activity (Hu et al., 2010).
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4.5. Preliminary study nº5 – Morphometric analysis for fibrosis quantification
In this last preliminary study we intended to develop a new method to estimate the degree
of fibrosis through a simplified morphometric analysis of the injured skeletal muscles. This
method was useful to assess different therapeutic options and their anti-fibrotic effects.
Through a specific collagen staining technique (Masson’s Trichrome) and by using the
threshold color tool in the ImageJ© software (NIH), the areas stained in blue were selected
and in that way it was possible to indirectly calculate the fibrotic fraction of each skeletal
muscle sample.

4.5.1. Collagen staining:
Initially, the sections were stained with Masson’s Trichrome for the tibialis anterior muscle
samples after myectomy. Type I collagen stains strongly with acid dyes and this can be
demonstrated selectively by sequential combination of acid dyes such as Masson’s
trichrome. Trichrome staining methods were originally used to differentiate between
collagen and muscle fibers, and with Mason’s it is possible to establish a clear difference
between the muscular cells (red) and collagen (blue/green). In order to perform the
Masson trichrome technique, the samples were fixed in 10% buffered formalin and the
protocol for staining was performed by the following method (Bancroft et al., 2008):
1. Section were deparaffinized and placed in water.
2. Mercury pigment was removed by iodine, sodium thiosulfate sequence.
3. Washed in tap water.
4. Nuclei were stained by the celestine blue-hematoxylin method.
5. Differentiated with 1% acid alcohol.
6. Washed well in tap water.
7. Stained in acid fuchsin solution for 5 minutes.
8. Rinsed in distilled water.
9. Treated with phosphomolybdic acid solution for 5 minutes.
10. Drained.
11. Stained with methyl blue solution for 2–5 minutes.
12. Rinsed in distilled water.
13. Treated with 1% acetic acid for 2 minutes.
14. Dehydrated through ascending grades of alcohol.
15. Cleared in xylene, mounted in permanent mounting medium.
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4.5.2. Morphometric image analysis:
Afterwards, images were acquired using the same microscope (Nikon® Eclipse E600) and
image capture software (Nikon®) at a resolution of 72 dpi in JPEG format. In the camera
settings, the white balance and brightness were adjusted and auto exposure was locked
prior to image acquisition, in order to standardize the color features of all images. An
average of 5 histological images was captured from each sample at 20x magnification. As
established in other studies (Page et al., 2011) and to ensure that the analysis was
executed well within the injury zone, the images were obtained from the muscular depth
with the most observable collagen content. These images were merged using the
AutoStitch® v.2.2 software (University of British Columbia) to allow a complete visualization
of the area affected by the lesion (Brown et al., 2007).

Figure 2.17 – Merging of the Masson’s trichrome-stained histological images using Autostich©.

Adobe Photoshop© CS5 image processing software (Adobe Systems Inc. San Jose, CA)
was used for enhancement of color contrast before selection of the blue channel. Color
splitting was performed and an analysis threshold was established for each image series
collected using the same brightness, exposure and white balance settings. This
measurement was performed using the Threshold Color tool in the ImageJ© v.1.44
software (NIH) (Andrade, 2011). The ratio of blue pixels above the threshold to total pixels
in the image was used to calculate the percentage of fibrosis in each sample (Filippin et
al., 2011; Santos et al., 2009). These values would allow us to compare the amount of
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scar tissue development among the different groups. This method could be considered an
alternative to the use of automated image analysis systems (Winkler et al., 2011).

A

B

Figure 2.18 – Masson’s trichrome staining of tibialis anterior muscle after myectomy (at 35d)
(A). Selection of total area (B) – 400x magnification.

A

B

Figure 2.19 – Adobe Photoshop© CS5 image processing for enhancement of color contrast of
the same section (A) before selection of the blue channel for the measurement of the
area of fibrosis for pixel ratio calculation (ImageJ©) (B).

However, this method appeared to be somehow inaccurate, since in the majority of the
samples a complete cross section of the skeletal muscle was impossible to be obtained
(as represented in Fig.2.17 and 2.18). In addition, collagen type III from the connective
tissue (epimysium, perimysium and endomysium) was also stained in blue. Although in
some sections (as the one presented in Fig.2.19) it was possible to distinguish this
collagen content to the one corresponding to the myectomy scar (different blue color tone),
this was not acceptable for the establishment of a reproducible histomorphometric
analysis. With the purpose of avoiding misrepresentation in the measurement of the real
amount of collagen resulted from the myectomy lesion scar, it was questioned the
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hypothesis of introducing a grid method to simplify the assessment of a standard area or
region of interest (ROI). Using this method we were able to predefine 160.000 pixels
(448.273 µm2) square in the area with the most observable collagen content (ROI)
(Fig.2.20).

Figure 2.20 – Grid method for establishment of a predefined ROI and selection of collagen area
through the Threshold Color tool in the ImageJ© software.

Figure 2.21 – Set Scale tool in ImageJ© for pixels to µm conversion.

The ratio of blue pixels above the threshold to total pixels in the image was used to
calculate the percentage of fibrosis in each ROI as previously described. The blue color
channel was adjusted within a limited range in all analyzed sections.
The pixels were also converted in µm using the Set Scale tool in ImageJ© but as it was
intended to determine only the fraction of collagen (in %) and not the total area, this
proved to be unnecessary (Fig.2.21). Also the Adobe Photoshop© CS5 image processing
for enhancement of color contrast was pointed out as needless since the Threshold Color
tool in the ImageJ© presented the required sensitivity to precisely split the blue fraction
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(Fig.2.22). To optimize this method in terms of bias reduction, a randomized ROI selection
would be more appropriate. Nevertheless it is the author’s opinion that this would probably
misrepresent the collagen fraction of some sections, since it would be possible that some
marginal areas distant from the injury area would be randomly selected for analysis.

Figure 2.22 – Color splitting using the Threshold Color tool in the ImageJ© for assessment of the
blue pixel ratio.

It should also be stated that this was not a stereological analysis for the reason that only
one transversal section (from the muscular depth with the most observable collagen
content) was evaluated for collagen quantification. This method permitted a preliminary
analysis of different therapeutic strategies at 15 days post-myectomy (Fig.2.23 and Table
2.3-2.5). Later on it was also employed in the study presented in section 5.2 of this
chapter.

Collagen fraction (%)
0,5
41% 41%

0,4
0,3

33% 32%
33%
30%
23%

0,2
0,1

45%
39%
34%

Control
Fibrin
MSCFibrin
ConditionedFibrin
Floseal
MSCFloseal
ConditionedFloseal
Hidrogel
MSCHidrogel
ConditionedHidrogel

0,0
Figure 2.23 – Graphical representation of the collagen %s obtained in samples harvested at d15.
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Ref.

Sample

Date

Acquired
images

Merged image
size (in pixels)

Control

08/12
08/12
08/12
09/12
09/12
09/12

1D
2D
3D
7D
8D
9D

23.12.2012
23.12.2012
23.12.2012
23.12.2012
23.12.2012
23.12.2012

4
6
2
3
5
4

Fibrin

540/12
242/12
242/12
242/12
242/12
242/12

1E
5E
6E
7E
8E
9E

18.05.2012
01.03.2012
01.03.2012
01.03.2012
01.03.2012
01.03.2012

MSCFibrin

540/12
242/12
242/12
242/12
242/12
242/12

1D
0D
1D
3D
5D
6D

Cond.Fibrin

242/12
242/12
242/12
242/12
242/12
242/12

7D
8D
9D
1E
2E
10E

Section area

Collagen area

2

Gray scale values

Collagen
(pixels ) (µm ) Med Min. Max. Fraction
21%
32391
90750 125
67
255
30%
48180
134986 129
72
200
19%
30211
84642 134
83
255
15%
24345
68208 129
75
255
14%
23130
64803 111
43
255
38%
57919
162272 114
45
255

2

2

2

2278x1448
3396x1793
1671x1133
1362x1952
2694x1903
2483x1705

(pixels )
154324
162810
161604
160800
160398
153104

(µm )
432371
456146
452767
450514
449388
428953

8
4
5
4
5
6

1582x2835
2208x2548
2018x2434
2083x1987
2610x1548
2175x2424

161604
160000
161600
144349
159165
160000

452767
448273
452756
404424
445934
448273

46528
66406
49709
37308
62282
53681

130358
186050
139270
104526
174496
150398

162
145
167
169
173
157

45
63
93
106
44
56

238
255
224
219
237
245

29%
42%
31%
26%
39%
34%

18.05.2012
01.03.2012
01.03.2012
01.03.2012
01.03.2012
01.03.2012

6
5
4
6
5
5

1821x2526
2835x2803
2360x1783
2576x1759
1863x2016
2182x2037

161604
159200
160800
133090
160400
153278

452767
446032
450514
372879
449394
429440

69914
45355
51285
48509
43310
37875

195879
127071
143686
135908
121342
106115

148
167
137
144
152
140

71
114
84
29
81
82

236
237
238
240
237
236

43%
28%
32%
36%
27%
29%

01.03.2012
01.03.2012
01.03.2012
01.03.2012
01.03.2012
01.03.2012

3
4
6
5
6
6

1623x1154
2114x1516
3159x1977
2598x1920
1844x2746
2824x1856

143295
161604
160800
151056
161202
160000

401471
452767
450514
423215
451641
448273

50268
40502
46184
50520
44193
51832

140836
113475
129394
141542
123816
145218

135
157
128
148
144
153

84
72
76
37
53
64

235
237
241
238
244
240

35%
25%
29%
33%
27%
32%

Table 2.3 – Measurements for collagen and whole section areas (in pixels2 and µm2) for calculation of collagen fractions of Control, Fibrin,
MSCFibrin and CondFibrin samples, 15 days after myectomy of the tibialis anterior muscle of the rat.

Acquired
images

Merged image
size (in pixels)

Section area

Collagen area

2

2

(µm )
400257
432539
332282
437402
452767
449388

Gray scale values

Collagen
(pixels ) (µm ) Med Min. Max. Fraction
119645 335210 112
61
224
84%
22988
64406 103
37
255
15%
37083
103896 141
76
255
31%
17174
48117 125
34
227
11%
67260
188443 116
44
239
42%
24245
67927
94
27
225
15%
2

2

Floseal

Date

08/12
08/12
08/12
09/12
09/12
09/12

4D
5D
6D
10D
11D
12D

23.12.2012
23.12.2012
23.12.2012
23.12.2012
23.12.2012
23.12.2012

6
6
6
7
5
6

3244x1875
2601x2339
2873x2024
3068x2086
2615x1702
3545x1466

(pixels )
142862
154384
118600
156120
161604
160398

MSCFloseal

Sample

06/12
06/12
06/12
06/12
06/12
06/12

1E
2E
3E
4E
5E
6E

23.12.2012
23.12.2012
23.12.2012
23.12.2012
23.12.2012
23.12.2012

7
5
6
6
3
5

3244x2153
3295x1764
3017x1678
3802x1877
2284x1573
2710x2343

162810
160398
160398
160398
162810
160000

456146
449388
449388
449388
456146
448273

72347
38059
58404
89667
73472
60765

202695
106630
163631
251221
205847
170246

132
149
154
161
138
171

43
69
45
62
53
52

247
246
243
249
245
246

44%
24%
36%
56%
45%
38%

Cond.Floseal

Ref.

07/12
07/12
07/12
07/12
07/12
07/12

7E
8E
9E
10E
11E
12E

23.12.2012
23.12.2012
23.12.2012
23.12.2012
23.12.2012
23.12.2012

6
5
7
6
6
7

3106x2182
2599x1405
2902x2038
3162x2095
2746x1870
3236x1760

143295
161604
160800
151056
161202
160000

401471
452767
450514
423215
451641
448273

50268
40502
46184
50520
44193
51832

140836
113475
129394
141542
123816
145218

135
157
128
148
144
153

84
72
76
37
53
64

235
237
241
238
244
240

44%
28%
58%
51%
26%
40%

Table 2.4 – Measurements for collagen and whole section areas (in pixels2 and µm2) for calculation of collagen fractions of Floseal, MSCFloseal and
CondFloseal samples, 15 days after myectomy of the tibialis anterior muscle of the rat.

Acquired
images

Merged image
size (in pixels)

Section area

Collagen area

2

2

(µm )
452767
447152
446032
444911
411694

Gray scale values

Collagen
(pixels ) (µm ) Med Min. Max. Fraction
92028
257835 165 101 234
57%
52557
147249 150
85
240
33%
39360
110275 158 105 229
25%
107843 302144 156
71
243
68%
65364
183131 146
38
241
44%
2

2

Hidrogel

Date

540/12
670/12
670/12
670/12
670/12

2E
1D
3D
4D
5D

18.05.2012
26.06.2012
26.06.2012
26.06.2012
26.06.2012

7
7
5
5
5

2115x3451
3055x1607
2379x1508
2699x1186
2654x1934

(pixels )
161604
159600
159200
158800
146944

MSCHidrogel

Sample

540/12
670/12
670/12
670/12
670/12
670/12

2D
1E
3E
0E
4E
5E

18.05.2012
26.06.2012
26.06.2012
26.06.2012
26.06.2012
26.06.2012

5
6
5
6
7
6

1998x2549
3254x2034
2767x1877
2724x1670
3097x2011
4252x2073

144553
159201
159200
159598
160400
161604

404995
446035
446032
447147
449394
452767

64000
22809
56435
76588
66578
83782

179309
63904
158114
214577
186532
234733

123
108
135
157
141
134

32
54
70
94
61
56

240
225
232
218
222
231

44%
14%
35%
48%
42%
52%

Cond.Hidrogel

Ref.

873/13
873/13
873/13
873/13
873/13
873/13
873/13
873/13

1E
1D
3E
3D
4E
4D
5E
5D

30.09.2013
30.09.2013
30.09.2013
30.09.2013
30.09.2013
30.09.2013
30.09.2013
30.09.2013

4
9
6
9
9
9
9
10

3588x1301
6275x2157
3302x1514
5990x1861
3562x1441
3581x1519
6444x1753
5682x1692

158404
160000
160800
160000
160400
159200
160000
160800

443802
448273
450514
448273
449394
446032
448273
450514

92622
55003
31085
89382
33085
25356
48904
60645

259500
154102
87091
250422
92694
71040
137015
169910

116
126
122
130
135
119
127
120

70
59
60
74
65
59
46
63

218
222
188
187
255
195
222
216

58%
34%
19%
56%
21%
16%
31%
38%

Table 2.5 – Measurements for collagen and whole section areas (in pixels2 and µm2) for calculation of collagen fractions of Hidrogel, MSCHidrogel and
CondHidrogel samples, 15 days after myectomy of the tibialis anterior muscle of the rat. The hydrogel composition and preparation methods are
described in section 2 of this chapter.

Chapter 2
Skeletal muscle injuries and regeneration

5. Results
5.1. Submitted article:
hMSCs conditioned media and plasma of the
umbilical cord blood metabolomics and composition
(part of the results presented in this section were submitted as an original paper to PloS One)
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Abstract
Mesenchymal stem cells (MSCs) can be isolated from several sources like bone marrow,
adipose tissue, skeletal muscle, umbilical cord blood (UCB), umbilical cord matrix (Wharton’s
jelly), peripheral blood, dental pulp, and amniotic fluid. Human MSCs (hMSCs) are being
tested clinically for a variety of pathologies and diseases. Also the hMSCs in vitro expansion
is essential to achieve appropriate cell numbers for clinical use and the in vitro culture must
be scale-up. However, despite the clinical advancements in MSCs-based therapies, most
applications still need culture media containing fetal bovine serum (FBS). On the other hand,
the culture media enriched in growth factors produced by the hMSCs in expansion (so called
conditioned media - CM) can be an important alternative to the hMSCs application in
regenerative medicine. Until today, there is no reliable serum-free medium for hMSCs and the
animal sera have several disadvantages including economic, ethical and scientific ones. It is
important to define FBS replacements for hMSCs in vitro culture. Using human umbilical cord
blood serum or plasma (hUCBS) as a supplement for hMSCs culture is an important
alternative since the fact that UCB is rich in soluble growth factors that support the growth,
proliferation, and differentiation of mesenchymal and hematopoietic stem cells. The most
attractive alternative to FBS is the umbilical cord blood plasma (allogenic or autologous) due
to the worldwide increase number of cryopreserved umbilical cord blood units in Public and
Private Cord Blood Banks. In order to use hMSCs isolated cells from the umbilical cord tissue
(UCT) for cell therapies, the use of autologous hUCBS as culture medium supplement in the
cryopreservation process of hMSCs and UCT, and also for in vitro proliferation of hMSCs, is
an important alternative. On the other hand, the CM of the hMSCs is probably a better
therapeutic option compared to the in vivo transplantation of the cells, as it can benefit from
the local tissue response to the secreted molecules without the difficulties and complications
associated to the engraftment of the allo-transplanted or xeno-transplanted cells. These facts,
driven us to know the detailed composition of the hUCBS, as well as of the CM where the
hMSCs are expanded, by nuclear magnetic resonance spectroscopy (1H-NMR) and by
Multiplexing LASER Bead Technology. NMR spectroscopy allowed for in vitro detection and
identification of metabolites and estimation of their quantitative distribution in the samples
studied. Multiplexing LASER Bead Technology using the bead analyzer Bio-Plex 200 allowed
simultaneously in a single assay, the quantification of numerous analyte categories such as
cytokines, chemokines and growth factors. Considering the data obtained, the hUCBS is an
adequate alternative for the FBS used in hMSCs isolation, expansion and cryopreservation.
Also, the CM is an important source of growth factors like the hUCBS, which can be used in
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Regenerative Medicine instead of the hMSCs in allogenic and xenogenic treatments. Some of
the major proliferative, chemotactic and immunomodulatory soluble factors (such TGF-β, GCSF, GM-CSF, MCP-1, IL-6, IL-8) were detected in higher concentrations in CM (comparing
to unconditioned media) and even higher in the hUCBS. The results from

1

H-NMR

spectroscopic analysis of CM endorsed a better understanding of hMSCs metabolism during
in vitro culture and expansion. On the other hand, it was obtained the relative composition of
several metabolites present in CM and hUCBS, which is important to development of hMSCs
culture medium for cell-based therapies clinical trials. The data reinforces the importance of
the UCB and of the hUCBS in tissue regeneration and hematopoietic treatments. Also
validates the hUCBS as a substitute for the FBS used in cell culture and expansion. Further
investigation involving a larger number of hUCBS samples must be performed using the 1HNMR and Multiplexing LASER Bead analysis.
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1. Introduction
1.1. hMSCs secretome evaluation and impact in biomedical applications
As demonstrated in some studies, grafted cells usually do not remain in the wound for a long
period, nor do translocate to other regions throughout the body, suggesting that their role is
largely limited to signaling that initiates the recruitment and direction of endogenous cells
(Shin et al., 2013). To improve this engraftment deficiencies, stem and progenitor cells have
been genetically engineered with a number of transgenes to more effectively engraft in hostile
environments and to secrete increased amounts of trophic factors (Baraniak et al., 2010). Cell
signaling is a complex process of communication between different cells and forms the basis
of all cellular activities. Proliferation, differentiation, migration, and apoptosis are all processes
instructed by different signals (Doorn et al., 2012). Nowadays it is becoming particularly
important the comprehensive characterization of hMSCs secretome, as the factors secreted
by these cells seem to be the main effectors of their therapeutic action (Carvalho et al.,
2011). The hypothesis that the CM where these cells grow and expand in culture (so called
conditioned media - CM) could be an appropriate therapeutic product rich in growth factors
comparable to hMSCs local application, seemed to be a rational approach to our study
(Pereira et al., 2014). MSCs were found to produce and secrete multiple paracrine factors
with therapeutical relevance for their anti-oxidants, anti-apoptotic, anti-fibrotic, angiogenic,
immunomodulatory and chemoattractive activities (Baraniak et al., 2010; Caplan et al., 2006;
Yoo et al., 2009). As already described before by (Yoo et al., 2009), culture supernatants of
MSCs (derived umbilical cord Wharton’s jelly like the cells used in our study) present several
cytokines and other secreted factors such as interleukin type 2 (IL-2), IL-6. IL-8, IL-12, IL-15,
monocyte chemotactic protein-1 (MCP-1), macrophage inflammatory protein- 1 beta (MIP1β), chemokin (C-C motif) ligand 5 (RANTES) and platelet-derived growth factor – AA
(PDGF-AA). It should be bearded in mind that MSCs might suffer a change in their secretory
profile when exposed to an immunoreactive environment (Carvalho et al., 2011). This fact
was not considered in the present study since the secretory profile of these cells was only
evaluated in vitro. We are aware that this could have some importance in the transposition of
these results, due to the fact that there might be some relevant differences in terms of the
presence or levels of some cytokines, when comparing the effect of conditioned media to
direct transplantation of MSCs in the site of injury. Carvalho et al. (2011) have demonstrated
that the secretome of the infused umbilical cord blood MSCs can modulate the action of
central nervous system (CNS) cells, which could be important in tissues with such a low
regenerative potential. Fraga et al. (2013) revealed that the secretome of the perivascular
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umbilical cord MSCs (HUCPVCs) improved cell viability, proliferation and neuronal cell
densities when in vitro tested with neurons isolated from different brain regions which can be
useful in patients with spinal cord injury (SCI) and brain ischemia.

1.2. The importance of umbilical cord blood plasma (hUCBS) in mesenchymal
stem cells (hMSCs) cryopreservation, in vitro culture and expansion.
Mesenchymal stem cells (MSCs), as defined by the International Society for Cellular Therapy
(ISCT) in 2006, are cells characterized by: a) their capacity to adhere to plastic; b) expression
of specific surface markers, namely, CD73, CD90, and CD105, and no expression of CD14,
CD19, CD34, CD45 and HLA-DR. Additionally, according to the ISCT, MSCs are able to
undergo tri-lineage differentiation into adipocytes, chondrocytes and osteoblasts (Dominici et
al., 2006). Human MSCs (hMSCs) are nowadays, one of the most promising types of stem
cells for cell-based therapies. As a matter of fact these cells have being tested in a large
number of clinical trials for treatment of several pathologies like brain paralysis, SCI,
cardiovascular diseases and myocardial infarction, type I diabetes, multiple sclerosis, Crohn’s
disease, bone fractures, graft-versus-host disease (GVHD) in bone marrow transplantation,
osteoarthritis and rheumatoid arthritis (Phinney et al., 2007). Thus, based on their
differentiation capacity, hematopoietic support as well as their immunomodulatory and proregenerative properties, the hMSCs are being used in several clinical trials. Like it is
mentioned before, currently 369 clinical trials are found only searching for “mesenchymal
stem cells” and if we introduce as key words “mesenchymal stem cells” and “cord tissue”, we
can found 3 clinical trials recruiting patients in http:/clinicaltrials.gov. In the same internet site
from the U.S. National Institutes of Health, there are 24 clinical trials listed searching for
“mesenchymal stem cells” and “umbilical cord blood” (assessed April 2014).
At the moment it is possible to isolate the hMSCs from various sources like bone marrow,
adipose tissue, skeletal muscle, umbilical cord blood (UCB), umbilical cord tissue or matrix
(UCT, Wharton’s jelly), peripheral blood, dental pulp, and amniotic fluid (Tekkatte et al.,
2011). Also the hMSCs in vitro expansion is essential to achieve appropriate cell numbers for
clinical use and the in vitro culture must be scale-up for clinical application purposes. Some of
the complications in preparing hMSCs for cell-based therapies are due to the inconsistent cell
culture protocols, it is imperative to standardize the culture protocols for isolation and
expansion of these cells. Since the studies performed by Friedenstein and collaborators in
1970 (Friedenstein et al., 1970), it has been used the fetal bovine serum (FBS) and animal
sera for culture media supplementation. But the animal sera have several disadvantages
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including economic, ethical and scientific ones. It is important to define FBS alternatives for
hMSCs in vitro culture. There are several FBS replacing media available and under study like
chemically defined media, human serum, umbilical cord blood (UCB) serum or plasma,
human platelet lysate (HPL) and platelet-rich plasma (PRP) (Tekkatte et al., 2011). As a
matter of fact, the use of FBS as a supplement of the culture medium is always associated to
batch-to-batch

variability,

unexpected

cell

growth

characteristics,

cytotoxicity

of

uncharacterized factors in the serum. But the most important is the risk of possible
contamination with virus, prions, bacteria, nanobacteria, mycoplasma, yeast, fungi, and
endotoxins, some of which are not possible to remove from serum before application
(Erickson et al., 1991; Simonetti et al., 2007). There are several components present in the
animal serum like immunoglobulins, transcription factors, growth factors that can modify the
cell functions and the cell culture stability (Tekkatte et al., 2011). There is also a concern for
FBS clinical use, due to the immunogenicity of the FBS cultured cells, inducing anaphylactic
or arthus-like immune reactions which were already reported in some patients infused with in
vitro cultured lymphocytes (Selvaggi et al., 1997). It is reported approximately 7 to 30 mg of
xenogeneic proteins from the FBS per 108 hMSCs in culture (Spees et al., 2004). Anyway,
FBS-cultured hMSCs have been approved by the US Food and Drug Administration (FDA) for
use in several human clinical trials mentioned previously. Also, the use of FBS implies a huge
number of fetal calves that must be euthanized for blood collection, this does not follow the
3R’s policy (reducing, replacing and refining) that should be applied in research (Russell et
al., 1959). hMSCs are not capable of surviving in the absence of FBS, not only because of
the important growth factors present, but also the fact that the FBS works as buffering agent
and protects the cells from cytotoxic agents. These characteristics must also be present in
the alternative to animal serum used to isolate and expand these cells. The substitute
medium supplement must have low cost, be safe in terms of contaminants and ready / easy
availability. It is important to validate alternatives to animal serum in hMSCs culture. On the
other hand, it is important to develop appropriate CM, similar to the one collected during
hMSCs expansion that would be able to substitute the hMSCs application in allogenic and
xenogenic cell-therapies.
The most attractive alternative to FBS is the umbilical cord blood plasma (hUCBS) (allogenic
or autologous) due to the worldwide increase number of cryopreserved cord blood units in
Public and Private Cord Blood Banks. The UCB has been used as an important source of
hematopoietic stem cells, for transplantation in the treatment of hematologic disorders and
malignancies. Due to the improved process of separation of the cord blood components and
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better collecting methodologies, the UCB has been used for hematopoietic treatments not
only in children but also in adults (Ballen et al., 2008; Kurtzberg et al., 1996). Using human
umbilical cord blood serum or plasma (hUCBS) as a supplement for hMSCs culture is an
important alternative, since the fact that UCB is rich in soluble growth factors that support the
growth, proliferation, and differentiation of resident stem cell population present in the fetal
blood (Phadnis et al., 2006). As a matter of fact, the hUCBS may be a very important
medium for ex vivo culture of hMSCs and for the cryopreservation of UCT and isolated
hMSCs. The hUCBS has albumin, transferrin, and fibronectin in high abundance, both very
important for cell culture and proliferation. Other growth factors and proteins are present, like
epidermal growth factor (EGF), fibroblast growth factor (FGF), nerve growth factor (NGF),
vascular endothelial cell growth factor (VEGF), insulin-like growth factors (IGFs), transforming
growth factors (TGFs), interferons and interleukins (Tekkatte et al., 2011). These factors are
involved in cell proliferation, differentiation and migration. Also, some of these factors like the
NGF, regulate the apoptosis, others like some interleukins are responsible for the
maintenance of stemness (Brunner et al., 2010; Deans et al., 2000). The quantification and
characterization of these factors present in the hUCBS is important, in order to be used in the
cryopreservation of UCT and hMSCs isolated from the UCT but also, to be used as a medium
culture supplement in ex vivo and in vitro hMSCs expansion for clinical application.
UCB and more recently, UCT have been stored cryopreserved in private and public cord
blood and tissue banks worldwide in order to obtain hematopoietic stem cells and hMSCs
and, although guidelines exist (Netcord – Foundation for the Accreditation of Cellular
Therapy), standardized procedures for CB and UCT transport from the hospital / clinical to
the laboratory, storage, processing, cryopreservation and thawing are still awaited. These
may be critical in order to obtain higher viable stem cells number after thawing and limit
microbiological contamination (Gärtner et al., 2013). The isolation and culture of hMSCs from
the Wharton’s jelly or UCT has been performed by our research group in order to obtain
undifferentiated hMSCs. The isolation has been performed by enzyme-free tissue explant and
enzymatic isolation but both protocols include the use of FBS as medium supplement. Also
the laboratory’s processing and cryopreservation protocols of the UCT units following the
technical procedures of Biosckin, Molecular and Cell Therapies S.A. were validated for the
ability of isolating and expanding in vitro hMSCs after cryopreserved UCT thawing. The
protocols of processing and cryopreservation of the UCT are protected by a Confidentiality
Agreement between Biosckin, Molecular and Cell Therapies S.A. and all the involved
researchers. The UCT units from 15-20 centimeters-long umbilical cords and after the blood
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vessels dissection are treated and processed for cryopreservation using a cryoprotective
solution (freezing medium). It was possible to obtain hMSCs in culture from 52 out of 60
thawed UCT units cryopreserved according to Biosckin protocols; and the hMSCs obtained
exhibited a mesenchymal-like shape with a flat and polygonal morphology and were
characterized by flow cytometry

(FACSCalibur®, BD Biosciences)

analysis

for

a

comprehensive panel of markers. As expected for hMSC-type stem cells, flow cytometry
analysis showed that over 95% of the cells in the population were consistently positive for the
cell surface markers CD44, CD73, CD90 and CD105 and less than 2% positive for CD14,
CD19, CD31, CD34, CD45 and HLA-DR (Gärtner et al., 2013). In order to use the hMSCs
isolated cells from the UCT in cell-based therapies, the use of autologous hUCBS as culture
medium supplement in the cryopreservation process of the hMSCs or of the UCT, and in vitro
proliferation of hMSCs, driven us to know in a more detailed way, the composition of the
hUCBS as well as the CM where the hMSCs are expanded by NMR spectroscopy and by
Multiplexing LASER Bead Technology (Eve Technologies, Canada). 1H-NMR allows for ex
vivo and in vivo identification of metabolites (Shi et al., 2008). Multiplexing LASER Bead
Technology (Eve Technologies, Calgary, Alberta, Canada) using the bead analyzer Bio-Plex
200 (Bio-Rad) allows the quantification of numerous analyte categories such as cytokines,
chemokines and growth factors which can test simultaneously multiple targets in a single
assay. The hypothesis that the CM where these cells grow and expand in culture (CM) could
be an appropriate therapeutic product rich in growth factors comparable to hMSCs local
application, seemed to be a rational approach to our study, so, two different CM were also
analyzed by these two methods.

1.3. NMR technique
Nuclear magnetic resonance (NMR) spectroscopy has established itself as one of the most
important analytical techniques in chemistry, physics and structural biology for obtaining
atomic level information. Analysis of the spectral data provides detailed information on
topology, dynamics and the three-dimensional structure of molecules. NMR spectroscopy is
an extremely powerful, versatile analytical technique for investigation of the structure and
dynamic of molecules, molecular aggregates and complexes, complex organic and biological
systems; study of inter- and intra-molecular interactions, molecular transformations,
intermolecular complex formations, chemical and biochemical reactions and etc.
The physical foundation of NMR spectroscopy lies in the magnetic properties of atomic
nuclei.

NMR is a property that magnetic nuclei have in a magnetic field and applied
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electromagnetic pulse or pulses, which cause the nuclei to absorb energy from the
electromagnetic pulse and radiate this energy back out. NMR is technique that provides
information about the structure and dynamic of a sample subject to a static magnetic field,
from the analysis of the interaction between the magnetic moments of the sample nuclei and
an applied electromagnetic wave (Günther, 2013).
It offers unique opportunities for improving the structural and functional characterization of
metabolome, which can be essential for the understanding of many biological processes and
structural and physiological changes in biological systems. NMR spectroscopy provides a
unique way to monitor the full structural and dynamic effects of changes in temperature,
pressure, and other conditions including the binding of small and large ligands. With the
development of multinuclear and multidimensional NMR techniques, the structures of proteins
of significant size and spectral complexity as well as the compositions of complex biological
samples can be efficiently determined. NMR spectroscopy can be used effectively to screen
for metabolite profiles and to monitor structural and physiological changes in tissue, cell
suspensions and biofluids (Beckonert et al., 2007; Lindon et al., 1999).
NMR spectroscopy is a quantitative non-destructive, non-invasive analytical technique,
particularly suited to study molecular structure and dynamics, and hence structural details in
biological and physiological systems (Knowles, 1996). Therefore NMR represents a valuable
application in terms of monitoring metabolic changes in disease or in response to treatment,
on the other hand, the ex vivo analysis of biological samples through high-resolution NMR
appears also to be one of the most powerful analytical techniques available for metabolic
proﬁling (Seagle et al., 2008). A wide range of analytical platforms is increasingly being
utilized either alone or in conjunction with NMR spectroscopy to detect and characterize a
wider range of metabolites. Such platforms include capillary electrophoresis and highperformance or ultra-performance liquid chromatography, which are coupled with mass
spectrometry (MS) (Coen et al., 2008). The information-rich analytical techniques of MS and
NMR spectroscopy are the primary analytical methods employed in metabolite profiling
based on their high sensitivity and/or resolution that are necessary to both identify and
quantify known and unknown metabolites (Zhang et al., 2010). NMR-based metabolomics
provides a robust and stable analytical platform with excellent analytical and biological
reproducibility, whereas LC-MS based methods provide significant advantages in terms of
increased sensitivity and greater dynamic range (Coen et al., 2008). It is the author’s opinion
that the metabolite analysis through MS and NMR could be suitable for the proteomic
characterization of hMSC secretome and for hUCBS analysis. Proteomic/secretome studies
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performed on hMSCs from the Wharton’s jelly umbilical cord are still sparse (Carvalho et al.,
2011). In the clinics, NMR spectroscopy is also already being used often to detect important
details of altered metabolism in a number of brain diseases, including cancer (Guidoni et al.,
2014). It is also possible to distinguish between different metabolic profiles of tumor cells in
culture in relation to different physiological conditions such as cell density by 1H-NMR
spectroscopy of the culture medium (Miccheli et al., 2006). One of the advantages on 1HNMR over other methods, is that it can generate a large quantity of information concerning
the metabolic composition of samples (its spectrum represents the global profile of the
analyzed sample), making possible the simultaneous identification and quantification of
structurally diverse metabolites, without the need for individual isolation. Another advantage
of this non-destructive technology apart from the small sample volume required, is that there
is very simple or no sample preparation required for NMR analysis of biological fluids, thus
only addition of a small volume of deuterated water (usually 10% volume), with or without
centrifugation being needed (Musteata et al., 2013; Zhang et al., 2010). NMR is an extremely
powerful, versatile and reliable technique for metabolomic applications in which the
metabolite profile of a biological sample can be acquired rapidly, with high reproducibility and
with sufficient sensitivity to differentiate even subtle differences (Zhang et al., 2010). If
desired, the pH can be adjusted with buffer solutions or acids / bases solutions. The main

drawback of NMR is the relatively low sensitivity, necessitating a minimum abundance of
metabolites in the micro-molar range. Additionally, 1H NMR spectra of biological systems
(tissues, cells, biofluids) are usually extremely complex because of the large number of
components in the samples, resulting in spectra with complex line shapes and significant
overlap of the resonance signals.
Some of the lack of acceptance of this technique at the early stages has been overcome
recently by the use of high-field NMR spectrometers, high-sensitivity cryogenic and micro-coil
NMR probes, the application of appropriate standard and advanced pulse sequences (solvent
suppression, spin-echo sequences, multidimensional homo- and hetero-nuclear correlation
experiments) and isotope labeling, allowing data collection for less concentrated samples
(Seagle et al., 2008; Yee et al., 2002; Zhang et al., 2010).
The assignment of the resonance signals in NMR spectra and identification of the metabolites
in biological samples may involve a number of spectral techniques, information from
databases of known metabolite spectra and NMR assignment software. Even very complex,
1

H NMR spectra of some biological samples allow direct assignment of resonance signals of

some metabolites on the base of their chemical shifts, multiplicity and intensity and spectral
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analysis of appropriate two dimensional (2D) NMR spectra. 2D NMR spectroscopy can be
useful to increase the signal dispersion in spectra with significant overlap of the resonances
and reveal the connectivity between signals (1H/1H Correlation spectroscopy (COSY); 1H/1H
Total Correlation spectroscopy (TOCSY), 1H/13C or 1H/15N Hetero-correlation spectroscopy
(HSQC, HMBC)) and/or to define the multiplicity and coupling pattern of resonances (2D Jresolved spectroscopy), thereby helping to identify metabolites in biological samples. When
integrated with the appropriate software tools for (semi-)automated peak identification, NMR
spectral libraries of metabolites promise a significant advance in the interpretability of NMR
data (Viant et al., 2008).
Since the late 1990s, the explosive growth of NMR-based multivariate metabolite studies has
largely developed a significant improvement in revealing the different molecules enclosed in
complex biological samples through new methods in data acquisition, processing an analysis
(Beckonert et al., 2007; Holmes et al., 1994; Zhang et al., 2010).
1

H-NMR based metabonomics (or metabolomics - process of analyzing metabolite

concentrations in a biological system) has already been used for human embryonic stem cells
(hESCs) conditioning media (CM) characterization, proving to be an accurate and valuable
tool for monitoring, controlling and optimizing hESC culture media preparation. Also with this
purpose a number of studies have attempted to identify protein factors secreted by mouse
and human fibroblasts produces during the conditioning process (MacIntyre et al., 2011).
Characterization of cell culture media by 1H-NMR has also facilitated the detailed scrutiny of
metabolites involved in a variety of biochemical pathways for potential tissue engineering
applications (Seagle et al., 2008).
The same problems associated with NMR spectroscopic analysis of serum apply to culture
media, including differences in spin-lattice relaxation (T1) values due to nonspecific protein
binding resulting in inaccurate determination of concentrations. Also sample contamination,
macromolecular content, pH and paramagnetic strength cause perturbations on peak area
and chemical shifts may also challenge accurate concentration measurements (Seagle et al.,
2008). These multivariate aspects of quantitative NMR make the choice of a concentration
standard difficult. Serum and plasma usually require minimal pre-treatment such as the
addition of sodium azide to control bacterial growth, phosphate buffer to control pH,
deuterated water to lock the magnetic field, TSP (3-(trimethylsilyl)-propionate, sodium salt),
DSS (2,2-dimethyl-2-silapentane-5-sulfonate, sodium salt) or DFTMP (1,1-difluoro- 1trimethylsilanyl methyl-phosphonic acid)43 for chemical shift calibration and quantitation
(Zhang et al., 2010).
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In our study NMR spectroscopy is used as a tool to identify and quantify the metabolites
(quantitative and qualitative NMR analysis) in the different biological samples. By NMR
spectroscopy (1H and

13

C NMR, application of 1D and 2D (1H/1H homonuclear and 1H,

13

C

heteronuclear correlation techniques), have been defined the NMR-observable metabolites
and from there the metabolic profile of the samples. From 1H-NMR spectra has been
evaluated the quantitative distribution of these metabolites in the different samples.

1.4. Aims of the experimental work
Recent efforts to characterize biomolecule production by stem cells have utilized genomic
and proteomic approaches to analyze cell-conditioned media (Baraniak et al., 2010). The
present study aimed to present a qualitative and quantitative assessment of the metabolic
profile of hMSCs from the umbilical cords Wharton’s jelly conditioned media (CM) in different
culture conditions. A commercial media (Promocell®) of unknown composition and another
common basal medium (DMEM) currently used during hMSCs in vitro expansion were used
for the process of conditioning. Upon reaching a cell confluence of 80%, the culture media
was collected at two different time points (24 and 48h) in order to assess differences in the
metabolic activity of these cells during in vitro culture and also in the growth factors, and
interleukins concentrations produced during the process of cell expansion. In order to future
clinical application in cell therapies of the isolated hMSCs from the UCT, the use of
autologous hUCBS as culture medium supplement in the cryopreservation process of hMSCs
or UCT, and in vitro proliferation of hMSCs, driven us to know in a more detailed way, the
composition of the hUCBS and compare it with the CM where the hMSCs were grown and
expanded by NMR spectroscopy, and by Multiplexing LASER Bead Technology (Eve
Technologies, Canada). On the other hand, the CM of the hMSCs and the hUCBS are
probably better therapeutic options compared to the in vivo transplantation of the hMSCs, as
it can benefit from the local tissue response to the secreted molecules without the difficulties
and complications associated to the engraftment of the allo-transplanted or xeno-transplanted
cells. So, knowing in detail, the CM and hUCBS composition, not only in terms of growth
factors, and interleukins but also, in terms of aminoacids, lipids and other components is
important to evaluate this alternative treatment, to hMSCs clinical application for tissue
regeneration.
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2. Materials and Methods
2.1. Ethics and regulation
UCB donations were obtained with written informed consents according to Directive
2004/23/EC which sets the standards of quality and safety for the donation, procurement,
testing, processing, preservation, storage and distribution of human tissues and cells. The
UCT and the UCB were collected from healthy donors, and according to Netcord guidelines
and following the Portuguese law 12/2009 (Diário da República, lei 12/2009 de 26 de Março
de 2009). The Biosckin, Molecular and cell Therapies SA (Maia, Portugal) is an authorized
Portuguese private cord blood bank for UCB and UCT processing and cryopreservation by
Direcção Geral de Saúde (DGS), and is certified for ISO9001 and for NP4457.

2.2. Preparation of hMSCs conditioned media (CM)
Human MSCs from Wharton’s jelly umbilical cord (hMSCs) were purchased from PromoCell®
GmbH (C-12971). Different batches of cryopreserved cells were in vitro cultured and
maintained in a humidified atmosphere with 5% CO2 at 37ᵒC. This established human MSC
cell line was preferred, since the number of hMSCs obtained was higher in a shorter culture
time, it was not dependent on donors availability and ethic committee authorization, and the
protocol was much less time consuming which was advantageous for the in vitro studies. The
phenotype of hMSCs was assessed by PromoCell® assay. Rigid quality control tests were
performed for each lot of PromoCell® hMSCs and tested for cell morphology, adherence rate
and viability. Furthermore, each cell lot was characterized by flow cytometry analysis for a
comprehensive panel of markers, such as platelet endothelial cell adhesion molecule – 1
(PECAM-1, CD31), homing cell adhesion molecule (HCAM, CD44), CD45, and Endoglin
(CD105). The hMSCs exhibited a mesenchymal-like shape with a flat and polygonal
morphology. During expansion the cells became long spindle-shaped and colonized the
whole culturing surface. The hMSCs phenotype was confirmed by flow cytometry before in
vitro testing. Detection was performed with the following antibodies and their respective
isotypes (all from BioLegend unless stated otherwise): PE anti-human CD105 (eBioScience);
APC anti-human CD73; PE anti-human CD90; PerCP/Cy5.5 anti-human CD45: FITC antihuman CD34; PerCP/Cy5.5 anti-human CD14; Pacific Blue anti-human CD19 and pacificblue anti-human HLA-DR. The karyotype of the hMSCs was determined and no structural
alterations were found demonstrating absence of neoplastic characteristics in these cells, as
well as chromosomal stability the somatic and sexual chromosomes to the cell culture
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procedures. Mesenchymal stem cell medium (LabClinics, PromoCell, C-28010) was replaced
every 48 hours. At 80% confluence, cells were harvested with 0.25% trypsin with EDTA
(Gibco®) and passed into a new flask for further expansion. Two mesenchymal stem cell
mediums were tested for the conditioning, namely, PromoCell® medium (LabClinics,
Promocell, C-28010, so called commercial medium further on) and Dulbecco's Modified Eagle
Medium (DMEM, Gibco®) supplemented with 10% of fetal bovine serum (FBS, Gibco®), 2 mM
glutamine (Sigma), 100 U/ml of penicillin and 100 µg/ml of streptomycin (Sigma). Conditioned
media (CM) was collected from P4 hMSCs. To obtain the desired CM, 4000 cell/cm 2 were
plated and allowed to grow until reaching a minimum of 80% confluence. At this stage, the
commercial medium was removed from the T-flasks and after 5 washing cycles with
Dulbecco's Phosphate Buffered Saline 1X (DPBS) without calcium (Ca2+) and magnesium
(Mg2+) (Gibco®), Dulbecco's Modified Eagle Medium/Nutrient Mixture (DMEM, Gibco®)
supplemented with 100 U/ml of penicillin and 100 µg/ml of streptomycin (Sigma) was added.
The cell culture T-flasks were maintained in a humidified atmosphere with 5% CO2 at 37ᵒC,
allowing the adherent cells to be in contact with a serum-free basal medium. The culture
media added after the confluence was reached, was not renewed and it was collected at
different time points (24h Com. Medium and 48h Com. Medium). For conditioning with
Dulbecco's Modified Eagle Medium/Nutrient Mixture (DMEM, Gibco®) supplemented with 100
U/ml of penicillin and 100 µg/ml of streptomycin (Sigma), samples of the medium were
collected at 24h (24h DMEM) and 48h (48h DMEM). Upon collection, the CM were frozen at 20ᵒC, being later on thawed on the day of the experiments. 1H-NMR spectra and Multiplexing
LASER Bead analysis were acquired both from 24h and 48h samples.

2.3. Preparation of umbilical cord plasma
Eight samples of UCB plasma (Plasma samples #1-8) collected from different donors were
used for 1H-NMR analysis (N=8) and other 3 samples of UCB plasma (Plasma samples #911) collected from different donors were tested by Multiplexing LASER Bead analysis (N=3).
The total number of UCB plasma samples collected from different donors (N=11) used in the
present experimental study were analyzed by flow cytometry and for microbiological
contamination for aerobic and anaerobic microorganisms and fungi.

2.3.1. Donors selection and umbilical cord blood (UCB) collection
Maternal and neonatal pairs were evaluated during the antenatal period in the maternity
wards at different hospitals collaborating with the Umbilical Cord Blood Private Bank of
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Biosckin, Molecular and Cell Therapies, SA (Maia, Portugal). Donors signed informed
consent before delivery and were clinically evaluated by the Clinical Director of the Biosckin,
Molecular and Cell Therapies, SA (Biosckin bank) according to the Portuguese law 12/2009
(Diário da República, lei 12/2009 de 26 de Março de 2009). UCB was collected from the
umbilical vein by gravity into a 150 ml volume simple bag (reference 1385.13, Suru, Portugal)
containing 21 ml of citrate-phosphate-dextrose (CPD). This procedure was performed by
trained midwives after delivery of the placenta. The UCB was stored at 4°C ± 2°C until
processing for cryopreservation. UCB samples were transported to the Biosckin SA
laboratory at refrigerated temperatures ranging between 4°C and 22°C, within 48 hours after
collection. The collection methodology was the same for all the units included in this study.

2.3.2. Volume reduction with the AXP automated system
The AXP system® (Thermogenesis) consists of a microprocessor controlled device and a
disposable closed blood bag set. The device contains different compartments for housing the
processing set and flow control optical sensors that are used to achieve the separation of a
concentrated mononuclear cell (MNC) fraction of uniform volume. The collected UCB is
transferred to the bag set by means of sterile dock tubing system, through a clot filter and
loaded into the AXP device. During the two-step centrifugation, whole blood is separated into
three layers that are delivered into a red blood cells (RBC) bag and a freezing bag. Plasma
remains in the processing bag which is also the plasma bag. The AXP® device fits most
standard blood bank centrifuge buckets. In Biosckin SA laboratory, 4 UCB units were
centrifuged at the same time. The programmed final volume in the cryopreservation bag was
21 ml. Samples of the UCB were taken by sampling pillows integrated within the kit for flow
cytometry analysis. The analyzed UCB plasma was collected by a sterile syringe with a
needle of 16G from the plasma bag.

2.3.3. Biological controls
The CD34 antigen is present on immature hematopoietic precursor cells and hematopoietic
colony-forming cells in bone marrow, peripheral blood and umbilical cord blood, including
unipotent and pluripotent progenitor cells. An accurate measure of the CD34+ cell count is
necessary for dose requirements protocols on stem cell transplantation and stem cells
therapies. Total nucleated cells (TNC) count, CD34+ cell counts, CD34+ cell viability and
leucocytes (CD45+) viability were determined on samples obtained from the UCB before
volume reduction. Microbiological controls were performed after volume reduction and before
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cryopreservation and tested for microbiological contamination using an automated blood
culture system (BacT/ALERT®, bioMérieux) at 35ᵒC for 14 days. Each cord blood unit was
tested for aerobic and anaerobic microorganisms and fungi using 10 ml of UCB samples
consisting of mixed plasma and RBC (waste product) obtained after the AXP ® volume
reduction procedure, which was aseptically, introduced into the BacT/ALERT ® (bioMérieux)
testing flasks. For the UCB units that presented microbial contamination, the microorganism
was identified. TNC and the number of white blood cells (WBC) were counted with a
hematology autoanalyser (Ac T diff2™, Beckman Coulter, Inc.). The counts were not
corrected for nucleated RBC. The CD34+ cell number and the CD34+ viability were quantified
by flow cytometry (BD FACSCalibur™ 3 CA Becton Dickinson, BD Biosciences), the software
for acquisition and analysis were BD CellQuest™ and BDCellQuest™ Pro Templates,
respectively. The clusters of differentiation (CD) used to enumerate the total number of
CD34+ cells and the total number of leucocytes (CD45+), the 7-Amino-Actinomycin D (7AAD)
nucleic acid dye was used for viability measure (BD Stem Cell Enumeration kit, Becton
Dickinson, BD Biosciences), according to the manufacture’s protocol. The BD Stem Cell
Enumeration simultaneously enumerates the total viable dual-positive (CD45+/CD34+)
hematopoietic stem cells in absolute counts of CD34+ cells per µl and the percentage (%) of
viable leucocytes (CD45+) that are CD34 positive (CD34+).

2.4. Multiplexing LASER Bead analysis of umbilical cord blood plasma
(hUCBS) and of conditioned media (CM)
Multiplexing LASER Bead Technology (Eve Technologies, Calgary, Alberta, Canada) permits
the simultaneous testing of numerous analyte categories such as cytokines, chemokines and
growth factors in a single assay and is based on color-coded polystyrene beads. The bead
analyzer (Bio-Plex 200, Bio-Rad) includes a dual-laser system and a flow-cytometry system.
One laser activates the fluorescent dye within the beads which identifies the specific analyte.
The second laser excites the fluorescent conjugate (streptavidin-phycoerythrin) that has been
bound to the beads during the assay. The amount of the conjugate detected by the analyzer
is in direct proportion to the amount of the target analyte. The results are quantified according
to a standard curve using 25 µl of hUCBS, unconditioned culture medium and CM. The
measurements were performed by Eve Technologies, Calgary, Alberta, Canada, according to
the indications of the company. Human Primary Cytokine Array / Chemokine Array 41-Plex
Panel (Eve Technologies, Calgary, Alberta, Canada) was performed to analyze the UCB
plasma and the several conditioned media, including the following cytokines, chemokines and
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growth factors: epidermal growth factot (EGF), eotaxin-1, fibroblast growth factor 2 (FGF-2),
fms-related tyrosine kinase 3 ligand (Flt-3L), fractalkine, granulocyte colony-stimulating factor
(G-CSF),

granulocyte

macrophage

colony-stimulating

factor

(GM-CSF),

GRO(pan),

interferon- alpha 2 (IFNα2), interferon-gama (IFNγ), several interleukins (IL-1α, IL-1β, IL-1ra,
IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12 (p40), IL-12 (p70), IL-13, IL-15, IL-17A),
interferon gama-induced protein 10 (IP-10), monocyte chemotactic protein-1 (MCP-1),
monocyte

chemotactic

protein-3

(MCP-3),

macrophage-derived

chemokine

(MDC),

macrophage inflammatory protein- 1 alpha (MIP-1α), macrophage inflammatory protein- 1
beta (MIP-1β), platelet-derived growth factor – AA (PDGF-AA), ), platelet-derived growth
factor – AB/BB (PDGF-AB/BB), chemokin (C-C motif) ligand 5 (RANTES or CCL5), soluble
CD40 ligand (sCD40L), transforming growth factor alpha (TGFα), tumor necrosis factor alpha
(TNFα), tumor necrosis factor beta TNFβ, vascular endothelial growth factor A (VEGF-A).
TGF-β 3-Plex Array Multi-Species (Eve Technologies, Calgary, Alberta, Canada) was also
performed to analyze the UCB plasma and the several conditioned media, including tumor
growth factor beta 1, 2 and 3 (TGF-β 1, 2, and 3). The samples were kept at -20°C until the
analysis was performed.

2.5. NMR spectroscopy
A 600 L aliquot of the supernatant for each sample was transferred into 5 mm NMR tubes
and mixed with 50 L deuterium oxide (D2O) containing 0.05mM sodium trimethylsilyl[2,2,3,3-d4]-propionate (TSP) as an internal reference for the calibration and quantification of
NMR spectra. The NMR experiments were recorded at 300K on a Bruker Avance III 600 HD
spectrometer, operating at 600.13 MHz for 1H, equipped with 5 mm CryoProbe Prodigy and
pulse gradient units, capable of producing magnetic field pulsed gradients in the z-direction of
50 G/cm. Standard or slightly modified Bruker library pulse programs were used for all NMR
experiments. 1H NMR spectra of the samples studied were acquired with water suppression
using a 1D NOESY (noesygppr1d) pulse sequence (recycle delay-90-t1-90-tm- acquire)
and a Carr-Purcell-Meiboom-Gill (CPMG, cpmgpr1d) pulse sequence (recycle delay-90-[180-]n- acquire) (Beckonert et al., 2007; Nicholson et al., 1995; Teahan et al., 2006). The
1D NOESY spectra were collected using 5s relaxation delay, t1 delay of 4 s and mixing time
(tm) of 0.01 s. A water pre-saturation pulse was applied throughout the relaxation delay and
mixing time. The 1D NOESY experiment generates spectra with improved solvent peak (at
4.70 ppm) suppression. Relaxation edited 1H NMR spectra with T2 (spin-spin relaxation time)
filter using CPMG pulse sequence and suppression of water resonance were acquired to
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facilitate the identification of low molecular weight metabolites, reducing signals from high
molecular weight species or systems in intermediate chemical exchange. The CPMG
experiments (cpmgpr1d) were acquired with relaxation delay 4 s, during which the water
resonance signal was selectively irradiated, the echo time () was optimized for each sample
and was between 0.3 and 0.8 ms, and a loop for T2 filter (n) 20 was used. For all 1H NMR
spectra 128 or 256 transients of a spectral width of 10000 Hz were collected into 32 K time
domain points. The NMR spectra were processed conventionally using TOPSPIN 3.2 (Bruker
Biospin) and referenced to the TSP signal ( = 0.00). The time domain data were multiplied
by an exponential function with line-broadening factor of 0.3 Hz and zero-filled to 64 k prior to
Fourier transformation. Additionally, to confirm the chemical shift assignment of 1H NMR
spectra and facilitate the examination of metabolites presented in biofluids studied, twodimensional (2D) 1H/1H correlation spectra (COSY), 1H/1H total correlation spectra (TOCSY)
and gradient selected 1H/13C heteronuclear single quantum coherence (HSQC) spectra were
acquired using the standard Bruker software. 1H/1H COSY and 1H/1H TOCSY experiments
are very common and widely applied for identifying and structural characterization of
compounds at a molecular level. Although both experiments provide a diagonally symmetric
two dimensional contour plot with the one dimensional spectrum on the diagonal and
correlations off of the diagonal, they have different information content. The 1H/1H COSY is a
2D NMR experiment showing cross peaks whenever two protons are directly coupled via two
(geminal spin-spin couplings, 2J) or three (vicinal spin-spin couplings, 3J) bonds. The position
of the cross peaks in 1H/1H COSY spectra yields information about directly coupled protons.
Whereas 1H/1H COSY experiment generally correlates protons via geminal or vicinal scalar
spin couplings, the 1H/1H TOCSY experiment can yield correlations between all protons in a
given spin system. This means that a 1H/1H TOCSY can help drastically with the assignment
of functional groups and molecular structures. Typical measuring conditions for the 1H/1H
COSY and

1

H/1H TOCSY spectra recorded in phase sensitive mode and with water

suppression were: relaxation delay 2s, 16 or 32 scans, a total 2K data points in F2 and 256 or
512 data points in F1 over a spectral width of 10000 Hz. The TOCSY spectra were recorded
by use of the MLEV-17 spin lock sequence (Bax et al., 1985) for proton-proton transfer with a
mixing time of 80 ms. 1H/13C HSQC experiments (Bruker pulse program hsqcedetgpsisp2.2)
(Bodenhausen et al., 1980; Kay et al., 1992; Palmer III et al., 1991; Schleucher et al., 1994)
recorded in phase sensitive mode using echo/antiecho-TPPI gradient selection, with
decoupling during acquisition time and multiplicity editing during selection were carried out
with a spectral width of 10000 Hz for 1H and 27000 Hz for
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transform (FT) size 2K × 1K. The 1H/13C HSQC experiment is a highly sensitive and involves
the transfer of magnetization from the proton to the carbon nucleus via INEPT (Insensitive
nuclei enhanced by polarization transfer) step. This experiment permits to obtain a 2D
heteronuclear chemical shift correlation map between directly-bonded 1H and

13

C nuclei and

to differentiate between CH, CH2 and CH3 groups.
The metabolite content into the samples studied was defined by quantitative NMR analysis,
using the relative quantitative method (Malz et al., 2005). The quantitative distribution of
NMR-visible metabolites was determined from the relative integral intensity of characteristic
signals in 1H NMR spectra of the samples referenced to the integral intensity of TSP (internal
standard), considering the number of the contributing nuclei for that particular resonance.

2.6. Statistical analysis
When relevant, data is presented as mean and standard deviation (SD), N is referred to the
number of samples analyzed or used in the study.

3. Results
3.1. Flow cytometry and microbiological analysis of the umbilical cord blood
(UCB) units
Considering the microbiological evaluation of the UCB plasma performed using an automated
blood culture system (BacT/ALERT®, bioMérieux) at 35ᵒC for 14 days as it was described
previously, all the samples were negative for aerobic, anaerobic microorganisms and fungi
except plasma sample #2 which was positive for Bacteroides distasonis in anaerobiosis. The
bacterial contamination did not interfered with

1

H-NMR analysis and no statistically

differences were observed between plasma sample #2 and the mean values calculated for
the 8 plasma samples analysed (N=8) (Table 3 and Table 4).
Table 1 resumes the data obtained by flow cytometry which includes total number of viable
CD34+ cells per µl, the percentage (%) of viable leucocytes (CD45+) that are CD34+, total
number of viable leucocytes (CD45+) per liter, and the % of viable leucocytes (CD45+), and by
hematology autoanalyser which includes the TNC per liter. The samples presented an
average of 28.96 ± 17.57 x 109 TNC per liter, of 61.77 ± 53.94 viable CD34+ cells per µl,
89.90 ± 10.78 % of CD34+ viability, 18.65 ± 12.67 x 109 viable leucocytes (CD45+) per liter,
and 89.40 ± 8.54 % of leucocytes (CD45+) viability (N=11), demonstrating the individual
variability considering the UCB hematopoietic stem cells concentration and CD45+ CD34+ cell
viability.
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3.2. Multiplexing LASER Bead analysis of umbilical cord blood plasma,
unconditioned and conditioned media (CM)
The results gathered from the Human Primary Cytokine Array / Chemokine Array 41-Plex
Panel together with the TGF-β 3-Plex Array, allowed us to perform a comprehensive analysis
of the cytokines and growth factors included in the hUCBS and CM in comparison with both
DMEM and a commercial culture media. In terms of the proliferative and anti-apoptotic factors
it was clear that the conditioned samples (both with DMEM and Com. Medium) presented an
increase in terms of concentration of these factors. This was particularly evident for TGF-β1
(24h and 48h Com. Medium), EGF, G-CSF, GM-CSF, PDGF-AA and VEGF. Some of these
factors like EGF, were even absent in unconditioned media. It must be also stated that
among these factors, TGF-β1 and G-CSF were above all, considering increased
concentrations in the 48h conditioning samples (Figure 1 and Figure 2). The TGF-β1 is
associated to stem cell differentiation and protection and for its anti-apoptotic effects. The GCSF is known for progenitor cells mobilization and also, for its anti-apoptotic effects (revised
by Doorn et al. (2012).
hUCBS presented very high concentrations of TGFβ(1-3) that were completely out of the
range found in both conditioned and unconditioned culture media. For example TGF-β1 had a
5-fold lower concentration in the 48h Com. Medium comparing to the hUCBS (3162 pg/ml VS
16670 pg/ml). This was also observed in lower scale, with factors like VEGF, PDGF-AA,
PDGF-BB and EGF. The tendency observed for the increased values in conditioned (vs
unconditioned) samples was also observed in all tested chemokines and mostly in MCP-1,
MCP-3, RANTES, GRO, IL-8. It should be noticed that in hUCBS, RANTES was detected
with a concentration of 78903 pg/ml, while other samples ranged from 2.863 to 252 pg/ml.
hUCBS also presented higher concentrations of eotaxin and fractakline compared to the
culture media analyzed (163 pg/ml VS 1,24-62 pg/ml and 110 pg/ml VS 0-60 pg/ml
respectively). Apart from the already referred TGF family, other immunossupressive /
immunomodulatory factors were predominantly high in the conditioned and hUCBS (Figure 12 and Table 2 and Table 5).

3.3. 1H-NMR analysis of the umbilical cord blood plasma and conditioned
media (CM)
The identification of the metabolites in the samples studied was achieved by analysis of the
high resolution 1H NMR spectra, considering NMR parameters such as chemical shifts,
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multiplicity and intensity, characteristic for the respective species. To make unambiguous
assignment of the resonance signals in the
1

1

1

1

1

1

H NMR spectra, 2D NMR spectroscopic

13

techniques H/ H COSY, H/ H TOCSY, H/ C HSQC) were employed. The assignment of
the resonance signals of the specific metabolites in 1H NMR spectra of the samples studied
was verified by comparing with the data published in the literature (Duarte et al., 2005; Wang
et al., 2005).
The spectral features corresponding to the main metabolites detected in the 1H NMR profile
(Figure 3-6) of the different samples were transposed to Table 3-4. In the hUCBS samples
the citric acid value presented high values in terms of the integrals for signal intensity,
because this metabolite was originated from the anticoagulant used in sample collection
rather than being present in the plasma (the UCB collecting bags contained 21 ml of citratephosphate-dextrose - CPD). In the basal culture media (DMEM and Com. Medium) as well as
the corresponding conditioned media (24h DMEM, 24h Com. Medium and 48h Com.
Medium) we could mainly detect aminoacids in their composition through 1H NMR and so the
most significant in terms of relative quantity were highlighted as a graphical representation in
Figure 4. Alanine and glutamate were absent in DMEM and 24h DMEM but were clearly
perceived in the Com. Medium and 24h/48h Com. Medium samples. In a minor scale this was
equally valid for succinate. Lactate was also absent in DMEM but it could be detected in 24h
DMEM. Nevertheless both in Com. Medium and mostly in 24h/48h Com. Medium, a
significant higher concentration of lactate was registered. Other major differences between
cell culture media were found in the methionine content, appearing to be present in larger
amounts in the Com. Medium and corresponding CM (24h and 48h). Higher levels of glucose
were detected in DMEM and 24h DMEM comparing to Com. Medium and 24h/48h Com.
Medium levels. Obviously there was also a reduction in glucose in the CM in which the basal
media (DMEM and Com. Medium) was in contact with the hMSCs. Gathering the results of
unconditioned media (DMEM and Com. Medium) and comparing them globally with the
different CM it is possible to attest not only the metabolite depletion through cell
metabolization (as the glucose example), but also some metabolites (like lactate, formate or
pyruvate) that were present in higher concentration, reflecting the production and secretion of
metabolites. Metabolic differences between samples collected at different time points (24h
and 48h) were also taken in to account since CM could be achieved at different stages after
reaching minimal cell confluence. Comparing (24h) to (48h) conditioning with Com. Medium,
the major differences could be detected in terms of a decrease in acetate and lactate together
with an increase in alanine values. It also should be noticed that an increased number of
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samples should be used to confirm this tendency. In terms of the average results for the
hUCBS samples and in contrast with the culture and conditioned media, it was possible to
detect lipids, scyllo-inositol, β-hidroxibutirate and purines but we were unable to identify
signals for some aminoacids like threonine, glutamate, glutamine, methionine and other
metabolites like thiamine, choline or nicotinamide. Considering the different hUCBS analyzed
(Table 3, Table 4 and Figure 3-4) and comparing with the results obtained with CM (Table 3
and Figure 3-4) only differences in the lipids, β-hydroxybutyrate (β-HB), and inositol content
are significant, and similar to maternal peripheral blood plasma (data not shown). As a matter
of fact this components are present in the eight samples of hUCBS analyzed and are absent
in the CM of the in vitro expanded hMSCs. Also the signal for α-glucose and β-glucose are
higher in hUCBS compared with the CM which is in agreement with the function of the UCB
function in providing energetic support for the fetus during intrauterine development but also,
due to the presence of anticoagulant CPD in UCB collecting bag. The UCB collecting bag of
the UCB has CPD as an anticoagulant with the following composition: 2.63 g of sodium
citrate (dehydrate), 0.299 g of citric acid (monohydrate), 2.55 g of dextrose (monohydrate)
and 0.222 g of sodium monobasic biphosphate (monohydrate). It is also important to take in
mind the great variability of the UCB samples collected in terms of hematopoietic stem cells
(CD34+ cells) (Table 1) and hMSCs concentration which may influence the composition of the
hUCBS considering the different components analyzed by 1H-NMR. As matter of fact,
sample#4 presented a very low concentration of hematopoietic stem cells CD34+ (10.2 viable
CD34+ cells/µl) which might explain the different results obtained by 1H-NMR when compared
to the other samples of hUCBS. It should be referred that plasma sample #4 presented lower
signals for lipids and aminoacids (Table 4).

4. Discussion and Conclusions
Human MSCs represent an appealing source of adult stem cells, for cell therapy and tissue
engineering. Because hMSCs are present in low percentage in the bone marrow, alternative
sources have been studied, like the umbilical cord tissue (UCT, also called Wharton’s jelly)
and also, in vitro expansion is necessary before performing clinical studies. The hMSCs are
capable of differentiation along osteogenic, chondrogenic and adipogenic lineages (Muraglia
et al., 2000; M. F. Pittenger et al., 1999). Recent in vivo and in vitro studies also have
demonstrated the capacity to repair and regenerate cartilage (Curl et al., 1997), bone,
tendon, and meniscus (Awad et al., 2003; Bruder et al., 1998; Murphy et al., 2003). The
hMSCs are also able to differentiate into cardiomyocytes (Kawada et al., 2004; Mark F
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Pittenger et al., 2004), skeletal muscle and neuro-glial cells (Gärtner et al., 2013; Pereira et
al., 2013) which has also been intensively studied in vitro and in vivo using animal models, by
our research group. The hMSCs have been used in several clinical trials in children and
adults (Tekkatte et al., 2011) concerning a wide range of pathologies and diseases. Also
have been intensively studied to promote engraftment in allogenic hematopoietic stem cell
transplantation, as a matter of fact, the hMSCs, in particularly the ones isolated from the
Wharton’s jelly are nowadays used as a co-adjuvant in hematopoietic treatments using UCB
and bone marrow transplantation (Friedman et al., 2007; Le Blanc et al., 2007). Nowadays,
the cryopreservation of UCB and UCT is performed worldwide in private and public cord
blood banks, since the umbilical cord blood is used in hematopoietic treatments for blood
disorders and hemato-oncological diseases. Also the co-transplantation of hMSCs and
hematopoietic stem cells have positive clinical outcome in hematologic malignancy patients
(Lazarus et al., 2005). For instance, the therapeutic dosage of hMSCs commonly employed
for infusion in treatment of graft-versus-host disease in more than 2 x 106/kg body weight of
the patient, the ex vivo expansion of hMSCs for therapeutic applications in necessary, and
this concern also includes the cell therapies in regenerative medicine (Ringdén et al., 2006).
Human MSCs can influence tissue regeneration and scar tissue formation processes mainly
by their paracrine effect through a range of biomolecules synthesized by these cells, more
than their direct differentiation into functional tissue. The niche created by the expression of
chemotactic factors such as Wnt3a, VEGF, PDGF attracts endogenous hMSCs to the area of
injury (Shin et al., 2013). Although transplanted hMSCs do not persist well in the graft
environment (Rodrigues et al., 2010), they are able to initiate the formation of this niche in the
injured environment promoting the mobilization of endogenous stem/progenitor cells to the
site of injury. In their work, Shin et al. (2013) observed that the engrafted cells disappeared
rapidly [being susceptible to death by proinflammatory cytokines and reactive oxygen species
(Rodrigues et al., 2010)] and at that moment there was a correspondent increase in the
number of host cells to the area of injury. They also perceived the modulation and recruitment
of host cells both locally and systemically in response to exogenous MSC engraftment (Shin
et al., 2013). These transplanted hMSCs also have the value of acting as “protectors” to other
cell types (Baraniak et al., 2010). Understanding the role of the various mechanisms involved
in the environment of these stem cell “niches” is extremely important to understand not only
the concept of stem cell biology but also for the establishment of in vitro culture protocols
meant for biomedical use (Yoo et al., 2009). It is becoming particularly relevant the detailed
characterization of hMSCs secretome, as the factors secreted by these cells may be the main
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effectors of their therapeutic action (Yoo et al., 2009). The low survival rate of transplanted
cells into the damaged myocardium has also been proved (Burlacu et al., 2013) and
consequently, the clinical benefits are only transient and attributed mostly to transplanted cellassociated paracrine effects that for example stimulate angiogenesis by stimulating
endothelial cell adhesion through chemotactic factors (Burlacu et al., 2013; Ranganath et al.,
2012). This recent paradigm has suggested that the biomolecules synthesized by stem cells
may be as important, if not more so, than differentiation of the cells in eliciting functional
tissue repair (Baraniak et al., 2010). This evidence suggests that the CM obtained from the in
vitro culture and expansion of hMSCs and hematopoietic stem cells (CD34+ cells) or the
hUCBS are probably better therapeutic options compared to the in vivo transplantation of
these stem cells, as it can benefit from the local tissue response to the secreted molecules
without the difficulties and complications associated to the engraftment of the allotransplanted or xeno-transplanted cells (Pereira et al., 2014). Apart from that, stem and
progenitor cells have been subjected to in vitro preconditioning regimens to increase
production of desired trophic factors (as with hypoxia and angiogenic factor production),
thereby augmenting cell paracrine actions (Baraniak et al., 2010). Conditioned media derived
from hMSCs was demonstrated to contain factors that promote recruitment of macrophages
and endothelial cells into the wound (Chen et al., 2008). Apart from hMSCs, conditioned
medium alone also has substantial effects on migration, proliferation, and overall wound
(Doorn et al., 2012). For example Li et al. (2009) demonstrated that hMSCs conditioned
media can directly inhibit proliferation of cardiac fibroblasts and gene expression of collagen I
and III. In addition to immunoregulatory, proangiogenic, and antiapoptotic factors, hMSCs
also secrete neurotrophic factors, which could potentially be used in neurological disorders
(Doorn et al., 2012; Gärtner, Pereira, Armada-da-Silva, et al., 2012; Gärtner et al., 2014;
Gärtner, Pereira, Simões, et al., 2012). In our previous work, the CM from hMSCs cells
expansion was in vivo tested and compared to hMSCs, in terms of skeletal muscle
regeneration capacity after a myectomy lesion with positive clinical outcomes (Pereira et al.,
2014). These results might be explained by the fact that proliferation of satellite cells is
regulated by FGFs, TGF-βs, PDGF, IGF-I and II, while differentiation appears to be promoted
mainly by IGFs (Husmann et al., 1996) and as we demonstrated in this study, some of these
factors that are important in skeletal muscle regeneration are present in hMSCs from the
Wharton’s jelly conditioned media. The results obtained from the Multiplexing LASER Bead
analysis for the CM (using both DMEM and Com. Medium) revealed a higher concentration of
all the main cytokines when comparing to the corresponding unconditioned media. The only
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exception was FGF-2 which is an anti-apoptotic, antifibrotic growth factor with an important
role in increasing proliferation (and repressing differentiation)(Doorn et al., 2012; Husmann et
al., 1996; Rodrigues et al., 2010). FGF-2 appeared in higher concentrations in 24h and 48h
DMEM (CM) comparing to unconditioned DMEM. However the unconditioned commercial
medium used in this study showed high content in FGF-2 (3111 pg/ml), which was even
higher than the corresponding CM (24h and 48h Com. Medium) (Table 2). FGF-2 might be
included in the unknown composition of the supplement cocktail used in the commercial
medium. In fact this is also consistent with the better in vitro performance of this commercial
medium in terms of hMSCs proliferation in culture. FGF and other growth factors like VEGF
and MCP-1 (that were also increased in our CM samples) are known to be cardioprotective.
These results are important regarding the conclusions presented in Zisa et al. (2009) work, in
which the beneficial effects of conditioned medium on heart function after myocardial infarcts
was attributed was attributed to such soluble factors. Also increased in our CM analysis
(Table 2 and Figure 1) IL-6, IL-8, and MCP-1 have been demonstrated to enhance migration
of monocytes, which suggests enhanced attraction of these cells to the site of injury in vivo
(Doorn et al., 2012). Cytokines such as IL-10 and TGF-β which in our data can be identified in
higher concentration in CM (comparing to unconditioned media), have antiproliferative effects
on T-cells and decrease the secretion of inflammatory proteins, such as TNF-α and IFN-γ
(Doorn et al., 2012). The TGF-β family apart from being antiapoptotic, has an important in
stem cell protection and differentiation (particularly TGF-β3)(Doorn et al., 2012; Rodrigues et
al., 2010). Also antiapototic, G-CSF and GM-CSF are widely exploited clinically to mobilize
stem cells into the peripheral blood (Doorn et al., 2012). Caplan et al. (2006) have also
witnessed that G-CSF promoted the marrow HMSCs’ migration into the heart after
myocardium infarction. In our results, the concentration of both these factors was clearly
raised in CM (comparing to unconditioned media) and even higher in the hUCBS.
On the base of the results obtained from the analysis of the 1D (1H) and 2D (1H/1H COSY,
1

H/1H TOCSY, 1H/13C HSQC) NMR spectra acquired and by comparison of 1H chemical shifts

and spin-spin coupling constants (multiplicity of the resonance signals) with literature values,
we manage to define the NMR-visible metabolites presented in the samples studied. The 1H
NMR spectra of the samples studied were acquired with water suppression using a 1D
NOESY and CPMG pulse sequences. Using CPMG sequence it was achieved better
suppression of the water resonance, clearer inspection of the signals arising from small
molecules such as amino acids, lactate etc., and reduction of signals from high molecular
weight species or systems in intermediate chemical exchange. However, the lipid signals
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could be attenuated at the expense of the enhancement of the resonance signals of low
molecular weight metabolites. The NMR spectral data we obtained are in agreement with the
data published in the literature [(Duarte et al., 2005; Govindaraju et al., 2000; Wang et al.,
2005). In the results obtained from the different CM, the differences detected (comparing to
unconditioned media) were basically a consequence of cell metabolization (as the glucose
depletion for example). Lactate, formate and pyruvate were present in higher concentration in
CM, reflecting the production and secretion of metabolites. The presence of glutamate,
pyruvate and alanine only in the commercial medium and corresponding CM (24h and 48h
Com. Medium) might be explained by the use of supplements such as Glutamax ® in this
commercial medium. When hydrolyzed, this supplement produces higher levels of alanine
(MacIntyre et al., 2011). Glutamine is also a product of this process but the utilization of this
aminoacid by hMSCs should be considered. Apart from pyruvate, acetate levels may also be
influenced by the freezing or thawing process (MacIntyre et al., 2011).
Nowadays the in vitro protocols for hMSCs expansion includes the FBS as a supplement of
the culture medium and until date there are no reports of any significant side effects due to
the presence of xenogenic proteins. As a matter of fact, in phase I clinical trials has been
authorized but later-phase studies and clinical therapies would strictly require serum-free or
xeno-free culture media. Although the posterior sequential culture of the hMSCs in
autologous or heterologous plasma can remove up to 99.99% of the xenogenic proteins and
a residual risk still remains not forgetting the possibility of prions and virus transmission
(Tekkatte et al., 2011). The selection of an alternative for the FBS is crucial. One important
possibility is the UCB plasma or serum. The analysis of the hUCBS through 1H-NMR and
Multiplexing LASER Bead would aid in the identification of specific components and factors
that have in vitro promoting effects on hMSCs expansion. This will help in defining serum-free
culture medium for hMSCs expansion. Also, the autologous or heterologous UCB plasma is a
cheaper alternative for the large-scale expansion of hMSCs. At the moment no definitive FBS
serum free and chemically defined culture medium with all the important growth factors is
available in the market for the hMSCs but the inclusion of autologous or heterologous UCB
plasma is an important and feasibly alternative, also due to the increased number of public
and private UCB banks of cryopreservation in the world. This aspect driven us to know the
detailed composition of the UCB plasma as well as of the CM where the hMSCs isolated from
the UCT are expanded, by 1H-NMR and by Multiplexing LASER Bead Technology. 1H-NMR
allowed for in vitro measurement of metabolites and the Multiplexing LASER Bead

Doctoral Thesis - Tiago de Melo Silva Ramos Pereira

| 276

Technology using the bead analyzer Bio-Plex 200 allowed the quantification of numerous
analyte categories such as cytokines, chemokines and growth factors.
Recent studies have shown that several obstetric and neonatal factors can affect the quality
of UCB in terms of cell viability and CD34+ cell concentration (Wen et al., 2012) which is in
accordance with the results obtain by flow cytometry concerning the CD34+ cell concentration
and cell viability of the 11 samples of UCB used in this preliminary study. It is important to
take in mind the great variability of the UCB collect in terms of hematopoietic stem cells
(CD34+ cells) and hMSCs concentration which may influence the composition of the UCB
plasma considering the different components analyzed by 1H-NMR and the concentration of
the growth factors, interleukins analyzed by Multiplexing LASER Bead Technology. The most
important cause of the limited success of hMSC isolation from the UCB is the low frequency
of these cells. Culture techniques have shown the presence of only 1–2 hMSCs clones per
108 mononuclear cells of UCB, whereas in fresh bone marrow, hMSCs may account for 1–
100 per million nucleated cells (Vasaghi et al., 2013). Also the newborn and the maternal
factors are important for this individual variability, like the birth weight has probably a positive
correlations with each of the clinical features of CD34+ cell number, TNC count and unit
volume of UCB collected, followed by the placental weight. Longer gestational period would
probably decrease CD34+ cell number. Female baby and mode of vaginal delivery of
neonates were found to have larger amount of TNC in UCB collected (Wen et al., 2012). The
signal for α-glucose and β-glucose are 5 or 6 fold higher in hUCBS analyzed when compared
to CM which is in agreement with the function of the UCB function in providing energetic
support for the fetus during intrauterine development and due to the UCB collecting bag
anticoagulant CPD content. One of the UCB plasma (plasma sample #2) was contaminated
with Bacteroides distasonis in anaerobiosis. This contamination did not interfere with the
composition of the different components measured by 1H-NMR which was similar to the other
samples analyzed by this method.
UCB and more recently UCT have been stored cryopreserved in private and public cord
blood and tissue banks worldwide in order to obtain hematopoietic and hMSCs and, although
guidelines exist (Netcord – Foundation for the Accreditation of Cellular Therapy),
standardized procedures for UCB and UCT transport from the hospital / clinic to the
laboratory, storage, processing, cryopreservation and thawing are still awaited. These may be
critical in order to obtain higher viable stem cells number after thawing and limit
microbiological contamination. Some differences observed in the UCB samples analyzed by
1

H-NMR might be due to the temperature oscillations during the transport from the hospital /
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clinic or due to different periods of time since the collection of the UCB and the arrival to the
laboratory of cryopreservation. Despite the evident individual variability of the UCB
concerning the number of hematopoietic stem cells CD34+, the UCB plasma has high
concentration of growth factors which are comparable to the CM where the hMSCs were
cultured. Rodrigues et al. (2010) proved that composite treatment with PDGF, FGF-2 and
TGF-β1 appears to be a good alternative for proliferation in vitro to replace FBS. The
massively high content of PDGFs and TGF-βs in UCB Plasma revealed in our cytokines array
(Table 2 and Figure 2) may suggest that UCB Plasma supplemented with FGF-2 would be an
ideal solution for FBS replacement. The high concentrations (78903 pg/ml in hUCBS) of
RANTES that is a chemokine that promotes the recruitment and activation of inflammatory
cells such as monocytes, lymphocytes, mast cells and eosinophils must also be highlighted
from our data.
Considering the data obtained by 1H-NMR and Multiplexing LASER Bead Technology, which
have been proved that are adequate and complementary methods to be employed for an
accurate composition analysis of the tested samples, the hUCBS is an alternative for the FBS
culture medium supplement

used in hMSCs isolation, expansion and cryopreservation.

Continuing to study this alternative will improve the knowledge to continue in translational
research and cell therapies for clinical trials using the UCB and the hMSCs isolated from the
UCT Wharton’s jelly. Also, the CM obtained by hMSCs expansion and the hUCBS are very
rich in growth factors with proliferative and anti-apoptotic functions, being an attractive
alternative to allo-transplanting and xeno-transplanting of hMSCs for tissue regeneration.
Also validates the hUCBS as a substitute for the FBS used in hMSCs cell culture and
expansion. Further investigation involving a larger number of hUCBS samples must be
performed using the 1H-NMR and Multiplexing LASER Bead analysis. The application of stem
cell-derived biomolecules for tissue regeneration may provide alternative, stem cell-derived
therapies that overcome current cell sourcing issues (Baraniak et al., 2010). The therapeutic
use of CM and hUCBS seem to have a promising future in regenerative medicine by
providing important growth factors. hUCBS should also be considered as a new strategy for
supplementation of hMSCs cultures, mostly when the clinical application is intended.

Doctoral Thesis - Tiago de Melo Silva Ramos Pereira

| 278

5. References
Awad, Hani A, Boivin, Gregory P, Dressler, Matthew R, Smith, Frost NL, Young, Randell G, &
Butler, David L. (2003). Repair of patellar tendon injuries using a cell–collagen
composite. Journal of Orthopaedic Research, 21(3), 420-431.
Ballen, K. K., Barker, J. N., Stewart, S. K., Greene, M. F., Lane, T. A., American Society of,
Blood, & Marrow, Transplantation. (2008). Collection and preservation of cord blood
for personal use. Biol Blood Marrow Transplant, 14(3), 356-363. doi:
10.1016/j.bbmt.2007.11.005
Baraniak, Priya R, & McDevitt, Todd C. (2010). Stem cell paracrine actions and tissue
regeneration. Regen Med, 5(1), 121-143.
Bax, AD, & Davis, Donald G. (1985). Mlev-17-based two-dimensional homonuclear
magnetization transfer spectroscopy. Journal of Magnetic Resonance (1969), 65(2),
355-360.
Beckonert, Olaf, Keun, Hector C, Ebbels, Timothy MD, Bundy, Jacob, Holmes, Elaine,
Lindon, John C, & Nicholson, Jeremy K. (2007). Metabolic profiling, metabolomic and
metabonomic procedures for nmr spectroscopy of urine, plasma, serum and tissue
extracts. Nature protocols, 2(11), 2692-2703.
Bodenhausen, Geoffrey, & Ruben, David J. (1980). Natural abundance nitrogen-15 nmr by
enhanced heteronuclear spectroscopy. Chemical Physics Letters, 69(1), 185-189.
Bruder, Scott P, Jaiswal, Neelam, Ricalton, Nancy S, Mosca, Joseph D, Kraus, Karl H, &
Kadiyala, Sudha. (1998). Mesenchymal stem cells in osteobiology and applied bone
regeneration. Clin Orthop Relat Res, 355, S247-S256.
Brunner, D., Frank, J., Appl, H., Schoffl, H., Pfaller, W., & Gstraunthaler, G. (2010). Serumfree cell culture: The serum-free media interactive online database. ALTEX, 27(1), 5362.
Burlacu, A., Grigorescu, G., Rosca, A. M., Preda, M. B., & Simionescu, M. (2013). Factors
secreted by mesenchymal stem cells and endothelial progenitor cells have
complementary effects on angiogenesis in vitro. Stem Cells Dev, 22(4), 643-653. doi:
10.1089/scd.2012.0273
Caplan, Arnold I., & Dennis, James E. (2006). Mesenchymal stem cells as trophic mediators.
Journal of Cellular Biochemistry, 98(5), 1076-1084. doi: 10.1002/jcb.20886
Carvalho, M. M., Teixeira, F. G., Reis, R. L., Sousa, N., & Salgado, A. J. (2011).
Mesenchymal stem cells in the umbilical cord: Phenotypic characterization, secretome
and applications in central nervous system regenerative medicine. Curr Stem Cell Res
Ther, 6(3), 221-228.
Chen, Liwen, Tredget, Edward E., Wu, Philip Y. G., & Wu, Yaojiong. (2008). Paracrine factors
of mesenchymal stem cells recruit macrophages and endothelial lineage cells and
enhance wound healing. PLoS One, 3(4), e1886. doi: 10.1371/journal.pone.0001886
Coen, Muireann, Holmes, Elaine, Lindon, John C, & Nicholson, Jeremy K. (2008). Nmr-based
metabolic profiling and metabonomic approaches to problems in molecular toxicology.
Chemical research in toxicology, 21(1), 9-27.
Curl, Walton W, Krome, Jonathan, Gordon, E Stanley, Rushing, Julia, Smith, Beth Paterson,
& Poehling, Gary G. (1997). Cartilage injuries: A review of 31,516 knee arthroscopies.
Arthroscopy: The Journal of Arthroscopic & Related Surgery, 13(4), 456-460.
Deans, R. J., & Moseley, A. B. (2000). Mesenchymal stem cells: Biology and potential clinical
uses. Exp Hematol, 28(8), 875-884.
Dominici, M., Le Blanc, K., Mueller, I., Slaper-Cortenbach, I., Marini, F., Krause, D., . . .
Horwitz, E. (2006). Minimal criteria for defining multipotent mesenchymal stromal

Doctoral Thesis - Tiago de Melo Silva Ramos Pereira

| 279

cells. The international society for cellular therapy position statement. Cytotherapy,
8(4), 315-317. doi: 10.1080/14653240600855905
Doorn, Joyce, Moll, Guido, Le Blanc, Katarina, van Blitterswijk, Clemens, & de Boer, Jan.
(2012). Therapeutic applications of mesenchymal stromal cells: Paracrine effects and
potential improvements. Tissue Engineering Part B: Reviews, 18(2), 101-115.
Duarte, Iola F, Stanley, Elizabeth G, Holmes, Elaine, Lindon, John C, Gil, Ana M, Tang,
Huiru, . . . Vilca-Melendez, Hector. (2005). Metabolic assessment of human liver
transplants from biopsy samples at the donor and recipient stages using highresolution magic angle spinning 1h nmr spectroscopy. Analytical Chemistry, 77(17),
5570-5578.
Erickson, G. A., Bolin, S. R., & Landgraf, J. G. (1991). Viral contamination of fetal bovine
serum used for tissue culture: Risks and concerns. Developments in Biological
Standardization, 75, 173-175.
Fraga, J. S., Silva, N. A., Lourenco, A. S., Goncalves, V., Neves, N. M., Reis, R. L., . . .
Salgado, A. J. (2013). Unveiling the effects of the secretome of mesenchymal
progenitors from the umbilical cord in different neuronal cell populations. Biochimie.
doi: 10.1016/j.biochi.2013.06.028
Friedenstein, AJ, Chailakhjan, RK, & Lalykina, KS. (1970). The development of fibroblast
colonies in monolayer cultures of guinea‐pig bone marrow and spleen cells. Cell
Proliferation, 3(4), 393-403.
Friedman, Robb, Betancur, Monica, Boissel, Laurent, Tuncer, Hande, Cetrulo, Curtis, &
Klingemann, Hans. (2007). Umbilical cord mesenchymal stem cells: Adjuvants for
human cell transplantation. Biology of Blood and Marrow Transplantation, 13(12),
1477-1486.
Gärtner, A., Pereira, T., Armada-da-Silva, P. A., Amorim, I., Gomes, R., Ribeiro, J., . . .
Mauricio, A. C. (2012). Use of poly(dl-lactide-ε-caprolactone) membranes and
mesenchymal stem cells from the wharton's jelly of the umbilical cord for promoting
nerve regeneration in axonotmesis: In vitro and in vivo analysis. Differentiation, 84(5),
355-365. doi: http://dx.doi.org/10.1016/j.diff.2012.10.001
Gärtner, A., Pereira, T., Armada-da-Silva, P., Amado, S., Veloso, AP., Amorim, I., . . .
Maurício, AC. (2014). Effects of umbilical cord tissue mesenchymal stem cells (ucx®)
on rat sciatic nerve regeneration after neurotmesis injuries. Journal of Stem Cells &
Regenerative Medicine, Vol.X(1), JSRM Code: 010010300001EPA010010010214.
Gärtner, A., Pereira, T., Gomes, R., Luís, A. L., França, M., Geuna, S., . . . Maurício, A. C.
(2013). Mesenchymal stem cells from extra-embryonic tissues for tissue engineering –
regeneration of the peripheral nerve. In R. Pignatello (Ed.), Advances in biomaterials
science and biomedical applications: InTech.
Gärtner, A., Pereira, T., Simões, M.J., Armada-da-Silva, P., França, M.L., Sousa, R., . . .
Maurício, AC. (2012). Use of hybrid chitosan membranes and msc cells for promoting
nerve regeneration in an axonotmesis rat model. Neural Regeneration Research,
07(29). doi: 10.3969/j.issn.1673-5374.2012.29.002
Govindaraju, Varanavasi, Young, Karl, & Maudsley, Andrew A. (2000). Proton nmr chemical
shifts and coupling constants for brain metabolites. NMR in Biomedicine, 13(3), 129153.
Guidoni, Laura, Ricci-Vitiani, Lucia, Rosi, Antonella, Palma, Alessandra, Grande, Sveva,
Luciani, Anna Maria, . . . Viti, Vincenza. (2014). 1h nmr detects different metabolic
profiles in glioblastoma stem-like cells. NMR in Biomedicine, 27(2), 129-145. doi:
10.1002/nbm.3044
Günther, Harald. (2013). Nmr spectroscopy: Basic principles, concepts and applications in
chemistry: John Wiley & Sons.

Doctoral Thesis - Tiago de Melo Silva Ramos Pereira

| 280

Holmes, E, Foxall, PJD, Nicholson, JK, Neild, GH, Brown, SM, Beddell, CR, . . . Spraul, M.
(1994). Automatic data reduction and pattern recognition methods for analysis of<
sup> 1</sup> h nuclear magnetic resonance spectra of human urine from normal and
pathological states. Analytical biochemistry, 220(2), 284-296.
Husmann, Irene, Soulet, Laurent, Gautron, Jean, Martelly, Isabelle, & Barritault, Denis.
(1996). Growth factors in skeletal muscle regeneration. Cytokine & Growth Factor
Reviews, 7(3), 249-258. doi: http://dx.doi.org/10.1016/S1359-6101(96)00029-9
Kawada, Hiroshi, Fujita, Jun, Kinjo, Kentaro, Matsuzaki, Yumi, Tsuma, Mitsuyo, Miyatake,
Hiroko, . . . Ikeda, Yasuo. (2004). Nonhematopoietic mesenchymal stem cells can be
mobilized and differentiate into cardiomyocytes after myocardial infarction. Blood,
104(12), 3581-3587.
Kay, Lewis, Keifer, Paul, & Saarinen, Tim. (1992). Pure absorption gradient enhanced
heteronuclear single quantum correlation spectroscopy with improved sensitivity.
Journal of the American Chemical Society, 114(26), 10663-10665.
Knowles, Peter. (1996). Biomolecular nmr spectroscopy: By j n s evans. P 444. Oxford
university press, oxford. 1995 isbn. Biochemical Education, 24(1), 67-67. doi:
10.1016/s0307-4412(96)80024-0
Kurtzberg, Joanne, Laughlin, Mary, Graham, Michael L, Smith, Clay, Olson, Janice F,
Halperin, Edward C, . . . Rubinstein, Pablo. (1996). Placental blood as a source of
hematopoietic stem cells for transplantation into unrelated recipients. New England
Journal of Medicine, 335(3), 157-166.
Lazarus, H. M., Koc, O. N., Devine, S. M., Curtin, P., Maziarz, R. T., Holland, H. K., . . .
Bacigalupo, A. (2005). Cotransplantation of hla-identical sibling culture-expanded
mesenchymal stem cells and hematopoietic stem cells in hematologic malignancy
patients.
Biol
Blood
Marrow
Transplant,
11(5),
389-398.
doi:
10.1016/j.bbmt.2005.02.001
Le Blanc, K, Samuelsson, H, Gustafsson, B, Remberger, M, Sundberg, B, Arvidson, Johan, .
. . Ringden, O. (2007). Transplantation of mesenchymal stem cells to enhance
engraftment of hematopoietic stem cells. Leukemia, 21(8), 1733-1738.
Li, Lili, Zhang, Shuo, Zhang, Yao, Yu, Bo, Xu, Yan, & Guan, ZhenZhong. (2009). Paracrine
action mediate the antifibrotic effect of transplanted mesenchymal stem cells in a rat
model of global heart failure. Molecular biology reports, 36(4), 725-731.
Lindon, John C, Nicholson, Jeremy K, & Everett, JR. (1999). Nmr spectroscopy of bioﬂuids.
Annual reports on NMR spectroscopy London: Academic Press, 38, 1-8.
MacIntyre, David A., Melguizo Sanchís, Darío, Jiménez, Beatriz, Moreno, Rubén, Stojkovic,
Miodrag, & Pineda-Lucena, Antonio. (2011). Characterisation of human embryonic
stem cells conditioning media by <sup>1</sup>h-nuclear magnetic resonance
spectroscopy. PLoS One, 6(2), e16732. doi: 10.1371/journal.pone.0016732
Malz, F, & Jancke, H. (2005). Validation of quantitative nmr. Journal of pharmaceutical and
biomedical analysis, 38(5), 813-823.
Miccheli, Alberta Tomassini, Miccheli, Alfredo, Di Clemente, Roberta, Valerio, Mariacristina,
Coluccia, Pierpaolo, Bizzarri, Mariano, & Conti, Filippo. (2006). Nmr-based metabolic
profiling of human hepatoma cells in relation to cell growth by culture media analysis.
Biochimica et Biophysica Acta (BBA) - General Subjects, 1760(11), 1723-1731. doi:
http://dx.doi.org/10.1016/j.bbagen.2006.09.009
Muraglia, Anita, Cancedda, Ranieri, & Quarto, Rodolfo. (2000). Clonal mesenchymal
progenitors from human bone marrow differentiate in vitro according to a hierarchical
model. J Cell Sci, 113(7), 1161-1166.
Murphy, J. M., Fink, D. J., Hunziker, E. B., & Barry, F. P. (2003). Stem cell therapy in a
caprine model of osteoarthritis. Arthritis Rheum, 48(12), 3464-3474. doi:
10.1002/art.11365
Doctoral Thesis - Tiago de Melo Silva Ramos Pereira

| 281

Musteata, Mihai, Nicolescu, Alina, Solcan, Gheorghe, & Deleanu, Calin. (2013). The
<sup>1</sup>h nmr profile of healthy dog cerebrospinal fluid. PLoS One, 8(12),
e81192. doi: 10.1371/journal.pone.0081192
Nicholson, Jeremy K, Foxall, Peta JD, Spraul, Manfred, Farrant, R Duncan, & Lindon, John
C. (1995). 750 mhz 1h and 1h-13c nmr spectroscopy of human blood plasma.
Analytical Chemistry, 67(5), 793-811.
Palmer III, Arthur G, Cavanagh, John, Wright, Peter E, & Rance, Mark. (1991). Sensitivity
improvement in proton-detected two-dimensional heteronuclear correlation nmr
spectroscopy. Journal of Magnetic Resonance (1969), 93(1), 151-170.
Pereira, T., Armada-da Silva, P., Amorim, I., Rêma, A., Caseiro, AR., Gartner, A., . . .
Maurício, AC. (2014). Effects of human mesenchymal stem cells isolated from the
wharton’s jelly of the umbilical cord and conditioned media on skeletal muscle
regeneration using a myectomy model. Cells Tissues Organs, (in revision).
Pereira, T., Gärtner, A., Amorim, I, Armada-da-Silva, PAS., Gomes, R., C., Pereira, . . .
Maurício, AC. (2013). Biomaterials and stem cell therapies for injuries associated to
skeletal muscular tissues. In R. Pignatello (Ed.), Advances in biomaterials science and
biomedical applications: InTech.
Phadnis, S. M., Joglekar, M. V., Venkateshan, V., Ghaskadbi, S. M., Hardikar, A. A., &
Bhonde, R. R. (2006). Human umbilical cord blood serum promotes growth,
proliferation, as well as differentiation of human bone marrow-derived progenitor cells.
In Vitro Cell Dev Biol Anim, 42(10), 283-286. doi: 10.1290/0512087.1
Phinney, Donald G, & Prockop, Darwin J. (2007). Concise review: Mesenchymal
stem/multipotent stromal cells: The state of transdifferentiation and modes of tissue
repair—current views. STEM CELLS, 25(11), 2896-2902.
Pittenger, M. F., Mackay, A. M., Beck, S. C., Jaiswal, R. K., Douglas, R., Mosca, J. D., . . .
Marshak, D. R. (1999). Multilineage potential of adult human mesenchymal stem cells.
Science, 284(5411), 143-147.
Pittenger, Mark F, & Martin, Bradley J. (2004). Mesenchymal stem cells and their potential as
cardiac therapeutics. Circulation research, 95(1), 9-20.
Ranganath, Sudhir H, Levy, Oren, Inamdar, Maneesha S, & Karp, Jeffrey M. (2012).
Harnessing the mesenchymal stem cell secretome for the treatment of cardiovascular
disease.
Cell
Stem
Cell,
10(3),
244-258.
doi:
http://dx.doi.org/10.1016/j.stem.2012.02.005
Ringdén, Olle, Uzunel, Mehmet, Rasmusson, Ida, Remberger, Mats, Sundberg, Berit,
Lönnies, Helena, . . . Hassan, Zuzana. (2006). Mesenchymal stem cells for treatment
of therapy-resistant graft-versus-host disease. Transplantation, 81(10), 1390-1397.
Rodrigues, Melanie, Griffith, Linda, & Wells, Alan. (2010). Growth factor regulation of
proliferation and survival of multipotential stromal cells. Stem Cell Res Ther, 1(4), 32.
Russell, William Moy Stratton, Burch, Rex Leonard, & Hume, Charles Westley. (1959). The
principles of humane experimental technique.
Schleucher, J, Schwendinger, M, Sattler, M, Schmidt, P, Schedletzky, O, Glaser, SJ, . . .
Griesinger, C. (1994). A general enhancement scheme in heteronuclear
multidimensional nmr employing pulsed field gradients. Journal of biomolecular NMR,
4(2), 301-306.
Seagle, Christopher, Christie, Megan A, Winnike, Jason H, McClelland, Randall E, Ludlow,
John W, O'Connell, Thomas M, . . . MacDonald, Jeffrey M. (2008). High-throughput
nuclear magnetic resonance metabolomic footprinting for tissue engineering. Tissue
Engineering Part C: Methods, 14(2), 107-118.
Selvaggi, T. A., Walker, R. E., & Fleisher, T. A. (1997). Development of antibodies to fetal calf
serum with arthus-like reactions in human immunodeficiency virus-infected patients
given syngeneic lymphocyte infusions. Blood, 89(3), 776-779.
Doctoral Thesis - Tiago de Melo Silva Ramos Pereira

| 282

Shi, Chunmeng, Wang, Xiaoxia, Wu, Shaoxiong, Zhu, Ying, Chung, Leland W. K., & Mao,
Hui. (2008). Hrmas 1h-nmr measured changes of the metabolite profile as
mesenchymal stem cells differentiate to targeted fat cells in vitro: Implications for noninvasive monitoring of stem cell differentiation in vivo. J Tissue Eng Regen Med, 2(8),
482-490. doi: 10.1002/term.120
Shin, L., & Peterson, D. A. (2013). Human mesenchymal stem cell grafts enhance normal
and impaired wound healing by recruiting existing endogenous tissue stem/progenitor
cells. Stem Cells Transl Med, 2(1), 33-42. doi: 10.5966/sctm.2012-0041
Simonetti, A. B., Englert, G. E., Campos, K., Mergener, M., De David, C., De Oliveira, A. P., &
Roehe, P. M. (2007). Nanobacteria-like particles: A threat to cell cultures. Brazilian
Journal of Microbiology, 38(1), 153-158.
Spees, Jeffrey L, Gregory, Carl A, Singh, Harpreet, Tucker, H Alan, Peister, Alexandra,
Lynch, Patrick J, . . . Prockop, Darwin J. (2004). Internalized antigens must be
removed to prepare hypoimmunogenic mesenchymal stem cells for cell and gene
therapy*. Molecular Therapy, 9(5), 747-756.
Teahan, Orla, Gamble, Simon, Holmes, Elaine, Waxman, Jonathan, Nicholson, Jeremy K,
Bevan, Charlotte, & Keun, Hector C. (2006). Impact of analytical bias in metabonomic
studies of human blood serum and plasma. Analytical Chemistry, 78(13), 4307-4318.
Tekkatte, Chandana, Gunasingh, Gency Ponrose, Cherian, K. M., & Sankaranarayanan,
Kavitha. (2011). "Humanized" stem cell culture techniques: The animal serum
controversy. Stem Cells Int, 2011. doi: 10.4061/2011/504723
Vasaghi, Attiyeh, Dehghani, Atefeh, Khademalhosseini, Zeinab, Khosravi Maharlooei,
Mohsen, Monabati, Ahmad, & Attar, Armin. (2013). Parameters that influence the
isolation of multipotent mesenchymal stromal cells from human umbilical cord blood.
Hematology/oncology and stem cell therapy, 6(1), 1-8.
Viant, Mark R., Ludwig, Christian, & Gunther, Ulrich L. (2008). Chapter 2 1d and 2d nmr
spectroscopy: From metabolic fingerprinting to profiling Metabolomics, metabonomics
and metabolite profiling (pp. 44-70): The Royal Society of Chemistry.
Wang, Yulan, Tang, Huiru, Holmes, Elaine, Lindon, John C, Turini, Marco E, Sprenger,
Norbert, . . . Nicholson, Jeremy K. (2005). Biochemical characterization of rat intestine
development using high-resolution magic-angle-spinning 1h nmr spectroscopy and
multivariate data analysis. Journal of proteome research, 4(4), 1324-1329.
Wen, S. H., Zhao, W. L., Lin, P. Y., & Yang, K. L. (2012). Associations among birth weight,
placental weight, gestational period and product quality indicators of umbilical cord
blood units. Transfus Apher Sci, 46(1), 39-45. doi: 10.1016/j.transci.2011.10.031
Yee, Adelinda, Chang, Xiaoqing, Pineda-Lucena, Antonio, Wu, Bin, Semesi, Anthony, Le,
Brian, . . . Arrowsmith, Cheryl H. (2002). An nmr approach to structural proteomics.
Proceedings of the National Academy of Sciences, 99(4), 1825-1830. doi:
10.1073/pnas.042684599
Yoo, Keon Hee, Jang, In Keun, Lee, Myoung Woo, Kim, Hyo Eun, Yang, Mal Sook, Eom,
Youngwoo, . . . Jung, Hye Lim. (2009). Comparison of immunomodulatory properties
of mesenchymal stem cells derived from adult human tissues. Cellular immunology,
259(2), 150-156.
Zhang, Shucha, Nagana Gowda, G. A., Ye, Tao, & Raftery, Daniel. (2010). Advances in nmrbased biofluid analysis and metabolite profiling. [10.1039/C000091D]. Analyst, 135(7),
1490-1498. doi: 10.1039/c000091d
Zisa, David, Shabbir, Arsalan, Suzuki, Gen, & Lee, Techung. (2009). Vascular endothelial
growth factor (vegf) as a key therapeutic trophic factor in bone marrow mesenchymal
stem cell-mediated cardiac repair. Biochemical and Biophysical Research
Communications, 390(3), 834-838.

Doctoral Thesis - Tiago de Melo Silva Ramos Pereira

| 283

6. Table legends
Table 1: Total nucleated cells per liter of umbilical cord blood collected measured (TNC cell x
109/l) obtained by using the hematology autoanalyser (Ac T diff2™, Beckman Coulter, Inc.),
number of viable CD34+ cells per µl of UCB collected (cells/µl), viability of CD34+ cells (%),
number of viable CD45+ cells per liter of UCB collected (cells x 109/l) and viability of CD45+
cells (%) measured by flow citometry of the UCB samples used for 1H NMR and Multiplexing
LASER Bead analysis. The average and standard deviation (SD) of N = 11 is also presented.
* Count using the hematology autoanalyser.

Table

2:

Proliferative

and

anti-apoptotic

growth

factors

(A),

immunomodulatory,

immunosupressive cytokines (B) and chemokines (C) concentrations in UCB Plasma,
unconditioned (Com. Medium and DMEM) and conditioned media (24/48h Com. Medium and
DMEM). (Multiplexing LASER Bead Analysis (Eve Technologies, Calgary, Alberta, Canada).
Table 3: Quantitative distribution of the main metabolites (relative to internal TSP) 1H-NMR
observed in the 600 MHz spectra of DMEM, 24h DMEM, Com. Medium, 24h/48h Com.
Medium and Plasma of the UCB (average values from samples 1-8).

Table 4: Relative quantitative distribution of the main metabolites observed in the 600 MHz
1

H-NMR spectra of the different UCB plasma samples (1-8) analysed. The 1H resonances

used for the quantitative determination are pointed.
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7. Figure legends
Figure

1:

Proliferative

and

anti-apoptotic

growth

factors

(A),

immunomodulatory,

immunosupressive cytokines (B) and chemokines (C) concentrations in unconditioned (Com.
Medium and DMEM) and conditioned media (24/48h Com. Medium and DMEM).
(Multiplexing LASER Bead Analysis (Eve Technologies, Calgary, Alberta, Canada).

Figure

2:

Proliferative

and

anti-apoptotic

growth

factors

(A),

immunomodulatory,

immunosupressive cytokines (B) and chemokines (C) concentrations in UCB Plasma and
unconditioned media (Com. Medium and DMEM). (Multiplexing LASER Bead Analysis (Eve
Technologies, Calgary, Alberta, Canada).
Figure 3: 600 MHz 1H-NMR spectra of: A. DMEM; B. 24h DMEM; C. 48H Com. Medium; D.
24h Com. Medium1; E. 24h Com. Medium2; F. Com. Medium; G. Plasma1; H. Plasma2; I.
Plasma3; J. Plasma4; K. Plasma5. The codes (1-28) represent metabolites from Table 3.

Figure 4: Graphical representation of the relative metabolite concentration of the main
aminoacids after normalization of the integral signal intensity obtained in the 1H-NMR spectra
of DMEM, 24h DMEM, Com. Medium, 24h and 48h Com. Medium and UCB Plasma
(average) samples. Chemical structures of the main metabolites.
Figure 5: 600 MHz 1H/1H 2D COSY NMR spectra of 48h Com. Medium sample.
Figure 6: 600 MHz 1H/1H 2D TOCSY NMR spectra of 48h Com. Medium sample.
Figure 7: 600/150 MHz 1H/13C 2D HSQC NMR spectra of 48h Com. Medium sample.
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Table 1.
TNC (cell
x 109/l)*

Viable
CD34+
(cells/µl)

Viability of
CD34+ (%)

Viable CD45+
(cells x 109/l)

Viability of
CD45+ (%)

54,30

73,00

98,20

34,00

96,00

66,00

182,00

99,74

47,30

96,37

26,60

28,00

86,70

17,10

92,30

10,20

11,40

75,70

5,70

73,00

19,90

26,00

83,60

14,30

83,70

22,50

21,10

66,10

18,00

94,50

24,10

60,00

96,60

10,60

88,00

24,70

35,00

94,44

20,00

96,68

17,20

77,00

97,10

7,70

75,50

40,70

138,00

94,50

23,90

96,50

12,40

28,00

96,20

6,60

90,80

Mean

28,96

61,77

89,90

18,65

89,40

SD

17,57

53,94

10,78

12,67

8,54

Plasma
sample #1
Plasma
sample #2
Plasma
sample #3
Plasma
sample #4
Plasma
sample #5
Plasma
sample #6
Plasma
sample #7
Plasma
sample #8
Plasma
sample #9
Plasma
sample
#10
Plasma
sample
#11
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Chemokines

Proloferatitive/
Anti-apoptosis

Table 2.

TGF-β1
TGF-β2
TGF-β3
EGF
FGF-2
TGF-α
G-CSF
GM-CSF
PDGF-AA
PDGF-BB
VEGF

MCP-1
MIP-1a
MIP-1b
RANTES
MCP-3
Eotaxin
Fractakline
GRO
IL-6
IL-8
IP-10

±
+
++
+++

Immunomodulatory/
Immunosupressors

48h
Com.
Medium
++++
+
+
++
±
o
±

48h
DMEM
+++
±
+
±
±
++++++
+
++++++
±

Com.
Medium
o
o
±
o
o

24h
Com.
Medium
+++
+
+
±
±
++++++
+
++++++
±

48h
Com.
Medium
+++
+
+
±
±
++++++
++
++++++
+

48h
DMEM
±
o
o
-

Com.
Medium
+
+
o
o
o
o

24h
Com.
Medium
++
+
o
-

48h
Com.
Medium
++++
+
-

24h
DMEM

48h
DMEM

Com.
Medium

±
o
o
o
±
o
±

o
o
±
±
±
o
±

±
o
±
±
±
±

DMEM

24h
DMEM
++++
±
+
±
+++++
+
+++++
±

24h
DMEM
o
o
o
-

o
o
o
o
o

DMEM
TGF-β1
TGF-β2
TGF-β3
IFNγ
IL-17A
IL-12p70
IL-10
IL-4
IL-13

+
+
o
o
++++
o
±

24h
Com.
Medium
++
+
o
+++
+
±
o
±

DMEM

±
o
o
o
o
-

< 10 pg/mL
≥ 10 < 100 pg/mL
≥ 100 < 1000 pg/mL
≥ 1000 < 2000 pg/mL
≥ 2000 < 3000 pg/mL

++++
+++++
++++++
o

≥ 3000 < 4000 pg/mL
≥ 4000 < 5000 pg/mL
≥ 5000 pg/mL
Out of Test Range

UCB
Plasma
++++++
+++
+
±
±
±
±
±
++
+++++
±
UCB
Plasma
+
±
++++++
±
+
+
+
±
UCB
Plasma
++++++
+++
+
o
o

Table 3.

(ppm)

24H
48H
PLASMA
24H
COM.
COM.
DMEM DMEM MEDIUM COM.
(
AVERAGE
)
MEDIUM MEDIUM

0.87
0.9-1.0
1.18
1.19
1.28
1.33
1.34
1.48
1.6-1.8
1.92
2.36
2.51
2.45
2.39
2.62
3.21
3.37
5.24
4.65
6.90
7.05
8.89
7.74
8.03
8.47
5.90
8.1-8.4

1.58
0.47
0.92
0.14
1.77
0.38
7.11
7.10
0.31
0.30
0.16
0.03
0.06
0.01
0.01
-

CHEMICAL

CODE METABOLITES GROUP
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

Lipids
Ile/Leu/Val
Ethanol
-HB
Lipids
Threonine
Lactate
Alanine
Lys/Arg
Acetate
Glutamate
Glutamine
Methionine
Piruvate
Citric acid
Choline
Inositol
-Glucose
-Glucose
Tyrosine
Phenylalanine
Histidine
Nicotinamide
Tryptophan
Thiamine
Formate
Urea
Purines

CH3
CH3
CH3
CH3
CH2
CH3
CH3
CH3
CH/CH2
CH3
CH2
CH2
CH2
CH2
CH2
NCH3
CH
H1
H1
H3,5
H4
H5
H2
H4
H12
CH
NH2
CH

SHIFTS

* Not detectable (n.d.) due to peaks overlap and low intensity

1.85
0.42
0.65
2.64
1.11
0.14
2.41
0.39
0.01
8.19
10.07
0.37
0.38
0.17
0.03
0.06
0.01
0.03
-

4.30
0.15
1.65
3.05
4.64
2.52
0.47
2.20
3.23
7.06
1.19
0.09
5.08
6.75
0.79
0.85
0.42
0.06
0.07
0.01
0.06
-

2,96
0,51
1,275
6,24
2,475
1,645
0,3
1,295
2,39
2,88
0,455
0,065
2,27
2,685
0,455
0,455
0,235
0,04
0,055
0,01
0,05
0,04
-

4.07
0.47
1.52
5.09
3.54
2.13
0.24
2.11
2.05
3.03
0.67
0.09
3.73
4.52
0.63
0.66
0.30
0.05
0.06
0.01
0.06
0.09
-

2.46
0.49
1.93
3.62
7.41
1.00
1.47
0.56
n.d.*
n.d.*
n.d.*
0.24
92.69
n.d.*
1.67
33.26
42.70
0.11
0.14
0.16
n.d.*
0.06
n.d.*
1.13
0.12
0.70

Table 4.

METABOLITES
Lipids
Ile/Leu/Val
-HB
Lipids
Lactate
Alanine/Lys

GROU
P

CHEMICA
L SHIFTS

(ppm);

PLASM

PLASM

PLASM

PLASM

PLASM

PLASM

PLASM

PLASM

A
SAMPL
E

A
SAMPL
E

A
SAMPL
E

A
SAMPL
E

A
SAMPL
E

A
SAMPL
E

A
SAMPL
E

SAMPL

#1

#2

#3

#4

#5

#6

#7

#7

A
E

CH3
CH3
CH3

0.87
0.9-1.0
1.19

3.01
0.61
2.90

3.71
0.67
1.59

3.69
0.61
3.73

0.67
0.21
2.29

1.78
0.42
0.38

1.96
0.41
1.15

1.97
0.45
1.03

2.83
0.55
2.41

CH2
CH3
CH3

1.28
1.34

5.17
8.87

5.04
9.10

5.36
10.03

1.23
3.48

2.30
7.21

2.37
9.24

2.38
4.63

5.11
6.73

1.48

1.20

1.15

1.16

0.36

1.40

1.26

1.01

0.42

1.6-1.8

1.33**

1.84**

1.76**

1.03**

1.35**

1.80**

1.32**

1.32**

0.19
n.d.*
0.13
132.5
0
2.50
40.02
50.28
0.09
0.09
0.15

0.24
n.d.*
0.16

0.22
n.d.*
0.22

69.07

66.93

2.64
25.88
32.95
0.11
0.19
0.16

0.59
25.12
31.47
0.10
0.18
0.15

0.34
n.d.*
0.32
110.4
7
1.00
42.83
53.71
0.19
0.20
0.17

n.d.*
n.d.*
n.d.*
0.70
0.14
0.94**

n.d.*
n.d.*
n.d.*
0.92
0.10
0.36**

n.d.*
n.d.*
n.d.*
0.72
0.12
0.31**

n.d.*
0.06
n.d.*
1.23
0.10
0.60**

Lys/Arg/Leu/Li
p
Acetate
Glu/Glu/Meth
Piruvate
Citric acid

CH/CH
CH3
CH2
CH2
CH2

1.92
1.9-2.5
2.39

0.23
n.d.*
0.32

0.37
n.d.*
0.31

2.50
n.d.*
0.30

2.62

75.02

75.14

81.00

Inositol
-Glucose
-Glucose
Tyrosine
Phenylalanine
Histidine

CH
H1
H1
H3,5
H4
H5

3.37
5.24
4.65
6.90
7.05

1.15
25.85
34.52
0.11
0.10
0.17

2.26
26.68
31.61
0.12
0.13
0.20

1.68
36.35
42.79
0.10
0.15
0.18

0.37
n.d.*
0.13
131.3
9
1.52
43.36
64.23
0.06
0.08
0.08

Nicotinamide
Tryptophan
Thiamine
Formate
Urea
Purines

H2
H4
H12
CH
NH2
CH

8.89
7.74
8.03
8.47
5.90
8.1-8.4

n.d.*
n.d.*
n.d.*
1.45
0.19
0.61**

n.d.*
n.d.*
n.d.*
1.45
0.13
0.60**

n.d.*
n.d.*
n.d.*
1.69
0.11
0.65**

n.d.*
n.d.*
n.d.*
0.87
0.11
1.49**

2

* Not detectable (n.d.) due to peaks overlap and low intensity
** Total integral of defined spectral area.

Doctoral Thesis - Tiago de Melo Silva Ramos Pereira

| 289

Figure 1.
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Figure 2.
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Figure 3.

* D and E correspond to two different samples with the same basal medium (Com. Medium) and time of conditioning (24h).

Figure 4.

Figure 5.
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Figure 6.
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Figure 7.
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6. Supplementary material
Table 5: Human Primary Cytokine Array / Chemokine Array 41-Plex Panel and TGF-β 3-Plex Array Multi-Species (Eve Technologies,
Calgary, Alberta, Canada) for UCB Plasma, unconditioned (Com. Medium and DMEM) and conditioned media (24/48h Com. Medium
and DMEM).
UCB Plasma (M ±
SD)

UCB
UBC
UCB
Plasma #9 Plasma #10 Plasma #11

DMEM

Com. 24h Com.
Medium Medium

48h
Com.
Medium

2,44
46,15 523,76 1716,02
NA
5,45
188,66 400,34
NA
NA
NA
NA
2,32
3,43
NA
2,09
62,93
68,69 3111,24 2373,14
17,13
62,6
1,24
27,41
0,63
0,39
0,46
0,96
42,11
91,76
2,32
302,48
3,83
4,24
2,65
9,07
10,28
18,85
1,21
44,78
7,9
32,58
45,15
60,69
12,83
20,58
2,53
31,13
3,34
4,6
0,71
3,55
4120,75 6192,28
NA
5867,99
0,77
1,18
0,17
1,48
141,32 529,11
1,6
253,29
0,35
3,48
1,22
33,71
38,78
105,86 19,14
98,57
NA
6,45
NA
2,48
0,34
0,59
0,06
0,75
0,59
0,63
NA
1,04
NA
0,47
NA
NA
0,64
2,00
0,52
1,75

3162,8
562,07
7,75
3,65
637,44
46,38
0,79
1066,3
5,86
92,73
32,58
29,84
4,11
6159,6
1,04
683,52
31,86
91,06
4,01
0,61
0,47
NA
2,75

24h
DMEM

48h
DMEM

pg/mL
TGF-β1 *
16670,07 ± 6177,31 13582,18
TGF-β2 *
2832,07 ± 1095,11 2216,50
305,53
TGF-β3 *
182,51 ± 107,09
42,52
EGF
67,81 ± 56,15
35,38
FGF-2
36,33 ± 21,22
186,06
Eotaxin
163,32 ± 36,73
8,13
TGF-α
10,74 ± 2,30
42,65
G-CSF
29,24 ± 21,31
NA
Flt-3L
NA
14,93
GM-CSF
13,51 ± 1,28
134,60
Fractakline
110,62 ± 27,90
39,60
IFNα2
35,41 ± 4,44
2,41
IFNγ
2,19 ± 0,20
512,27
GRO
586,58 ± 170,02
#
1,86
IL-10
0,95 ± 1,29
15,27
MCP-3
13,34 ± 5,69
#
9,02
IL-12 (p40)
5,85 ± 4,48
587,04
MDC
775,23 ± 333,28
6,05
IL-12 (p70)
5,36 ± 1,73
969,91
PDGF-AA
1155,70 ± 541,92
NA
IL-13
NA
PDGF-BB
4958,14 ± 1553,58 3724,41
#
NA
IL-15
0,73 ± 0,38

23782,49
4096,45
110,12
132,16
58,00
182,96
12,47
4,66
NA
12,45
80,00
30,76
2,15
781,11
0,03
6,94
2,68
1160,04
3,39
1766,08
NA
6702,86
1,00

12645,54
2183,26
131,88
28,76
15,60
120,95
11,62
40,40
NA
13,16
117,25
35,88
2,02
466,36
NA
17,81
NA
578,62
6,63
731,12
NA
4447,15
0,46

11,7
NA
NA
NA
13,48
1,85
0,35
0,64
1,60
0,02
NA
2,97
0,43
NA
0,57
6,39
0,93
8,78
NA
0,05
0,13
NA
NA

sCD40L
IL-17A
IL-1RA
IL-1α
IL-9
IL-1β
IL-2
IL-3
IL-4
IL-5
IL-6
IL-7
IL-8
IP-10
MCP-1
MIP-1α
MIP-1β
RANTES**
TNFα
TNFβ
VEGF

5950,46 ± 6180,38
1,81 ± 0,17
62,28 ± 46,92
4,75 ± 2,57
0,31 ± 0,06
##
1,15
##
0,06
#
0,32 ± 0,37
NA
0,27 ± 0,09
0,29 ± 0,25
0,66 ± 0,15
9,94 ± 0,95
75,55 ± 15,09
523,92 ± 206,94
6,63 ± 2,15
31,44 ± 14,60
78903,24 ±
38534,68
25,25 ± 2,90
##
0,67
99,06 ± 52,75

5081,56
1,66
69,80
6,23
0,24
NA
NA
0,58
NA
0,24
0,06
0,83
9,10
77,78
620,52
8,50
47,37

12519,31
1,77
104,99
1,78
0,36
1,15
0,06
NA
NA
0,20
0,26
0,60
9,76
89,41
286,35
7,12
18,70

250,51
2,00
12,05
6,23
0,32
NA
NA
0,05
NA
0,37
0,55
0,56
10,97
59,47
664,90
4,28
28,25

2,54
0,54
4,06
NA
0,26
NA
NA
NA
NA
0,15
NA
0,17
0,46
NA
5,36
NA
0,35

82762,07
23,07
0,67
129,14

115363,32
24,14
NA
129,89

38584,32
28,54
NA
38,15

3,92
0,01
NA
12,25

2,76
6,49
0,98
1,8
29,21
53,53
25,65
45,02
0,57
0,55
1,87
2,30
1,80
2,18
NA
1,01
2,43
NA
0,15
0,22
262,74 607,09
1,35
1,39
4240,55 8075,26
34,76
48,69
3784,04 2704,17
1,95
3,36
2,03
6,13

* Dilution Factor = 30 (values corrected to dilution applied to sample upon testing)
** Dilution Factor = 100 (values corrected to dilution applied to sample upon testing)
NA: not applicable, values below detection range
#: two samples below detection range, value corresponding to one sample only
##: one sample below detection range, value corresponding to two samples only

54,54
0,22
0,22
19,06

89,99
0,64
0,64
18,58

1,88
0,64
1,14
0,58
0,24
0,44
NA
NA
NA
0,12
0,29
0,07
2,7
NA
4,82
NA
NA

7,15
2,19
47,03
11,87
0,94
1,65
1,03
0,78
1,73
0,44
909,52
1,33
7312,85
67,99
2414,15
0,58
4,2

14,15
2,39
62,36
22,78
1,03
3,18
1,99
1,41
4,4
0,21
1368,87
2,02
8151,12
172,27
2612,39
8,71
4,2

2,83
0,27
0,27
11,36

140,32
0,45
0,45
16,85

252,06
0,55
0,55
22,06

Table 6: 1H-NMR chemical shifts and multiplicity of the resonance signals of the main metabolites
(aminoacids and others) observed in the spectra of DMEM, 24h DMEM, Com. Medium, and 24h/48h
Com. Medium.
METABOLITES
Amino Acids
Alanine
Arginine

Cysteine
Cystine
Glutamate

Glutamine

Isoleucine

Leucine

Lysine

Methionine

Thiamine
Threonine

Tryptophan

Valine

GROUP

CH3
CH
CH2
CH2
CH2
CH
CH2
CH
CH2
CH
CH2
CH2
CH
CH2
CH2
CH
CH3
CH2
CH
CH3
CH
CH3
’CH3
CH
CH2
CH
CH2
CH2
CH2
CH2
CH
CH3
CH2
CH2
CH
H6
H12
CH3
CH2
CH
CH2
CH
H2
H4
H5
H6
H7
CH3
’CH3
CH2
CH

CHEMICAL
SHIFTS (ppm);
MULTIPLICITY

24H
DMEM

DMEM

COM.
MEDIUM

24H COM.
MEDIUM

48H COM.
MEDIUM

1.48(d)
3.78(q)
3.23(t)
1.67(m)
1.89(m)
3.77(t)
3.17/2.93**
3.80
3.17/2.93**
3.77
2.36(t)
2.08(m)
4.18(dd)
2.44(t)
2.51/2.04(m)
4.18(dd)
0.95(dd)
1.27/1.46(m)
1.98(m)
1.01(d)
3.67(d)

-

-

4.639

2.568

3.535

0.309

0.389

0.523

0.458

0.514

n.d.*

n.d.*

n.d.*

n.d.*

n.d.*

n.d.*

n.d.*

n.d.*

n.d.*

n.d.*

-

-

2.201

1.734

2.106

1.770

2.410

3.233

2.475

2.048

0.560

0.670

1.443

1.175

1.367

0.95(d)
0.97(d)
1.69(m)
1.71(m)
3.73(d)

0.490

0.545

1.439

0.954

1.361

3.04(t)
1.73(m)
1.47(m)
1.93(m)
3.77(t)

0.610

0.718

2.019

1.212

1.618

2.2 (s)
2.45(m)
2.13(m)
3.75(t)
5.47
8.03
1.33(d)
4.25(m)
3.56(d)
3.29/3.47**
4.05
7.30
7.74(d)
7.20(t)
7.28(t)
7.55(d)
0.98(d)
1.05(d)
2.27(m)
3.61(d)

0.380

0.390

7.063

3.000

3.031

0.009

0.0098

0.0089

0.008

0.009

0.470

0.654

1.651

1.344

1.523

0.060

0.060

0.068

0.060

0.059

0.530

0.634

1.421

0.937

1.338

Table 6 (continuation).

METABOLITES
Others
-Glucose

-Glucose

Acetate
Ethanol
Formate
Lactate
Nicotinamide

Purines
Piruvate
Urea

GROUP

H1
H2
H3
H4
H5
H6a
H6b
H1
H2
H3
H4
H5,6a
H6b
CH3COOCH3
CH2
CH
CH3
CH
H2
H4
H5
H6
CH
CH2
NH2

CHEMICAL
SHIFTS (ppm);
MULTIPLICITY
5.24(d)
3.54(dd)
3.72(t)
3.41(t)
3.47(ddd)
3.91(dd)
3.72(dd)
4.65(d)
3.24(t)
3.49(t)
3.42(t)
3.84(m)
3.78(dd)
1.92(s)
1.18(t)
3.65(q)
8.47
1.34(d)
4.13(q)
8.89(s)
8.21(d)
7.57(t)
8.69(d)
8.1-8.4
2.38(s)
5.90

DMEM

24H
DMEM

COM.
MEDIUM

24H COM.
MEDIUM

48H COM.
MEDIUM

7.110

8.194

5.077

2.270

3.727

7.100

10.069

6.753

2.683

4.515

0.136
-

0.136
0.419

0.468
0.146

0,300
0.511

0.237
0.470

0.010
-

0.030
2.636

0.060
3.045

0.050
6.238

0.06
5.085

0.030

0.027

0.056

0.043

0.050

-

1.186
-

0.457
0.040

0.673
0.090

-

* Not detectible (n.d.) due to peaks overlap and low intensity;
** Chem. Shifts from the literature.
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Table 7: Relative ratio in terms of the integrals for signal intensity (obtained from 1H-NMR spectra)
for DMEM, 24h DMEM, Com. Medium, and 24h/48h Com. Medium and hUCBS samples (average).
Data normalized after citric acid values were removed. High values for citric acid were artificially
induced upon hUCBS sample collection since it was used as an anticoagulant in the plasma
containers.

METABOLITES

DMEM

24H
DMEM

COM.
MEDIUM

24H
COM.
MEDIUM

48H
COM.
MEDIUM

PLASMA
(AVERAGE)

Lipids
Ile/Leu/Val
Ethanol
BHB
Lipids
Thr
Lac
Ala
Lys/Arg
Acetate
Glutamate
Glutamine
Methionine
Succinate
Choline
ScylloInositol
a-Glucose
b-Glucose
Tyrosine
Phenylalanine
Histidine
Nicotinamide
Tryptophan
Thiamine
Formate
Urea
Purines

0
7,76
0,00
0
0
2,31
0,00
0,00
4,52
0,69
0,00
8,70
1,87
0,00
0,00

0
6,39
1,45
0
0
2,25
9,13
0,00
3,84
0,48
0,00
8,33
1,35
0,00
0,03

0
9,63
0,34
0
0
3,70
6,83
10,39
5,65
1,05
4,93
7,24
15,82
2,67
0,20

0,00
10,29
1,78
0,00
0,00
4,43
21,78
8,60
5,72
1,04
4,44
8,30
10,01
1,57
0,23

0
11,59
1,34
0
0
4,33
14,49
10,08
6,06
0,68
6,01
5,84
8,63
1,91
0,26

2,48
0,49
0,00
1,94
3,65
0,00
7,47
1,01
1,48
0,56
0,00
0,00
0,00
0,24
0,00

0
34,94
34,89
1,52
1,47
0,79
0,15
0,29
0,05
0,05
0,00
0,00

0
28,31
34,81
1,28
1,31
0,59
0,10
0,21
0,03
0,10
0,00
0,00

0
11,38
15,12
1,77
1,90
0,94
0,13
0,16
0,02
0,13
0,00
0,00

0
10,62
12,87
1,79
1,88
0,85
0,14
0,17
0,03
0,17
0,26
0,00

1,68
33,52
43,03
0,11
0,14
0,16
0,00
0,06
0,00
1,14
0,12
0,71
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1,58
1,58
0,82
0,14
0,19
0,03
0,18
0,14
0,00
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Chapter 2
Skeletal muscle injuries and regeneration

5. Results
5.2. Submitted article:
Effects of Human Mesenchymal Stem Cells isolated from the
Wharton’s jelly of the umbilical cord and conditioned media on
skeletal muscle regeneration using a myectomy model
(the study presented in this section was submitted as an
original paper to Cells, Tissues, Organs Journal)
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Abstract
Skeletal muscle has good regenerative capacity, but the extent of muscle injury and the
developed fibrosis might prevent complete regeneration. An alternative approach for the
restoration of the damaged skeletal muscular tissue is the transplantation of stem cells. The in
vivo application of human Mesenchymal Stem Cells (hMSCs) isolated from the Wharton’s
jelly of the umbilical cord and the conditioned media (CM) where the hMSCs were cultured
and expanded, associated to different biocompatible vehicles to induce muscle regeneration in
a rat anterior tibial myectomy model was evaluated. It was previously demonstrated that these
MSCs have produced a secretome rich in trophic factors, such as HGF, TGF-β, G-CSF,
VEGF-A, FGF-2, KGF and IL-6 that promote wound healing reactions. Two commercially
available vehicles (Floseal® and Tisseellyo®) together with a spherical hydrogel composed by
sodium alginate, sodium hyaluronate and cerium nitrate solutions developed by our research
group were used. The International Standard (ISO 10993-6) for biological evaluation of
medical devices was used to access the local effects after implantation of the different
biomaterials used as vehicles/scaffolds associated to the hMSCs or CM. The collagen type I
content for evaluation of fibrosis and the expression of transcription factor Pax7 to access
satellite cells survival and activation were performed in the regenerated skeletal muscle tissue.
For functional analysis, the isometric strength of ankle dorsiflexor muscles was assessed at day
35. The treated groups obtained the expected results in terms of enhancement of muscle
regeneration, both in the histological and functional assessments. The importance of the
growth factors and cytokines produced by the hMSCs isolated from the Wharton’s jelly during
expansion is here highlighted by the fact that a less evident scar tissue evidenced by the
collagen type I quantification, was present in the muscles treated with hMSCs or their CM. In
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terms of the histological evaluation performed by ISO scoring, it was observed that the
hMSCs apparently have a long term negative effect, since the groups treated with CM
presented better ISO scores. The CM of the hMSCs is probably a better therapeutic option
compared to the in vivo transplantation of these stem cells, as it can benefit from the local
tissue response to the secreted molecules without the difficulties and complications associated
to the engraftment of the allotransplanted or xenotransplanted cells. The future clinical
application of biocompatible vehicles associated to CM or hMSCs from the Wharton´s jelly to
treat skeletal muscle injuries should be further investigated.
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Introduction
Incomplete regeneration after traumatic muscle injury with residual functional deficiencies is a
common problem in orthopedics and traumatology [Matziolis et al., 2006]. Unlike minor
traumas to the skeletal muscle, major losses of muscular tissue architecture renders the wound
site unable to support a normal regeneration process [Page et al., 2011]. In these clinical
situations there is formation of scar tissue due to collagen type I synthesis by fibroblasts,
which appear in the provisional fibrin matrix derived from the local blood clot. During
regeneration, the cytokine-mediated induction of local satellite cells that previously lie
dormant between the basal lamina and sarcolemma and that lead to the formation of
centronucleated myofibers (myotubes) is not enough to completely restore the area affected by
the loss of muscular tissue [Quintero et al., 2009].
Previous studies have developed new experimental models in which a defined portion of the
muscle tissue is removed, creating a myectomy defect or a laceration is produced (myotomy)
within the muscle [Merritt et al., 2010; Page et al., 2011]. Nonetheless, these models could not
standardize the lesion (different defect sizes) since they were performed by manual dissection
with a scalpel blade. So, our research group developed a novel experimental muscle injury of
the tibialis anterior muscle of the rat by using a biopsy punch to create a standardized
myectomy (surgical) lesion. This was part of a preliminary study in which different types of
skeletal muscle lesions (chemical, mechanical and surgical) were induced in order to
determine the most appropriate for our goals [Pereira et al., 2013]. Several studies have
already been published based on models such as myotomy (laceration) or myectomy, which
can mimic the loss of muscular tissue in severe lesions [Menetrey et al., 2000; Li and Huard,
2002; Sato et al., 2003; Merritt et al., 2010; Page et al., 2011]. Compared to the chemical,
ischemia and mechanical lesions, the myectomy model has the advantage of permitting the
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implantation of mesenchymal stem cells (MSCs) together with a vehicle that can also be
considered as a scaffold for these cells in the host environment, rather than injecting a cellular
suspension in the core of the lesion. There is evidence both from animal studies and clinical
trials showing that cell therapy involving different types of stem cells application have
promising results considering functional and morphologic regeneration of the muscle
[Krampera et al., 2006; Page et al., 2011; Grabowska et al., 2013; Ninagawa et al., 2013].
Among other promising cellular systems that could substitute satellite cells and engraft in
regenerating muscle are stem cells isolated from human umbilical cord blood or MSCs present
in umbilical cord matrix, the so-called Wharton’s jelly [Grabowska et al., 2012].
There are technical or/and ethical difficulties in obtaining enough and appropriate stem cells
from the bone marrow or from embryos (obtained from assisted reproduction techniques or
somatic nuclear transfer for therapeutic purposes) that have limited the application of these
cellular therapies. MSCs from the Wharton’s jelly of the umbilical cord possess stem cell
properties, are capable of differentiating into neurogenic, osteogenic, chondrogenic,
adipogenic, and myogenic cells in vitro [Gärtner et al., 2013]. They may therefore prove to be
a potential cellular system for cell therapy, including targets such as stromal tissue and muscle,
by replacing the degenerated cells, by producing growth factors or by modulating the
inflammatory local response [Zhang et al., 2007; Dimmeler et al., 2008]. MSCs have become
one of the most interesting agents for regenerative medicine. Scientific and clinical evidence
have demonstrated that MSCs have the ability to migrate to specific sites of injury or of tissue
regeneration where they modulate the immune and the inflammatory responses and mobilize
intrinsic cell reservoirs through a series of distinct paracrine mechanisms [Pittenger et al.,
1999]. In addition, these cells represent a non-controversial source of primitive mesenchymal
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progenitor cells that can be isolated after birth, cryogenically stored, thawed, and expanded for
therapeutic uses [Gärtner et al., 2013].
Nowadays is becoming particularly important the comprehensive characterization of MSCs
secretome, as the factors secreted by these cells seem to be the main effectors of their
therapeutic action [Carvalho et al., 2011]. The hypothesis that the CM where these cells grow
and expand in culture (so called conditioned media - CM) could be an appropriate therapeutic
product rich in growth factors comparable to hMSCs local application, seemed to be a rational
approach to our study.
Cell delivery within an artificial conduit requires a matrix in which cells are suspended
[McGrath et al., 2012]. Floseal®, Tisseellyo® and a hydrogel were evaluated and compared in
terms of biological integration into the skeletal muscle tissue after the standardized myectomy.
The inflammatory reaction triggered by these vehicles was the main topic taken into account.
Nevertheless the role of these biomaterials as scaffolds for the hMSCs was also an important
factor, since they could influence and promote a gradual release of cell and growth factors
during the regenerative process.
Floseal® (Baxter SA, Switzerland) is a hemostatic matrix that consists in the combination of a
bovine-derived gelatin matrix and a human-derived thrombin component. The gelatinthrombin matrix can be prepared immediately before use, as a highly viscous gel [Raga et al.,
2009]. Both components of Floseal® promote hemostasis. In addition to their individual
actions, the gelatin matrix and the thrombin interact synergistically to facilitate the formation
of a stable clot at the bleeding site. One important issue about Floseal® is that unlike other
fibrin sealants like Tisseellyo®, it does not work in the absence of blood, since it provides
hemostasis by a different mechanism. Because the gelatin-thrombin matrix is hydrophilic, it
adheres well to wet tissue in contrast to fibrin glue. The swelling gelatin particles restrict
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blood flow and also provide a mechanically stable matrix around which the fibrin clot can
form. These effects have proven to be of great value in several surgical techniques like the
ones in vascular surgery [Weaver et al., 2002]. Reductions in hemorrhage in Floseal®-treated
women undergoing a myomectomy are also encouraging and provide evidence for the ability
of gelatin-thrombin matrix to reduce blood loss when applied immediately and directly to a
bleeding muscular tissue [Oz et al., 2003; Raga et al., 2009]. Fibrin alone or in combination
with other materials has been used as a biological scaffold for MSCs [Page et al., 2011]. Fibrin
glue, when diluted, can effectively support survival and proliferation of mesenchymal stem
cells [McGrath et al., 2012]. Tisseellyo® (Baxter SA, Switzerland) is a fibrin sealant indicated
for use as an adjunct to hemostasis in patients undergoing surgery when control of bleeding by
conventional surgical techniques (such as suture, ligature, and cautery) is ineffective or
impractical and is also effective in heparinized patients. The use of this mesenchymal stem
cell/fibrin hybrid scaffold system in orthopedic reconstructive surgery seems to be a promising
approach in some clinical situations [ ensa d et al ,

].

Hydrogels, three-dimensional (3D) networks of hydrophilic polymers, are appealing for
biological

applications

because

of

their

high

water

content,

high

permeability,

biocompatibility, and the ability of be placed into critical defects in a minimally invasive
manner. In the present experimental work a cerium nitrate cross-linked hydrogel composed of
alginate and sodium hyaluronate was tested for cell encapsulation.
It was questioned the hypothesis that the hMSCs from the Wharton’s jelly of the umbilical
cord could have a crucial role in the restoration of the muscle architecture after injury. They
could be important in muscle regeneration as they can interact with the host cell population in
the remodeling of the extracellular matrix. Using the myectomy model, the local application of
both the hMSCs isolated from the Wharton’s jelly and the CM was performed, associated to
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the three previously mentioned biocompatible vehicles, in order to evaluate the muscle
regeneration enhancement at 15 days (d15) post-surgery. This was carried out by establishing
three different groups (vehicle alone, vehicle plus MSCs and vehicle plus CM) for each one of
the proposed vehicles, in order to select the most appropriate biomaterial. Since fibrin glue
presented the best scores in the d15 trial in terms of local reaction after implantation, it was
elected as the vehicle used for the 35 days (d35) trial [Pereira et al., 2012a].

Materials and methods
hMSCs preparation before transplantation
hMSC from Wharton’s jelly umbilical cord matrix were purchased from PromoCell GmbH
(C-12971, lot-number: 8082606.7). The hMSCs were cultured and maintained in a humidified
atmosphere with 5% CO2 at 37ºC. Mesenchymal Stem Cell Medium, PromoCell (C-28010)
was replaced every 48 hours. At 80% confluence, cells were harvested with 0.25% trypsin
with EDTA (GIBCO) and passed into a new flask for further expansion. hMSCs at a
concentration of 104cells/cm2 were cultured exhibiting an 80% confluence after 4 days in
culture medium. The phenotype of hMSCs was assessed by PromoCell assay. Rigid quality
control tests were performed for each lot of PromoCell MSCs isolated from Wharton’s jelly of
UC. hMSCs were tested for cell morphology, adherence rate and viability. Furthermore, each
cell lot was characterized by flow cytometry analysis for a comprehensive panel of markers,
such as platelet endothelial cell adhesion molecule – 1 (PECAM-1, CD31), homing cell
adhesion molecule (HCAM, CD44), CD45, and Endoglin (CD105). The hMSCs exhibited a
mesenchymal-like shape with a flat and polygonal morphology (Fig. 1). The hMSCs
phenotype was confirmed by flow cytometry before in vivo testing. Detection was performed
with the following antibodies and their respective isotypes (all from BioLegend unless stated
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otherwise): PE anti-human CD105 (eBioScience); APC anti-human CD73; PE anti-human
CD90; PerCP/Cy5.5 anti-human CD45: FITC anti-human CD34; PerCP/Cy5.5 anti-human
CD14; Pacific Blue anti-human CD19 and pacific-blue anti-human HLA-DR. As expected for
MSC-type stem cells, flow cytometry analysis showed over 96% of the cells in the population
were consistently positive for the cell surface markers CD44, CD73, CD90 and CD105 and
less than 2% positive for CD14, CD19, CD31, CD34, CD45 and HLA-DR. Chromosome
analysis on hMSCs cell line from Wharton’s jelly before in vivo application was carried out
between passages 4 and 5. When 80% confluence was reached, culture medium was changed
and supplemented with 4 μg/ml colcemid solution (stock solution, Cat n⁰. 15212-012, Gibco,
USA, New York). After 4 hours, cells were collected and suspended in 8 ml of 0.075M KCl
solution supplemented with bovine fetal serum. Then the suspension was incubated in 37ºC
for 35 minutes (min). After centrifugation (1500 rpm), 8 ml of the fixative methanol: glacial
acetic acid at 6:1 was added and mixed together, and the cells were again centrifuged. After
two rounds of fixation, two new rounds were performed with the fixative methanol: glacial
acetic acid at 3:1. After the last centrifugation, the cell suspension was spread onto very well
cleaned slides. Chromosome analysis was performed by one scorer on 20 Giemsa-stained
metaphases. Each cell was scored for chromosome number. Routine chromosome G-banding
analysis was also carried out for determination of the karyotype.

Conditioned Media (CM) preparation before in vivo implantation
In order to obtain the CM, the hMSCs were thawed and plated out at a density of 4000
cells/cm2. They were maintained under the culture conditions described before, assessed
continuously for viability, until obtaining a minimum of 80-90% confluence. The culture
medium batch used in this study was checked for maintenance of multipotency, growth
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promoting activity, adherence rate, and typical morphology of the tested mesenchymal stem
cells. This medium supports the expansion of hMSCs without inducing early senescence and
differentiation. The culture medium was replaced every 48 hours and the CM was collected
from the T75 flask for in vivo application only after reaching the desired cell confluence, in
case the culture medium was in contact with the HMSCs for at least 48 hours. The CM was
then concentrated in spin concentrators with a cut-off of 5kDa (Agilent Technologies) as per
manufacturers recommendations.

Preparation of the vehicles/scaffolds for hMSCs transplantation
The gelatin matrix component of Floseal® consists of cross-linked gelatin granules that swell
10 to 20% upon contact with blood or body fluids. This matrix together with the human
thrombin and the calcium chloride solution used for reconstitution of this latter component are
sterile and non-pyrogenic [Oz et al., 2003; Raga et al., 2009].
Briefly, the preparation of Floseal® starts by using a 5 ml syringe with needle attached
provided in the thrombin component package, the 5 ml chloride solution is transferred to the
vial containing the thrombin. The vial is gently swirled until the thrombin is dissolved. The
dissolved thrombin is then aspirated from the small bowl into the syringe to the indicated mark
(4 ml) and the gelatin matrix granules syringe is connected to the syringe containing the
thrombin solution and the gelatin matrix–thrombin solution mixture is transferred back and
forth between the syringes for a total of 10 passes (Fig. 2E). The preparation time is
approximately 1 minute, and, once completed, the mixture is usable for 2 hours (Fig. 2F).
The fibrin matrix for hMSCs was prepared using a Tisseellyo® kit following manufacturer’s
instructions. In summary, a 2 ml solution is prepared by adding 72-110 mg of fibrinogen, 10
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IU factor XIII, and 3000 UIK of bovine aprotinin mixed to 500 IU of human thrombin and 40
µM of calcium chloride.
For preparation of the spherical hydrogel, the polymer solution was prepared by adding in a
ratio of 1:1 (V/V), a sodium alginate aqueous solution 7% (m/V) to a sodium hyaluronate
aqueous solution 0.5% (m/V), under magnetic stirring. Afterwards the polymer solution was
inserted into an insulin syringe and a droplet was released into an excess of cerium nitrate
solution 135 mM, in order to obtain a cross-linked polymer sphere of approximately 6 μl of
volume (approximately the same as the defect) (Fig. 2G-J). Cerium nitrate and sodium
hyaluronate solution were sterilized by microfiltration (

μm membrane) and sodium

alginate powder was sterilized in an autoclave (120ºC for 15 min) previous to the solution
preparation. The spherical hydrogel was not only used as vehicle but its properties were also
evaluated and optimized to find a suitable matrix for the cellular implants.

Surgical procedure and hMSCs transplantation
Sasco Sprague-Dawley male rats with 250-300g were used. A standardized surgical lesion was
performed using a 5 mm diameter biopsy punch blade, creating an approximately 60 µl
volume full thickness defect in the mid-belly region of the tibialis anterior muscle (Fig. 2AC). The defect was then completely filled with a cellular suspension containing 1x106 hMSCs
in

μl of culture medium and

μl of fibrin glue (Tisseellyo®) containing fibrinogen and

thrombin (MSCFibrin group) (Fig. 2D). In another group (ConditionedFibrin group)

μl of a

CM, a concentrated media containing trophic factors from hMSCs in culture was combined
with

μl of fibrinogen and thrombin Control groups were also tested, with the 5 mm

diameter myectomy lesion (Control group) and with the lesion combined with the addition of
μl of fibrin (Fibrin group). Three more groups were also tested by using an hemostatic
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matrix (Floseal®) instead of the fibrin glue used previously (Floseal, MSCFloseal and
ConditionedFloseal groups) and three other groups using a hydrogel composed of hyaluronic
acid,

alginate

and

cerium

as

a

cross-linker

(Hydrogel,

MSCHydrogel

and

ConditionedHydrogel groups). The surgeries were executed under general anesthesia with
xylazine (1,25 mg/100 g BW ip) and ketamine (9 mg/100 g BW ip). After 15 days, the animals
were sacrificed and 6 tibialis anterior muscles from each of the described groups (N=6) were
collected and fixed in 10% buffered formaldehyde for histological analysis. The Control,
Fibrin and MSCFibrin groups were also repeated in a different time-point (d35) for evaluation
of the muscles after complete regeneration.
All the animal testing procedures were in conformity with the Directive 2010/63/EU of the
European Parliament and with the approval of the Veterinary Authorities of Portugal in
accordance with the European Communities Council Directive of November 1986
(86/609/EEC). Humane end points were followed in accordance to the OECD Guidance
Document on the Recognition, Assessment and Use of Clinical Signs as Humane Endpoints
for Experimental Animals Used in Safety Evaluation (2000). Adequate measures were taken
to minimize pain and discomfort taking into account human endpoints for animal suffering
and distress. Animals were housed for two weeks before entering the experiment.

Histological evaluation of the local effects
Tissue samples were fixed in 10% buffered formalin, routinely processed, dehydrated and
embedded in paraffin wax. Consecutive 3 μm-sections were cut and stained with haematoxylin
and eosin (HE).
The International Standard (ISO 10993-6) for biological evaluation of medical devices was
employed for assessment of the local effects after implantation of the different biomaterials
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used as vehicles/scaffolds in this study [ISO/TC, 2007]. The local effects were evaluated by a
comparison of the tissue response caused by the tested implant to that caused by the Control
and can be considered as non-irritant (< 2,9 above Control), slight (3,0 – 2,9 above Control),
moderate (9,0 – 15,0 above Control) and severe (>15,0 above Control) depending on the score
obtained (semi-quantitative analysis). In this study the Control group was obtained by
performing the surgical procedure (myectomy) without any biomaterial or cell implantation. It
was also compared the effect of hMSCs and CM associated to fibrin glue in two distinct timepoints (d15 and d35) in order to observe the influence of these biological products in different
stages of muscle regeneration. Each group was formed by 6 tibialis anterior muscles and in
each one of these, 18 fields were accounted in a 400x magnification.

Collagen quantification
Collagen content in the wound bed can be calculated by image analysis of Masson’s
Trichrome-stained histological images taken at a pre-defined image magnification [Pereira et
al., 2012b] (Fig. 5A). A method for collagen quantification in skeletal muscle tissue was
developed by our research group using the ImageJ© software (NIH) in order to compare the
amount of fibrosis in the site of injury between treated and untreated groups, throughout
muscular regeneration.
An average of 5 Masson’s Trichrome-stained histological images was captured from each
sample at 20X magnification. To ensure that the analysis was executed well within the injury
zone, the images were obtained from the muscular depth with the most observable collagen
content [Page et al., 2011]. These images were merged (by the AutoStitch® V2.2 software) to
allow a complete visualization of the skeletal muscle area affected by the lesion. By using the
threshold color tool in the ImageJ© software (NIH) the areas stained in blue were selected and
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in that way we could indirectly calculate the fibrotic fraction of the skeletal muscle sample.
This color channel splitting and threshold analysis was performed for each image series
collected using the same exposure, brightness and white balance settings. The ratio of blue
pixels above the threshold to total pixels in the image is used to calculate the percentage of
fibrosis in each sample [Santos et al., 2009]. These values allowed us to compare the amount
of scar tissue development among the different groups.

Contractile force measurements
The isometric strength of ankle dorsiflexor muscles, which include the tibialis anterior muscle
was assessed in the animals from the d35 Control and treatment groups as well as in another 4
animals which were measured before and after-myectomy (Control no lesion and Control d0
respectively),

using a specially designed dynamometer that allows measuring the torque

generated by rat’s ankle muscles With animals under deep anesthesia with urethane (20%
vol/vol, 6 ml/kg b.w.), the sciatic and the common fibular nerves were exposed at the level of
the distal third of the thigh. The nerves were mobilized, released from surrounding tissues, and
the tibial nerve cut to allow electrical stimulating of only the muscles supplied by the common
fibular nerve. A cuff bipolar electrode, composed by two thin conductive wires hold by a
patch of a flexible tube, was placed encircling the common fibular nerve to electrically
stimulate the nerve.
Animals were lie down in dorsal recumbent position on top of a heated pad, with hip and knee
flexed at 90 degrees, and the foot strapped to the footplate with the ankle joint axis aligned
with that of the footplate. The torque generated by ankle dorsiflexors was measured by a load
cell (Futek, LSB200, sensitivity 2mV/V, Irvine, CA, USA) connected to the front end of the
footplate.
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The torque generated by tetanic isometric contractions of the ankle dorsiflexor muscles was
measured every 1 º of ankle position between 1 º and 4 º of ankle’s range of motion ( º the
foot aligned with tibia). Muscle contractions were elicited by 0.5 seconds-duration trains of
supramaximal electrical pulses (stimulus frequency 150 Hz; current 4 mA) delivered to the
common fibular nerve.
Force signals were recorded at 1 KHz sampling rate, analog-to-digital converted by a 12 bits
card (Plux Wireless Biosignals, Arruda dos Vinhos, Portugal) and stored in a computer harddisk for later processing. Ankle dorsiflexor muscles peak torque was obtained from the
maximum torque value of each contraction.

In few animals, force measurements were

performed before and soon following injury of the tibialis anterior muscle. Force
measurements in the other animals were carried out at d35.

Immunohistochemistry (IHC) analysis
The most important event during muscle reconstruction is the activation of satellite cells. They
are characterized by the expression of transcription factor Pax7 which is a paired box protein
[Grabowska et al., 2013]. Through IHC we tried to localize these cells within the injury area
of the muscles where fibrin glue was used as a vehicle (Fibrin, MSCFibrin and
ConditionedFibrin both at d15 and d35). As control the same analysis in non-injured tibialis
anterior muscles, was performed (Fig. 3).
Sections were deparaffinised, hydrated and antigen unmasking technique was performed using
a pressure cooker with 10 mmol/L sodium citrate buffer, pH 6,0 for 3 min. Slides were cooled
for 10 min at room temperature and rinsed twice in triphosphate buffered saline (TBS) for 5
min. Endogenous peroxidase was blocked with hydrogen peroxide 3% in methanol for 10 min.
Immunohistochemistry was performed using the avidin-biotin-peroxidase complex (ABC)
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method, employing the monoclonal antisera Pax7 (chick PAX7 a.a. 352-523, Developmental
Studies Hybridoma Bank, Iowa University) diluted 1:50. Sections were rinsed with TBS
between each step of the procedure. Colour was developed for up to 7 min at room
temperature with a freshly prepared solution of DAB and sections were then lightly
counterstained with haematoxylin, dehydrated and mounted. Negative controls were
performed by replacing the primary antibody with TBS.
The PAX-7 labeling index was defined as percentage of PAX-7 positive nuclei which was
determined by counting at least 1000 nuclei in the selected fields, at high power field
magnification (x400). Multiple fields were necessary to obtain 1000 nuclei for each lesion
(Fig. 6E).

Statistical analysis
When relevant, data is presented as mean and standard deviation (SD). Statistical analysis was
made by two-way ANOVA (time x group) for collagen area fraction data and one-way
ANOVA for muscle strength data, followed by Tukey’s pairwise comparisons Force data
before and immediately after tibialis anterior myectomy were compared by paired-sampled Ttest. Statistical significance was accepted at p <0.05.

Results
hMSCs characterization
The MSCs exhibited a mesenchymal-like shape with a flat and polygonal morphology. During
expansion the cells became long spindle-shaped and colonized the whole culturing surface
(Fig. 1). The karyotype analysis to the hMSCs cell line derived from Human Wharton’s jelly
demonstrated that this cell line has not neoplasic characteristics and is stable during the cell
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culture procedures in terms of number and structure of the somatic and sexual chromosomes.
The transplanted hMSCs also presented normal morphology and immunocytochemistry
markers for MSCs.

Histological evaluation of local effects
The histological analysis and ISO 10993-6 scoring proved that fibrin glue (score of 3.6 points
above Control) is less reactive as a vehicle comparing to the Floseal group (score of 8.68
points above Control) and Hydrogel (score of 10.94 points above Control) (Fig. 3A). Overall,
at d15 the only group considered as non-irritant was the ConditionFibrin group; Fibrin,
MSCFibrin and Floseal were considered slight irritant; MSCFloseal, ConditionedFloseal and
all the hydrogel groups were considered moderate irritants. Although the inflammatory cell
population was considered to be more abundant in the Hydrogel group in terms of the ISO
scoring, the hemostatic matrix (Floseal®) produced an exuberant calcification (Fig. 3C). In the
groups treated with the CM instead of hMSCs a blunted inflammatory response seemed to
occur (an average of 2.31 points higher in the hMSCs groups in comparison to the CM treated
groups). The effect of hMSCs in reducing inflammation was not noteworthy at d15 and at d35
the number of inflammatory cells was higher compared to the Control groups. It should also
be noticed that the score obtained at d35 for the Fibrin group was slightly superior to the
group where CM was added to the fibrin glue (Fig. 4).

Collagen area and collagen content fraction
Two-way ANOVA found significant differences between groups (Control, Fibrin, MSCFibrin
and ConditionedFibrin) (p = 0.015) and between 15d and 35d (p < 0.001) in the fraction area
occupied by collagen (fibrosis) but without group per time interaction effect (p = 0.636).
Doctoral Thesis - Tiago de Melo Silva Ramos Pereira

| 321

Pooling 15d and 35d animals together, significantly higher collagen area fraction was
observed in the MSCFibrin group comparing with the Control group (p = 0.013). No other
differences existed in collagen area fraction between when considering the two time points
together.

At 15d, again greater collagen area fraction was found in the Fibrin group

comparing with the Control group (p = 0.045). At this time point, collagen area fraction was
similar in the other groups. At 35d, collagen area fraction was higher in the MSCFibrin group
comparing with the Control group (p = 0.031) without further differences between the
remaining groups (Fig. 5B).

Muscle force
Ankle’s dorsiflexor torque in intact animals displayed a characteristic pattern of variation
across the joint’s range of motion, with mean isometric peak torque occurring at 11 degrees
of ankle flexion, then steadily declining with plantarflexion (Fig. 7). The myectomy injury of
the tibialis anterior muscle caused a reduction of approximately one third in isometric peak
torque generated by ankle dorsiflexor muscles (1.097 ± 0.309, 0.746±0.172 Nm, pre- and postmyectomy, respectively). This decrease in isometric peak torque as a result of acute tibialis
anterior muscle injury was apparent at every ankle angle tested (ANOVA: p = 0.006),
although the difference to pre-injury values could not reach statistical significance at the more
extended ankle angle of 40º. In the Control group at d35, dorsiflexor isometric peak torque
recovered to values similar to those of intact animals (1.097 ± 0.309 and 0.977 ± 0.092 Nm,
control animals pre-myectomy and control animals d35 post-myectomy; ANOVA: p = 0.203,
non-significant). Also, at d35 dorsiflexor isometric peak torque was similar in every muscleinjure group, irrespectively of the treatment (ANOVA: p = 0.181, non-significant).
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Immunohistochemistry (IHC) analysis
At d15 post-myectomy, the number of Pax7+ nuclei from the Control group was clearly higher
than all the treatment groups. However the differences between the treatments groups were
apparently slight (Fig. 6). Nevertheless the qualitative assessment of these IHC samples
allowed us to observe that the degree of inflammation and also the amount of fibrosis was
somehow related to the presence of Pax7+ nuclei. In fact, the muscles that were treated only
with fibrin seemed to have an increased inflammatory cell population and amount of fibrosis
with few Pax7+ nuclei. In the muscles treated with fibrin and hMSCs (MSCFibrin group) a
more active inflammatory status and a slightly increased amount of fibrosis was not followed
by a decrease in the number of Pax7+ nuclei when comparing to the Conditioned group. It also
must be stated that for the muscles collected at d35 post-myectomy the number of Pax7+
positive nuclei was insignificant in all the groups (Control, Fibrin, MSCFibrin and
ConditionedFibrin). It was also possible do observe that in terms of Pax7+ cells the noninjured tibialis anterior muscles were similar to the Control muscles at d35, which were also
both insignificant (Fig. 8).

Discussion
Skeletal muscle injuries are common in humans, particularly in athletes and it is important to
develop new methods to improve muscle regeneration. Skeletal muscle has good regenerative
ability, but the extent of muscle injury might prevent complete regeneration, especially in
terms of functional recovery. Severe lesions, like those originated by trauma associated with
loss of healthy muscular tissue and development of fibrous tissue scar and irreversible
muscular atrophy after long-term peripheral nervous injuries are examples of those situations
where regeneration is limited. An alternative approach for the restoration of the damaged
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skeletal muscular tissue, are the methods that characterize the Regenerative Medicine which is
the transplantation of stem cells that limit the fibrosis and the atrophy of the involved muscle
masses, and even imply the myocytes regeneration and local revascularization, associated to
biomaterials or vehicles for those cell therapies. The in vivo application of hMSCs isolated
from the Wharton’s jelly of the umbilical cord and the CM where the hMSCs were cultured
and expanded, associated to different biocompatible vehicles to induce muscle regeneration in
a rat anterior tibial myectomy model, was tested in the present study.
hMSCs can influence the myofiber regeneration and scar tissue formation processes mainly by
their paracrine effect through a range of biomolecules synthesized by these cells, more than
their direct differentiation into functional tissue. This recent paradigm has suggested that the
biomolecules synthesized by stem cells may be as important, if not more so, than
differentiation of the cells in eliciting functional tissue repair [Baraniak and McDevitt, 2010].
This evidence is compatible with the results presented here, which suggest that the CM
obtained from the in vitro culture and expansion of these cells is probably a better therapeutic
option compared to the in vivo transplantation of these stem cells, as it can benefit from the
local tissue response to the secreted molecules without the difficulties and complications
associated to the engraftment of the allotransplanted or xenotransplanted cells. Theoretically
these concerns should not be a relevant issue since MSCs present low immunogenicity and
high immunosuppressive properties due to a decreased or even absence of Human Leucocyte
Antigen (HLA) class II expression [Le Blanc and Ringden, 2005]. However, the results
described in this study reflect a slight long term negative effect of the hMSCs, resulting in a
better outcome in the groups treated with the CM both in the inflammatory status (ISO
scoring) and collagen content for the samples evaluated near complete regeneration (d35 postinjury). In fact, at this time point and pooling d15 and d35 together, the collagen fractions
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from the Control groups were significantly different from the MSCFibrin groups but not from
the ConditionedFibrin groups. With the exception of the ConditionedFibrin group (that
expressed the best result for the ISO scoring at d15), all of the other treatment groups were
considered inferior when compared to the Control groups (myectomy lesion only). It should
be noticed that only in the latter no vehicle was implanted, which is probably the key point for
this outcome.
The use of constructs for tissue engineering (TE) and regenerative medicine are promising
innovative therapies that can address several clinical situations, where the traumatic lesions of
the skeletal muscle are included. These constructs are often combination of cells, scaffolds and
biological factors. Although there are only a few commercial products currently in the market
for cell/drug delivery, probably because each type of cell requires its own specific
encapsulating microenvironment with cell-specific material properties and spatially controlled
bioactive features, a vast amount of research is being performed worldwide on all aspects of
tissue engineering/regenerative medicine exploring polymer materials. To implant cells into
defective skeletal muscles, there are two main techniques. The cellular system may be directly
injected into the scaffold which is localized in the injury site. It can also be performed by preadding the cells to the scaffold via injection or co-culture (in most of the cellular systems, cells
are allowed to form a monolayer) and then the biomaterial with the cellular system is
implanted in the injured muscle. In case of multiple sites of injury, the systemic administration
of cells capable of reaching damaged tissues would be an interesting alternative.
In this study, the association of the hMSCs to biocompatible vehicles that could slowly
interact with the host tissue was selected, bearing in mind the absorption rate of these
biomaterials. This strategy permits a gradual release of the cells/growth factors, rather than
injecting it directly in the core or surroundings of the lesion, which would certainly predispose
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to a significant loss of these products immediately after delivery. The histological analysis and
ISO 10993-6 scoring indicates that fibrin glue (Tisseellyo®) is less reactive as a vehicle
comparing to Floseal® or the hydrogel tested. Fibrin alone or in combination with other
materials has been used as a biological scaffold for stem cells [Ahmed et al., 2008]. From our
data, fibrin glue would probably be the most appropriate vehicle for implanting hMSCs or the
CM in the developed myectomy injury model. It must be stated that taking the ISO 10993-6
general considerations, for degradable/resorbable biomaterials such as the ones used in this
trial, the test period for histological evaluation should be related to the estimated degradation
time of the vehicles. Only after a complete degradation and adsorption of the scaffolds, a
steady state could be obtained. However this standard also recommends the evaluation of the
tissue response at intermediate degradation stages, in order to analyze the local adverse
responses to the residual implant and its degradation products [ISO/TC, 2007]. In our study it
was elected d15 and d35 as the two time points in the healing process, for histological
evaluation. These two periods permitted to gather these recommendations to data obtained by
our preliminary studies in order to focus our attention on both an incomplete and a complete
stage of rat skeletal muscle regeneration [Pereira et al., 2013]. The fact that in the second time
point (d35) the number of Pax7+ nuclei was clearly not relevant is compatible with the
indication that all these muscles revealed an almost complete regeneration.
A variety of experimental models that compromise skeletal muscle function or even destroy
this tissue have been described throughout the years. Injections of myotoxic agents,
mechanical crush, ischemia, denervation or muscular dystrophies are commonly induced in
different animal models in order to establish new approaches for the treatment of skeletal
muscle diseases. However, severe lesions like traumatic injuries, associated for example to the
handling of heavy machinery that occasionally result in labor accidents or the more frequently
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observed road accidents are usually a challenge for orthopedic and cosmetic surgery and might
me hard to mimic in the models described above. Tissue engineering and regenerative
medicine are expected to contribute in a better recovery of these patients. Lacerating a muscle
[Menetrey et al., 2000; Li and Huard, 2002; Sato et al., 2003] or complementing it with the
removal (myectomy) of a portion of muscular tissue [Merritt et al., 2010; Page et al., 2011]
has currently been elected as a more accurate model to disrupt muscular regeneration in a
more emphasized manner. In a previous developed histological qualitative assessment, the
myectomy model proved to be the most appropriate for a comprehensive and standard
evaluation of the rat skeletal muscular regeneration [Pereira et al., 2012a], especially
considering new biomaterials and cell therapies as described in here.
The basic concept of tissue engineering consists in the seeding of cells in a biodegradable
scaffold impregnated or not with growth factors and/or cytokines [Blitterswijk et al., 2008].
The use of extra-embryonic tissues as stem cell reservoirs for tissue engineering offer many
advantages over both embryonic and adult stem cell sources. Most significantly, the
comparatively large volume of extra-embryonic tissues and ease of physical manipulation
theoretically increases the number of stem cells that can be isolated [Wang et al., 2004; Fu et
al., 2006; Marcus and Woodbury, 2008; Maurício et al., 2011].
The MSCs are characterized by several important and distinct properties: a) being plastic
adherent; b) specific surface protein expression, staining positively for markers of the
mesenchymal lineage like CD10, CD13, CD29, CD44, CD90, and CD105, and negatively for
markers of the hematopoietic lineage; and c) tri-lineage differentiation capacity of the isolated
MSCs. These are the criteria that were defined by the International Society for Cellular
Therapy (ISCT) which are followed by the hMSCs used in this pre-clinical trial [Dominici et
al., 2006]. The production of growth factors and cytokines is an important capacity of these
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cells The MSCs from the Wharton’s jelly of the umbilical cord as it was previously
demonstrated concerning the UCX® cellular product from ECBIO, SA, grown in aggregates
that better mimic tissue environment have produced a secretome rich in trophic factors, such
as HGF, TGF-β, G-CSF, VEGF-A, FGF-2, KGF and IL-6 that promote wound healing
reactions, as demonstrated both in vitro by vasculogenesis, mitogenic and chemotactic assays
and in vivo, using a chemotaxis assay where MSCs were shown to recruit surrounding bone
marrow MSCs known to be directly involved in tissue regeneration [Gärtner et al., 2014]. This
important capacity was also studied by other research groups. Jackson and collaborators in
2012, referred that in cases where the inflammatory phase is prolonged, the pro-inflammatory
mediators such as myofibroblasts and fibrocytes, will promote the generation of a nonfunctional tissue that will result in the formation of a scar [Jackson et al., 2012]. MSCs secrete
a variety of cytokines and growth factors like hepatocyte growth factor (HGF), IL-10 or
adrenomedullin that may among other effects suppress the local immune system, enhance
angiogenesis (they produce basic FGF and VEGF-A) or inhibit scar formation (by the antifibrotic properties of the previously mentioned factors) [Caplan and Dennis, 2006; Chen et al.,
2008; Li et al., 2009; Jackson et al., 2012]. By attenuating the function of B cells and natural
killer cells, the MSCs would likely reduce the pro-fibrotic responses that can occur coincident
with prolonged inflammation during wound healing [Ren et al., 2008; Jackson et al., 2012].
These suggestions may explain the results obtained for the collagen type I quantification of the
treated groups at d15 post-myectomy, in which apart from the groups with Floseal® as a
vehicle, a less evident scar tissue was present in the muscles treated with hMSCs or their CM
(Fig. 3C). In fact, Floseal® alone revealed an inferior collagen fraction (comparing to
MSCFloseal and ConditionedFloseal groups) but this evidence was clearly a result of the
exuberant calcification produced by this vehicle, that was even more evident in the muscles
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that where not treated with MSCs nor the CM (Fig. 3B-C). This evidence was also stated in
the ISO 10993-6 scoring, in which Floseal® alone also resulted in a better scoring in terms of
inflammatory status (Fig. 3A). Nevertheless one should consider that the observed necrosis
and calcification may not be properly assessed by these analyses, which could in fact
misrepresent our judgment about the applicability of this vehicle. For that reason the
hemostatic matrix (Floseal®) was considered inappropriate for being used as MSCs vehicle.
Once the MSCs enter the inflammatory environment, their immunomodulatory phenotype
becomes activated by IFNγ, TNFα and IL-1β There is also evidence that MSCs are capable of
ameliorating the acute immune response to injury by the previously mentioned suppression of
B cells and natural killer cells [Ren et al., 2008; Jackson et al., 2012]. Surprisingly in this
study, the effect of hMSCs in reducing inflammation was not remarkable at d15 and at d35 the
number of inflammatory cells was even higher compared to the Control group. In terms of this
histological evaluation performed at d35 post-myectomy, in animals where the myectomy
injury was filled with fibrin glue associated to the cellular system, it is interesting to observe
that the hMSCs apparently have a long term negative effect in terms of chronic inflammation
(Fig. 4). At d15 Conditioned groups also presented better or similar ISO scores than MSC
groups but the increased number of Pax7+ cells in the MSCFibrin group at d15 (Fig. 6E) may
suggest that this effect has not a direct association to the quality and degree of regeneration
since our semi-quantitative evaluation (ISO scoring) was based only on the inflammation
features of the damaged muscles.
Grabowska et al. [2012] previously demonstrated that under the in vivo muscle
microenvironment conditions, hMSCs are only sporadically included into newly reconstructed
myotubes, but their presence had a beneficial effect on the injured muscle regeneration. The
lack of incorporation of MSCs in host tissues has engendered controversy about their use and
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this inability to target these cells to tissues of interest with high efficiency and engraftment is
considered a significant barrier to the effective implementation of MSC therapy [Karp and
Leng Teo, 2009]. However, it has been proposed that MSCs modulate the host environment by
indirect mechanisms. They appear to provide some paracrine trophic effect by the delivery of
complex signals (that may in part be mediated by modulators of Wnt signaling) to a target
tissue rather than being involved into tissue restoration as direct participants, through their
incorporation in the host tissues [Daley and Scadden, 2008; Shin and Peterson, 2013]. It has
been confirmed that grafted MSCs do not remain in the site of injury when transplanted, nor
do they translocate to other regions, suggesting that their role is largely limited to signaling
that initiates the recruitment of endogenous cell to the affected areas [Shin and Peterson,
2013]. For example, the ability of Wnt signaling to induce myogenic differentiation and
promote proliferation and migration in Sprague-Dawley rats MSCs has also been proven
[Shang et al., 2007]. Having this into consideration in this study, the CM collected from the
hMSCs expansion culture was tested independently, since the CM might include the secreted
proteins which play a central role in the previously mentioned in vivo signaling process. The
hMSCs local application might not have the required therapeutic efficiency, since the cells
may migrate to different body regions and tissues or might not survive and produce the
appropriate trophic factors. These pitfalls are overcome by the local application of CM
associated to a biocompatible vehicle.
The treated groups with several vehicles and hMSCs obtained the expected results in terms of
enhancement of muscle regeneration, both in the histological and functional assessments.
Functionally, it was concluded that at d35 dorsiflexor isometric peak torque recovered to
values similar to intact muscles regardless the treatment option. We are confident in
considering that the use of cellular products (particularly CM) should not be discarded as a
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viable clinical option for treatment of skeletal muscle injuries. Searching for an optimal
vehicle with minimal influence in terms of biological incorporation associated to MSCs from
the Wharton’s jelly or to CM enriched by growth factors and cytokines produced by this
cellular system might be the key point in the future of skeletal muscle tissue engineering and
the use of cellular therapies in muscular defects.
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List of abbreviations
hMSCs – human mesenchymal stem cells
CM - conditioned media
d15 – 15 days post-surgery
d35 – 35 days post-surgery
HE - haematoxylin and eosin
ISO – International Organization for Standardization
NIH – National Institutes of Health
IHC – immunohistochemistry
TBS – triphosphate buffered saline
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Figure captions
Figure 1 – hMSCs from Wharton’s jelly exhibiting a mesenchymal-like shape with a flat
polygonal morphology after 4 days of in vitro culture (Magnification: 100x).

Figure

2

–

Biopsy

punch

for

myectomy

lesion

creating

a

5 mm Ø defect in the rat’s tibialis anterior (TA) muscle (A-C). In the MSCFibrin group the
defect was filled with a cellular suspension containing 1x106 hMSCs and

μl of fibrin glue

(Tisseellyo®) (D). Preparation of Floseal®: the gelatin matrix granules syringe is connected to
the syringe containing the thrombin solution and the mixture is transferred back and forth
between the syringes for a total of 10 passes (E). Application of Floseal® in a 5 mm Ø
myectomy defect (F). Preparation of the spherical hydrogel: the polymer solution containing
alginate and sodium hyaluronate in a ratio of 1:1 (V/V) was inserted into an insulin syringe
and a droplet was released into an excess of cerium nitrate solution 135mM, in order to obtain
a cross-linked polymer sphere of approximately 6 μl of volume (G-I). Application of the
previously prepared spherical hydrogel in a 5 mm Ø myectomy defect (J).

Figure 3 – ISO 10993-6 scoring for the groups tested at d15. The Control group obtained a
score of 14,72. The tested implants can be considered as slight, moderate, severe and nonirritant depending on the score obtained by the comparison to the Control group (A). Collagen
fractions for the groups tested at d15 (B). Histological appearance (H&E staining) of a tibialis
anterior (TA) muscle with exuberant calcification (arrows) after Floseal® implantation
(Magnification: 40x). Scale bar: 50 µm (C).
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Figure 4 – ISO 10993-6 scoring for the Control and treatment groups (after choosing fibrin
glue - Tisseellyo® as the preferred vehicle) tested at d15 and d35.

Figure 5 – Histological analysis of tibialis anterior (TA) muscles from the Control and
treatment groups (after choosing fibrin glue - Tisseellyo® as the preferred vehicle) evaluated at
d15 and d35: Masson’s Thricrome/eosin-stained sections appearance (Magnification: 40x).
Scale bar: 50 µm (A). Histomorphometric quantification of mean collagen fraction (B).
*Significantly different from Control (15d and 35d data pooled together; p<0.05);
&

Significantly different from Control at the same time point (p<0.05).

Figure 6 – IHC sections of tibialis anterior (TA) muscles from the Control and treatment
groups (after choosing fibrin glue - Tisseellyo® as the preferred vehicle) with anti-human Pax7
antibody evaluated at d15 post-myectomy (Magnification: 200x) (A-D). The Pax7+ labeling
index was defined by the average number of Pax7+ positive nuclei which was determined by
counting 5 selected fields at high power field magnification (x400) in each sample (E). Scale
bar: 50 µm.

Figure 7 – Dorsiflexor muscles’ torque at different ankle joint’s angles for the rats from the
Control and treatment groups (after choosing fibrin glue - Tisseellyo® as the preferred vehicle)
(A-C).
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Figure 2.
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Figure 3.

Figure 4.
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Figure 5.

Figure 6.
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Figure 7.

SUPPLEMENTARY MATERIAL
Figure 8 – IHC sections from tibialis anterior (TA) muscles: the presence of Pax7+ nuclei in
the non-injured TA muscles (A) was similar to the Control (B) group (evaluated at d35 postmyectomy) (Magnification: 200x). Scale bar: 50 µm.

Doctoral Thesis - Tiago de Melo Silva Ramos Pereira

| 343

Doctoral Thesis - Tiago de Melo Silva Ramos Pereira

| 344

Chapter 3
Discussion, conclusions and
future perspectives

Original illustration by Luis Santos - student from the 2nd year of graduation in “Faculdade de
Belas Artes da Universidade do Porto (FBAUP-UP)” (2014)
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3 Discussion
Denervation lesions
A significant number of severe neuromuscular lesions result from nerve axotomy, which can
only be dealt through reconstructive surgical procedures. Sciatic nerve axotomy in particular,
has been used extensively as an experimental model of lesion (Savastano et al., 2014). We
decided to use the neurotmesis (Sunderland type V injury) as the model of choice in two of
the studies presented in this thesis (section 4.1 and 4.2 of chapter 1). The neurotmesis model
is probably the most challenging in terms of regeneration and it can replicate one of the most
frequent types of injury observed in severe traumatic lesions with loss of neuromuscular
tissues.
The studies presented in chapter 1 follow the work performed in the last years by our
research group (Amado et al., 2010; Amado et al., 2008; Gartner et al., 2012; Gärtner et al.,
2012; Luís et al., 2007a; Luís et al., 2007b; Luis et al., 2008a; Luis et al., 2008b; Simoes et
al., 2010), in which we have been testing different biomaterials and cellular therapies for
promoting peripheral nerve regeneration. The regenerative process has been evaluated by us
in terms of functional and morphological analysis. The functional analysis includes a battery
of different tests that complement each other, where the locomotion kinematics analysis plays
an important role, allowing an evaluation of the somatossensorial recovery of the function
after axonotmesis and neurotmesis injuries where different therapeutic strategies were
employed.

Muscle morphometric analysis
For the first time, we were able to meet all the data involving the analyses performed in both
nerve and a denervated muscle (TA) throughout the period of regeneration (until 20 weeks).
In the study referred in section 4.1 of chapter 1, we proved that in terms of muscle and nerve
functional assessment (WRL, EPT, kinematics and contraction force) there were significant
deficits following 16-20 weeks of nerve transection comparing to non-injured animals, as it
should be expected. Also in terms of some nerve’s stereological parameters (fiber diameter
and myelin thickness), it was possible to verify that a similar tendency in terms of histological
features following neurotmesis could be observed in muscle’s morphometry (cross sectional
area and minimal Feret’s diameter decrease of the muscle fibers). These findings were
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important, since they confirmed that the denervated muscle assessment could be a valuable
tool in the indirect evaluation of regenerative nerve therapies success. The TA muscle
morphometric analysis was employed in several experimental groups using different
biomaterials and cellular products (section 4.1, 4.2.1 and 4.4 of chapter 1).

Wallerian degeneration
In the study presented in section 4.2 of chapter 1, we confirmed the therapeutic value of
hMSCs, by the improvement in the Wallerian degeneration at different stages of nerve
regeneration (during hyper-acute and acute phases).
Due to the large importance of the Wallerian degeneration for subsequent cellular and
molecular events that lead to nerve regeneration, it was important to evaluate the immediate
Wallerian response and early nerve regeneration in the hyper-acute and acute phases,
respectively. When an axon is transected, the distal cytoskeleton disintegrates, its cell
membrane disappears, and the axon fragments. The Wallerian degeneration is accompanied
by macrophages entering the transected area to remove myelin and axonal debris being first
detected by light microscopy 36 to 44h after nerve transection in rats, and reaching a peak
around the third week. In the acute phase of the healing, our samples revealed Wallerian
degeneration in varying degrees, from mild to severe, hindering the observation of axonal
regeneration. An initial positive effect in terms of a reduction in the extent of fibrosis was
followed by an increase in the number of fibers and myelin sheath thickness. These findings
suggest the importance of these cells in improving nerve regeneration when applied in the
first days after neurotmesis, apparently by promoting a more efficient Wallerian degeneration.
Theoretical repercussion of these histological observations performed during the hyper-acute
and acute phases were confirmed by long-term observations and stereological estimates.
hMSCs and Floseal® for nerve repair
In the TA muscles of both experimental groups (with hMSCs or hMSC with Floseal® as a
vehicle) used in this study, we detected a significant difference in terms of fiber size, when
comparing to the sham (neurotmesis with end-to-end suture) group, after 20 weeks. In these
treatment groups, those morphometric parameters almost reached the values of the Control
uninjured group.
As a matter of fact, stereological analysis was able to disclose a significantly larger axon
diameter and higher myelin thickness in the experimental group where the end-to-end suture
was

associated

to

hMSCs

and

Floseal®
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histomorphometric analysis performed in the hyper-acute, acute and chronic phases also
suggest that Floseal® is an appropriate vehicle to deliver UCX® to peripheral nerve injuries.
The myelin sheath was thicker in the regenerated nerves of hMSCs-treated animals,
suggesting that hMSCs might exert their positive effects on Schwann cells, the key element in
Wallerian degeneration and consequent axonal regeneration. Both nerve and muscle data
proved the beneficial effect of hMSCs and Floseal® on nerve regeneration and muscle’s
reinnervation.

hMSCs and PLC in nerve repair
In a previous study, it was evaluated the therapeutic value of hMSCs on rat sciatic nerve after
axonotmesis injury associated to the same PLC membrane (Vivosorb®) (Gartner et al., 2012).
In vitro characterization of the cellular system cultured on PLC membranes (Vivosorb®) was
carried out by means of nuclear magnetic resonance (NMR) analysis, immunocytochemistry,
and intracellular ionic calcium concentration measurements using the epifluorescence
technique. The Vivosorb® membrane proved to be adequate to be used as scaffold
associated with undifferentiated hMSCs or neuroglial-like differentiated hMSCs, so that in
vivo studies could be pursued in models of severe nerve injury, such as in the study
described in section 4.3 chapter 1 of this thesis. Simultaneously, in vivo studies in a sciatic
nerve crush rat model, showed improvement in regenerated sciatic nerve morphology, such
as increased myelin sheath thickness, in animals treated with transplanted undifferentiated
and differentiated hMSCs, which was accompanied also by enhanced recovery of motor and
sensory function (Gärtner et al., 2012). This was also proven in the published paper where
hMSCs associated to Floseal® were applied to surgically reconstructed neurotmesis injuries
by an end-to-end suture (Gärtner et al., 2014).
The study referred in section 4.3 of chapter 1, intended to confirm the ability of PLC
membranes together with undifferentiated and in vitro differentiated hMSCs to promote nerve
regeneration and to improve functional recovery even when nerves are surgically treated by
epineural end-to-end suture or autologous grafting. Nerve histology demonstrated successful
nerve regeneration of the transected and repaired sciatic nerves although the extent of such
regeneration was somewhat limited. Regenerated axons and nerve fibers were small in
diameter and their number was clearly diminished in comparison with uninjured nerves. Not
surprisingly, such changes in morphology were more severe in sciatic nerves treated with the
autologous graft associated to both cellular systems (hMSCs undifferentiated and in vitro
differentiated neuroglial-like hMSCs) compared with the direct end-to-end suture and both
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cellular systems. The use of PLC membranes enwrapping the repaired sciatic nerves could
not significantly alter the degree of nerve regeneration. Similarly, coating the sciatic nerves at
the injury site with undifferentiated or differentiated hMSCs could not significantly modify the
extent of nerve regeneration. These results should be confirmed by histomorphometric
analysis, which unfortunately was not possible to be performed in this study. The results
confirmed the outcomes obtained previously by Gartner et al. (2012), where the myelin
sheath was thicker in the regenerated nerves of hMSCs-treated animals, suggesting that
hMSCs might exert their positive effects on Schwann cells, the key element in Wallerian
degeneration and consequent axonal regeneration and explaining the functional recovery
improvement, obtained also in the present work. As a matter of fact, regarding functional
outcome, the use of undifferentiated hMSCs modestly improved recovery of motor function in
the affected hind-limb. In those cases an autologous graft was used to bridge the gap of the
transected sciatic nerve. At this point, the mechanisms by which undifferentiated, but not
differentiated, hMSCs might enhance functional recovery are not identifiable. For that reason,
RT-PCR was performed with undifferentiated and in vitro differentiated hMSCs in this
experimental work. According to the results of RT-PCR, undifferentiated hMSCs cells in in
vitro environment secreted several factors that can aid in nerve regeneration. Consistent with
the immunocytochemistry observations in which the antibodies did not recognized GFAP, NFH and GAP-43 proteins in the undifferentiated hMSC’s in the slides, the molecular analysis
showed a small expression of GFAP gene and absence of expression of the NF-H and GAP43 genes in these same undifferentiated cells. In fact, the small detection of the GFAP gene
expression may be due to the high sensitivity of the molecular tests in comparison with
immunocytochemistry tests.
At this point and to complete this study, morphometric analysis of TA muscles from all the
experimental groups included in this study is being performed, and the data obtained is still
under analysis and not presented in this thesis.

hMSCs and PVA for nerve repair
In section 4.4 of chapter 1 some preliminary results of muscle’s morphometry of other
experimental groups are also presented. In these groups polyvinyl alcohol hydrogel (PVA)
was the biomaterial selected for nerve grafting (in neurotmesis lesions) and nerve
enwrapping (in axonotmesis lesions). This biomaterial was also tested in different variations
by loading the tubes/membranes with electrical conductive molecules such as CNTs and
PPy, in both models of nerve injury. The association of hMSCs was also tested in PVA tubes
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loaded with CNTs for nerve grafting. This association was not successful since decreased
muscle fiber size was observed in these muscles. Data from the functional (EPT, WRL and
kinematics) and morphological (histomorphometry analysis) of the sciatic nerves collected
from these animals is currently being processed and might give us some more information
about these findings. However through the morphometric assessment employed in this study,
it is possible to predict that PVA alone is not as interesting as the PPy and CNTs loaded
versions for the promotion of nerve’s regeneration.
The results achieved in the study presented in section 4.1 of chapter 1 may turn out to be a
good indicator that a comprehensive skeletal muscle evaluation (both morphological and
functional) could be inferred to the clinical scenario, by functioning as a predictor of the
reinnervation outcome. (Rossini et al., 2002) described histological, immunohistochemical
and molecular methods, which identify markers of damage, regeneration, and repair on a
muscle sample of just a few milligrams. A suitable source is a small biopsy, whose cryostat
sections allow fiber typing and histopathology by immunochemical analyses (Rossini et al.,
2002). The histological evaluation of muscles collected through biopsy could be considered a
non-invasive technique for the estimation of therapeutic success in severe nerve lesions.

Muscular injuries and models
Skeletal muscle can be damaged not only through contusion, strain or laceration but also
when compartment syndromes occur because of vascular and/or neurologic impairment.
Although somewhat imperfect, the restored function of skeletal muscle after acute injury is
remarkable (Gayraud-Morel et al., 2009). In case a less severe muscular lesion (such as
strain or contusion) occurs, conservative management is commonly accepted, according to
the principle that “muscle injuries do heal conservatively” (Gharaibeh et al., 2012).
Commonly, this conservative treatment follows the RICE protocol (rest, ice, compression, and
elevation). The goal of this type of treatment is to stop intramuscular bleeding and thereby
minimize the progression of the muscle injury (Järvinen et al., 2007). Other therapies include
the local application of heat and passive motion exercises. Drug therapy typically consists of
non-steroidal anti-inflammatory drugs (NSAIDs) and intramuscular corticosteroids which have
a limited efficacy in preventing or treating the formation of posttraumatic muscle fibrosis
(Gharaibeh et al., 2012). In the majority of muscular injuries, surgical management is required
only in selected patients, such as athletes with a large intramuscular hematoma. New
biological therapies (including cell therapy/tissue engineering and the administration of growth
factors) could represent interesting and more effective strategies to manage muscle injuries
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(Longo et al., 2012). The second chapter of this thesis intended to address this tissue and
study the possibilities of enhancing muscle regeneration through exogenous intervention in
severe muscular lesions.
Muscular injuries are one of the most common injuries occurring in sports (predominantly
contusions and strains), with an incidence varying from 10% to 55% of all the sustained
injuries (Järvinen et al., 2005). However, other situations like road accidents, casualties
related to the handling of machinery equipment in industrial environments or combat
associated injuries could represent large-scale soft tissue traumas. In events such as these,
extensive loss of full-thickness native tissue architecture renders the wound site unable to
support regeneration by satellite cell (SC) activation (Page et al., 2011). In situations like that,
extensive fibrosis is the natural response of the organism to trigger tissue repair and restore
function rapidly (Baoge et al., 2012). Nevertheless, this fibrosis impedes the full extent of
muscle function and restricts circulation and mobility (Gayraud-Morel et al., 2009).
Regenerative therapies to support muscle healing should take this into account, since not
addressing fibrosis means not being able to fully reconstitute muscle forces after injury
(Winkler et al., 2011). Excessive TGF-β1 is correlated with chronic inflammation, the
accumulation of ECM, and fibrosis (Gharaibeh et al., 2012). Anti-fibrotic agents such as
decorin, suramin, relaxin, gamma interferon (IFN-γ) and IFN-α can successfully inhibit the
expression of TGF-β1 and consequently reduce muscle fibrosis. However, the clinical use of
some of these agents is hindered by the lack of oral dosing formulations and serious sideeffect profiles (Gharaibeh et al., 2012). This brought us the idea that cell-based therapies
could have the potential of improving muscle regeneration by having a similar negative effect
in fibrotic tissue deposition without the drawbacks presented by anti-fibrotic agents treatment,
as referred previously (Jackson et al., 2012; Li et al., 2009). This was also the reason why a
morphometric analysis method for the estimation of the fibrotic extent in injured muscles was
developed during this project (section 4.5 of chapter 2).
An enormous variety of skeletal injury models has been described in the literature.
Nevertheless some of them (like the injection of some myotoxins such as Bothrops asper
venom (Hernandez et al., 2011) are consider inappropriate for studying muscle regeneration,
because they may produce significant damage to the microvasculature, affecting necrotic
debris removal and the provision of nutrients and oxygen required for regeneration. This is
relevant since it could by some means impair neoangiogenesis, which plays a critical role in
the healing process of muscle injuries. The new vessels sprout from the healthy tissue
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surrounding the lesion and provide the supply of oxygen, growth factors, and blood stem cells
to enhance the regeneration process (Longo et al., 2012).
One of the first goals proposed in this project was to find an appropriate model of skeletal
muscle injury that could be suitable for the application of new biomaterials and cellular
products, being also able to mimic severe muscular injuries.
Since collagenase has been used broadly as a model of injury in tissues such as tendons (YJ
Chen et al., 2004; Crovace et al., 2007; Dehghan et al., 2007; Kersh et al., 2004; McClure et
al., 2002; Yamamoto et al., 2002) and given the fact that collagenase has also been used to
digest muscle tissue for in vitro extraction of certain cell population such as muscle progenitor
cells (Jackson et al., 2009), we theorized that this enzyme could provide a good model of
muscular injury. However, using the rat as animal model, collagenase type IV (from
clostridium histolyticum) was unable to produce an injury with acceptable magnitude to
evaluate different therapeutic strategies (section 4.1 of chapter 2).
The crush injury is also described extensively in the literature for obtaining a muscular lesion
through different techniques and devices (Bassaglia et al., 1995; Grounds et al., 1989;
Louboutin et al., 1995; Matziolis et al., 2006; Trovato-Salinaro et al., 2009; Zhang et al.,
2011). A variation of this model was described by Winkler et al. (2011), in which a welldefined region at the mid-belly of the muscle, was spared in order to create a model of a
trauma selectively affecting the muscle fibers and the interstitial tissue without harming the
main innervation of the organ. That way it was avoided an initial complete denervation, which
would have made it impossible to differentiate between the consequences of denervation and
of myofiber trauma. Winkler et al. (2011) suggested that the effects of new therapies for skeletal muscle trauma could be analyzed with the lowest bias in the intrinsic regeneration
capacities of the muscle itself with the maximum range for a possible therapeutic effect. A
crush injury model was also tested in the study described in section 4.1 of chapter 2, by the
closure of hemostatic clamps of different sizes with variable periods of force exertion. The
results of this preliminary assessment turned out to be also unsatisfactory in terms of the
degree of disturbance in muscle architectural structure.
Considering these results it was decided to attempt for another kind of injury model, based in
a more exuberant and reproducible muscle trauma. Skeletal muscle laceration with (Merritt et
al., 2010; Page et al., 2011) our without (Menetrey et al., 2000; Sato et al., 2003) excision of
muscular tissue is described in several published studies for the evaluation of muscle
regeneration. Page et al. (2011) created a model in which a partial thickness central skeletal
muscle defect was created by resection of approximately 30 mg of tissue. However,
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compared to our model of myectomy (Pereira et al., 2013) described in section 4.2 of chapter
2 using a standardized defect by using a 5 mm diameter biopsy punch blade which is
available in the market, the lesion described by Page and collaborators had the disadvantage
of being created by manual dissection creating different sized defects (Merritt et al., 2010;
Page et al., 2011). Apart from that, in Page et al. (2011) experiment a flap on the fascia
covering the muscle was needed before performing the laceration. In our model the fullthickness cylindrical defect was created without any previous fascia dissection, maintaining
as much as possible the myofascial integrity (Pereira et al., 2013). As we know, the
myofascial interface is essential for force transmission from the skeletal muscle to the
surrounding skeletal tissues (Huijing, 2007; Huijing et al., 2005; Maas et al., 2006; Meijer et
al., 2008; Rijkelijkhuizen et al., 2005). In that way, we assumed that a minor fascia resection
could have less influence than a larger fascia flap on the functional performance of the injured
muscle.
The tibialis anterior (TA) muscle was selected for our myectomy model mainly because the
injury of this muscle does not severely handicap an animal (Ninagawa et al., 2013) and it
allows a simple surgical access, apart from being easily harvested in its full extension for
histopathology. Also, the choice for the TA muscle was based on the fact that neurogenic
muscle atrophy related with sciatic nerve axonotmesis and neurotmesis injuries was being
studied simultaneously. The TA muscle is an important hind-limb muscle which is innervated
by the sciatic nerve and has a crucial role in the rat locomotion. As a matter of fact, as it is
referred in section 4 of chapter 1, the functional analysis of the regenerated nerve after
axonotmesis and neurotmesis injuries and different therapeutically strategies is fundamental
and includes kinematic analysis of the rat locomotion.
In the study highlighted on section 4.2 of chapter 2, a comprehensive evaluation of the
morphological features of the skeletal muscle regeneration after myectomy was performed.
After selecting the 5 mm diameter, 60 µl volume defect in the TA muscle’s mid-belly as the
most appropriate for our study, muscles were collected at different time-points (7, 15, 21, 28
and 35 days after surgery) for histological analysis (HE and Masson’s Trichrome stainings).
Following the process of regeneration after the myectomy trauma, it was possible to perceive
that the exuberant inflammation detected in the first week after surgery gradually decreases
in its intensity after this time-point. The fibrotic involvement is generally more evident 21 days
after injury and around the last time-point (35 days) this scar tissue begins to be infiltrated by
adipose tissue.
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Other models like ischemic damage (Borselli et al., 2010) might induce larger and more
homogeneous muscle damage with a greater loss of function than muscle laceration.
However, since in our project the use of a model that could mimic a severe loss of skeletal
muscle was consider from the beginning, it was assumed that the myectomy could be
considered a more suitable model for testing new biological products.

Biological therapies for muscle regeneration
Cell-based therapies involving cellular products associated to different vehicles have been
tested for the improvement of muscle regeneration. Growth factor therapy has been tested
thoroughly based on the fact that several factors including FGF-2, IGF, NGF, TGF-β1, PDGF
are capable of promoting muscle regeneration (Baoge et al., 2012). For example NGF may
be useful in muscle regeneration, especially during the reinnervation phase, whilst the
injection of IGF has been related to an increase in the number and size of regenerating
myofibers after muscle injury. As reported in section 1 of chapter 2, some growth factors play
a crucial role during myogenesis.
Based on the multitude of their biological effects (as described in detail in section 1 of chapter
2), the clinical application of growth factors is affected by considerable side effects. For
example, an overexpression of growth factors such as TGF-β and FGF has been related to
inhibition of myoblasts differentiation and muscle fiber regeneration. TGF-β1 overexpression
can also be deleterious by the already mentioned influence in scar formation during healing (it
seems to drive the differentiation of myogenic cells into myofibroblastic cells). Aside, it should
be noticed that several growth factors need to bind to ECM proteins such as heparin sulfate
proteoglycans to provide their biological effects (Longo et al., 2012).
Another biological alternative treatment for skeletal muscle is platelet-rich plasma (PRP)
therapy. It represents an interesting biological technique to provide tissue repair by inducing
chemotactic, proliferative, and anabolic host cellular responses (Longo et al., 2012). PRP is
an autologous product that is usually administered by local injection or the application of a
gel. The effectiveness of autologous conditioned serum (ACS), which is a modified product
obtained from PRP containing bioactive proteins including IL-1β, TNF-α, IL-7, FGF-2, IL-1Ra,
HGF, PDGF-AB, TGF-β1, and IGF-1, has been tested on muscle strain injuries in
professional sportsmen. ACS appears to reduce the time to full recovery and the amount of
edema and/or bleeding in the follow-up assessment through magnetic resonance imaging
(MRI). Promising results were obtained by comparing ACS with saline solution in a contusion
injury model, showing an earlier activation and/or recruitment of SCs, and an earlier fusion,
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with larger regenerating myofibers (Longo et al., 2012). Both PRP and ACS have been used
in professionals such as soccer player and seem to reduce significantly time for full
resumption of normal training activities after injury. Nevertheless, there is no assurance that
PRP is not involved in the induction of a fibrotic healing response in muscle tissues, by
increasing local concentration of TGF as already explained. Besides, the effectiveness of
PRP can be affected by leukocytes within the injected solution, because their enzymes
(proteases and acid hydrolases) can be damaging to muscle tissue (Longo et al., 2012).

Cellular therapies
Cell-based therapies have been the major focus in regenerative biology and regenerative
medicine. In these scientific fields, a major challenge is to understand how resident or
transplanted stem cells can efficiently rebuild a failing organ or tissue (Gayraud-Morel et al.,
2009). Cell-based treatments for skeletal muscle disease can be utilized in either autologous
or allogeneic settings (Fishman et al., 2013), expanding its range in terms of donors
availability.
Satellite cells (SCs) were considered initially to be the obvious candidate for cell therapy
because of their intrinsic myogenic potential. However, they expand poorly in vitro, rapidly
undergo senescence and require local injection into skeletal muscle at a distance of a few
mm from each other, since they cannot migrate extensively within muscle. Moreover, other
cells like myoblasts show in vivo inefficient myogenic differentiation.
In section 4.3 of chapter 2 it is described a study which intended to develop a cellular system
based on a human primary skeletal muscle cell line. Some obstacles were found in subculturing these cells and based on our experience with the use of human stem cells in nerve
regeneration this same cellular system (section 2 of chapter 1) was established for muscle
transplantation (section 5.2 of section 2).

Embrionic stem cells (ESCs) and induced pluripotent stem cells (iPSCs)
Human stem cell biology has drawn tremendous interest as a potential cure for a whole
spectrum of diseases (Bongso et al., 2008). In theory, embryonic stem cells (ESCs) would
probably be the most versatile stem cell type for application in regenerative medicine (Salem
et al., 2010) because of their plasticity. Consequently, the use of ESCs has been widely
investigated in the regeneration of different tissues. Nonetheless, very few experiments have
succeeded in the in vivo transplantation of ESCs or induced pluripotent stem cells (iPSCs) for
skeletal muscle regeneration (Ninagawa et al., 2013). ESCs suffer from a series of
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constraints including ethical concerns, limited accessibility, potential for teratoma formation
upon transplantation and immune possible rejection (Wang et al., 2011). Still, (Darabi et al.,
2008) have demonstrated that intramuscular and systemic transplantation of ESCs into
dystrophic mice results in extensive engraftment of adult myofibers with enhanced contractile
function without the formation of teratomas.
The iPSCs cells were first discovered by (Takahashi et al., 2006) when they selected 24
genes that had been associated with maintenance of pluripotency in ESCs and retrovirally
transduced them into mouse embryonic fibroblasts. Following the creation of colonies with
ESCs properties, each gene was removed from the transduction process to assess its
significance. Four factors (Oct3-4, Sox2, c-Myc, and Klf4) were found sufficient to induce
reprogramming. Cells to be reprogrammed into iPSCs cells can be isolated from a number of
tissues, including skin and muscle biopsies (Fishman et al., 2013). Studies by (Darabi et al.,
2012) proved the myogenic potential of these progenitor cells. Their engraftment in dystrophic
mice was also proved to be successful by the improvement in the contractility of these
animals’ muscles (Tedesco et al., 2012). Coincident with the discovery of iPSCs cells by
(Takahashi et al., 2006), was the suggestion by (Anastasia et al., 2006) that a synthesized
unnatural purine named reversine was able to transform primary murine and human dermal
fibroblasts into myogenic-competent cells both in vitro and in vivo.
ESCs and iPSCs cells may also be used in vivo after in vitro differentiation. Ninagawa et al.
(2013) have demonstrated that both MSCs derived from ESCs (E-MSCs) and MSCs from
iPSCs cells maintain a high potential for differentiation into skeletal muscles without the
formation of a teratoma after transplantation into impaired muscles. In addition, E-MSCs have
been shown to promote the recovery of injured muscle cells and the reinnervation of the
peripheral nerves, probably through the secretion of cytokines. As a result, the transplantation
of E-MSCs was confirmed to accelerate the functional recovery of physically injured muscles.
(Ninagawa et al., 2013) suggested that MSCs from iPSCs cells would be the most useful for
muscle regenerative therapy because of their avoidance of the alloimmune response which
provides iPSCs cells a considerable advantage for the transplantation clinic.

Mesenchymal stem (stromal) cells (MSCs)
The controversy surrounding the potential use of the totipotent ESCs in the treatment of
human diseases over the last decades is still raising some issues in the present. Before the
discovery of the iPSCs cells there were no other totipotent or pluripotent cell source able to
be employed therapeutically without any ethical and religious concern. During the last years,
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this conflict has generated an increased interest in adult-derived stem cells. Mesenchymal
stem (or stromal) cells (MSCs) are multipotent cells that could be considered an excellent
candidate for cell therapy for a variety of reasons: they are easily accessible; the isolation of
MSCs is straightforward and the cells can expand to clinical scales in a relatively short period
of time; they can be preserved with minimal loss of potency and stored for point-of-care
delivery and human trials of MSCs thus far have shown no adverse reactions to allogeneic
versus autologous MSCs transplants (Parekkadan et al., 2010).
Other than the most described cells derived from bone marrow (BM-MSCs), adipose tissue
(AT-MSCs) and synovial membrane (SM-MSCs), MSCs have also been identified in several
tissues, such as blood, synovial fluid, dermis, muscle, dental pulp or umbilical cords, and can
be differentiated along several mesenchymal lineages (Wang et al., 2011). In terms of
myogenic potential, some stem cells have been identified. They are both muscle specific,
such as mesoangioblasts and pericytes, muscle side population (SP) cells or so-called
muscle-derived stem cells (MDSCs) and PICs (PW1+/Pax7--cells). However there is still no
evidence that these types of stem cells can be used efficiently in skeletal muscle cell therapy.
There is the need to attest their efficiency in vivo, like for example with mesangioblasts, which
are being tested clinically with many expectations (de la Garza-Rodea et al., 2011).
The identification of MSCs depends on three major criteria introduced by the International
Society for Cell Therapy (ISCT): first they must be plastic-adherent under standard culture
conditions, second they must express a range of nonhematopoietic cell surface markers
(CD105, CD73 and CD90) and finally they must possess the ability to differentiate into
osteoblasts, chondroblasts and adipocytes under appropriate culture conditions (Fishman et
al., 2013; Wang et al., 2011). According to some studies their potential extends to myogenic
lineages but they are unlikely able to give rise to functional skeletal muscle cells, as clearly
described by (Bianco et al., 2013).

Myogenic potential of MSCs
Initial evidence that MSCs possess myogenic potential came in 1998 when (Ferrari et al.,
1998) showed that bone marrow-derived cells from transgenic mice could be recruited to
injured muscle and participated in the regeneration of damaged fibers. (Matziolis et al., 2006)
also used BM-derived cell grafting and confirmed that this transplantation led to an increase
in contraction force, 14% in tetanic and 13% in fast twitch stimulation, demonstrating its
potential to improve functional outcome after skeletal muscle crush injury. Nevertheless,
recovery of the movement and function of injured skeletal muscles might be insufficient as
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markers for estimating the degree of neuromuscular system reconstitution (Iwata et al.,
2010). This might explain the results obtained for the force measurement at 35 days postmyectomy in our regeneration assessment (section 5.2 of chapter 2). At this time-point,
dorsiflexor isometric peak torque was similar in every muscle-injure group, irrespectively of
the treatment (MSCs or their conditioned media).
As already referred, MSCs obtained from bone marrow are probably the most studied type of
adult derived stem cells. However, they are quite limited in population and their collection is
invasive involving risk to the donor. Adipose tissue was found to be a useful and rich source
of MSCs, but even though MSCs from adipose tissue have therapeutic efficiency, their
isolation and purification from adult tissues still require complicated and troublesome
procedures (Ninagawa et al., 2013). Furthermore, they readily differentiate into adipocytes,
osteocytes, and chondrocytes but not into skeletal muscle cells (Ninagawa et al., 2013). Only
a few reports show them to generate muscle cells and this scenario could be improved by the
transduction of AT-MSC with transcription factors, such as MyoD, which has also proved to
enhance their potential of myogenic differentiation (Goudenege et al., 2009).

Umbilical cord matrix mesenchymal stem cells (ucmMSCs)
Ideally stem cells for tissue engineering and regenerative medicine should be multipotent,
inexpensive, lack donor site morbidity, donor materials should be readily available in large
numbers, immunocompatible, politically benign and expandable in vitro for several passages.
Cells derived from adult tissues such as BM-MSCs do not meet all of these criteria and
neither do embryonic stem cells (Wang et al., 2011). Among other promising sources of the
cells that could substitute for satellite cells and engraft in regenerating muscle are stem cells
isolated from human umbilical cord blood (hUCB) or mesenchymal stem (stromal) cells
present in umbilical cord matrix (ucmMSCs, also referred along this thesis as hMSCs ), the
so-called Wharton’s jelly. The Wharton’s jelly is a primitive embryonic type of connective
tissue surrounding umbilical cord blood vessels (Grabowska et al., 2012).
The ucmMSCs appear to have a rapid proliferation rate with a shorter doubling time than
adult stem cells and also maintain their expansion and multipotent differentiation properties
longer in vitro (Wang et al., 2011). Besides MSCs surface markers, transcription factors such
as Oct-4, Nanog and Sox-2 among others pluripotent markers, have been reported to exist in
porcine umbilical cord cells (Wang et al., 2011) but for the moment, these cells are still being
considered as multipotent rather than being pluripotent. The ucmMSCs are devoid of MHC
class II and low class I antigens, allowing them to be used for allogeneic or even
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xenotransplantations (Kocaefe et al., 2010). These ucmMSCs that resemble fibroblasts in
their morphology, do not appear to form teratomas when transplanted, the karyotype is stable
and are able to differentiate along several cell lineages including chondrogenic, osteogenic,
adipogenic, pancreatic, neurogenic, hepatogenic and myogenic (Wang et al., 2011). Gang et
al. (2004) have demonstrated in the past, that UCB-derived MSCs possess a potential of
skeletal myogenic differentiation and also imply that these cells could be a suitable source for
skeletal muscle repair and a useful tool of muscle-related tissue engineering.
In fact, using chromatin modifying drugs, such as 5-azacitydine, these cells can be induced to
differentiate into myoblasts (Conconi et al., 2006). Thus, they can also be considered as a
source of cells that could support skeletal muscle regeneration (Grabowska et al., 2012).
Kocaefe et al. (2010) have shown that it is possible to reprogram efficiently ucmMSCs, which
differentiate into myocytes in vitro by MyoD transcription factor. In that study, programmed
ucmMSCs were also capable of fusing with rat primary myoblasts to form heterokaryonic
myotubes. The positive outcome of ucmMSCs co-culture with myoblast and the use of
ucmMSCs in models of dystrophy have proven their myogenic differentiation potential (Wang
et al., 2011).
Existing data suggests that SDF-1 (stromal-derived factor-1) treatment of stem cells, prior to
their transplantation, increases their efficiency to colonize the injured tissue playing a crucial
role in the migration and homing of various stem cells. However, Grabowska et al. (2012) did
not observe increased incidence of hybrid myotubes in muscles transplanted ucmMSCs
treated with SDF-1. Grabowska et al. (2012) proved that ucmMSCs are able to undergo
myogenic differentiation in vitro, but they only rarely participate in the reconstruction of
damaged skeletal muscle. However, their presence significantly improved the regeneration
process. In fact, despite the fact that in that study ucmMSCs did not form numerous
myotubes containing human nuclei within the regenerating muscles, they significantly
improved the regeneration, had beneficial effect on the muscle mass, and resulted in the
increase of mature myofibers in regenerating muscles (Grabowska et al., 2012).

MSCs paracrine effects and engraftment
It seems that MSCs rarely participate in the formation of new muscle fibers. So, the
improvement of muscle regeneration is generally attributed to so called “biological activity”.
Such “biological activity” relies at paracrine secretion of trophic factors, that is, growth factors,
and cytokines that regulate migration, proliferation, and differentiation of endogenous cells
(satellite cells and also other muscle-associated cells) (Grabowska et al., 2012). These data
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contributed to our initial plan of using ucmMSCs and also their conditioned media (CM) for
testing the effect of these cellular therapies in muscle regeneration (section 4.5 and 5.2 of
chapter 1).
In vivo, both human and murine MSCs have been shown to contribute to the repair and
regeneration of damaged skeletal muscle, with MSCs derived from several tissues
(Bossolasco et al., 2004; De Bari et al., 2003; Fishman et al., 2013). Dezawa et al. (2005)
described a method to induce skeletal muscle lineage cells from a population of adherent
human and rat MSCs. The population obtained was reported as being capable of
differentiating into mature myotubes and contained Pax7+ cells. After induction, cells were
transplanted into animals with damaged gastrocnemius muscles. The induced population was
shown to incorporate into newly formed immature myofibers and Pax7+ cells contributed to
the subsequent regeneration of muscle after repetitive damage with no additional
transplantation of cells, demonstrating the preservation of their function as SCs (Dezawa et
al., 2005).
In co-cultures with myoblasts, human MSCs (hMSCs) can engage in myotube formation
through heterotypic cell fusion (Fishman et al., 2013; Grabowska et al., 2012). By these
means, Grabowska et al. (2012) proved that umbilical cord derived MSCs (UC-MSCs) are
able to differentiate into myoblasts and to form myotubes under the conditions stimulating
myogenic differentiation. In vivo, this can be tested by the histochemical identification of
hybrid myofibers (HMs). In a study by de la Garza-Rodea et al. (2011) it was possible to
detect a gradual decline in the number of surviving human cells [10 % of the transplanted βgalactosidase-positive (β-gal+) mononucleated cells were present after 60 days] in TA
muscles. Using β-gal+, it was possible to identify that at the same time there was an increase
of donor hMSCs incorporated in the myofibers, reaching a total of ~5% of these cells 4
months after transplantation. In fact, the 0,02% of HMs recorded 1 week after transplantation
by Shi et al. (2004) cannot reflect the full potential of BM-hMSCs since regeneration is just
beginning at that time (de la Garza-Rodea et al., 2011). The detection of “donor”-derived cells
following transplantation can be as easily attributed to fusion as to trans-differentiation.
Whether such fusion events could eventually prove therapeutic effects is still unclear (Shi et
al., 2004).
Also in vivo, both murine and human MSCs have been shown to contribute to the
regeneration of dystrophic and experimentally damaged muscles. In case of the hMSCs this
capacity has been demonstrated for BM-hMSCs, AT-hMSCs, SM-hMSCs, having these last
two types of MSCs a much higher myoregenerative capacity. The cells used in such
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demonstrations were naïve as they were not modified by transduction or otherwise to acquire
myogenic properties. These naïve cells seem to offer significant advantages for clinical use
because safety precautions are less complicated (de la Garza-Rodea et al., 2011). Based on
the several studies employing hMSCs in non-human animal models, this type of cells was
used by our research group for in vivo xenotransplantation into a rat myectomy model
(section 5.2 of chapter 2).
Through another study (described in section 4.4 of chapter 2), it was possible to track the
transplanted hMSCs after local administration. It was verified by immunohistochemical (IHC)
staining for human nuclear antigen (hNu) that a large number of the transplanted cells
survived at least 4 days, since they were clearly detected by the specific anti-human nuclei
antibody. This evidence of human cell migration into the host stump tissue was also detected
by Page et al. (2011) at 2 days and 2 weeks post-implant using the same
immunohistochemical (IHC) technique. In their work, human nuclei were also detected at 2
weeks among apparently mature muscle fibers and in the connective tissue. Also through
Polymerase Chain Reaction (PCR) analysis transplanted tissues confirmed human DNA 30
days after surgery. In their work, Grabowska et al. (2012) also verified that UC-MSCs
implanted into regenerating muscle were able to survive in such environment. At day 7 of
regeneration, approximately 30% of mononucleated cells isolated from skeletal muscles and
analyzed by FACS were human cells. Their initial localization in the vicinity of newly formed
myotubes suggested that they might be able to interact and participate in the regeneration.
However, in the course of regeneration, these cells dispersed within the muscle, and only
some of them were found localized in the close vicinity of muscle fibers.
It should be noticed that apart from the confirmation of cell migration, for cell transplantation
and therapeutic protocols to be effective, the environment within which these cells are
transplanted needs to be properly characterized to improve donor cell survival and selfrenewal (Gayraud-Morel et al., 2009). Cells can be administered in muscle tissue on a
scaffold or through intramuscular, intravenous and/or intra-arterial injection. The former is
advantageous in cases of focal injury and deficit, whereas delivery through the circulation
may help patients with widespread disease, such as in the case of muscular dystrophies. One
limitation of delivery via the systemic circulation is that many of the cells will be unable to
reach the target tissue and will engraft in other organs (Fishman et al., 2013). Based on such
findings the local implantation of hMSCs was performed in the study presented in section 5.2
of chapter 2, associated to different vehicles/scaffolds.
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In fact, pre-clinical studies of the mechanism of action suggest that the therapeutic effects
afforded by MSCs transplantation are short-lived and related to dynamic, paracrine
interactions between MSCs and host cells (Parekkadan et al., 2010). This theory based on
the importance of the paracrine action of stem cells has long been advocated by other
authors (Baraniak et al., 2010; Caplan et al., 2006; L Chen et al., 2008; Doorn et al., 2012; Li
et al., 2009). Ninagawa et al. (2013) also speculated that accelerated skeletal muscle
regeneration is partly due to the paracrine activity of MSCs, and that the angiogenesis
induced by MSCs may contribute to the regeneration of injured muscles. Apart from the
angiogenesis, the promotion of peripheral nerve regeneration shown by Ninagawa et al.
(2013) was one of the mechanisms leading to the functional recovery of injured muscles. The
close relation between peripheral nerve regeneration and muscle morphometry was one of
the most important concerns in this thesis, discussed in chapter 1.
Studies that attest for the paracrine effects of stem cells in the host tissues assign this
characteristic to a set of cytokines (secretome), such as growth factors secreted by those
cells as explained in detail in section 1 of chapter 2. Among factors that can be produced both
by exogenous or endogenous cells and have been shown to be involved in myoblast
differentiation and muscle healing are FGF-2, IGF-1, HGF or IL-6 (Grabowska et al., 2012).
Apart from those cytokines, MSCs have been reported to secrete VEGF, monocyte
chemoattractant protein-1 (mcp-1), and stem cell–derived factor-1 (SDF-1), all of which are
well-known factors indicative of neuro-supportive effects.
Sustained by those facts and even before verifying the effects of MSCs in muscle
regeneration, it was believed that the therapeutic effects MSCs were not exclusively related
to their differentiation into the regenerated fibers and so it was decided to compare MSCs
transplantation to the implantation of their conditioned media (CM). This experiment got
underway since the beginning (section 4.5 of chapter 2) and was later on investigated
through a complete analysis of the hMSCs secretome (section 5.1 of chapter) for a complete
comprehension of the results obtained in the study reported in section 5.2 of chapter 2.
Results from our preliminary study (section 4.5 of chapter 2) indicated that the hMSCs
conditioned media associated to fibrin glue presented promising results in terms of
morphological and functional recovery of the rat tibialis anterior muscle after myectomy and in
the groups treated with the conditioned media instead of MSCs a blunted inflammatory
response seemed to occur (Pereira et al., 2012a, 2012b).
In fact, in our study (section 5.2 of chapter 2), the effect of MSCs in reducing local
inflammation was not significant at day 15, and at day 35 the number of inflammatory cells
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was higher compared to the Control groups. It is possible that this effect has not a direct
correlation to the quality and degree of regeneration since our semi-quantitative evaluation
was based only on the inflammation features of the damaged muscles (section 5.2 of chapter
2). We were able to confirm later (section 5.1 of chapter 2) that in fact the CM obtained by
ucmMSCs expansion is very rich in cytokines (such as VEGF, IL-6, TGF-family among
others) with proliferative and anti-apoptotic functions, being an attractive alternative to allotransplanting and xeno-transplanting of these hMSCs for tissue regeneration (section 5.1 of
chapter 2). It should be noticed that MSCs might suffer a change in their secretory profile
when exposed to an immunoreactive environment (Carvalho et al., 2011). This fact was not
considered in the study described in section 5.1 of chapter 2, since the secretory profile of
these cells was only evaluated in vitro. We are aware that this could have some importance in
the transposition of these results, due to the fact that there might be some relevant
differences in terms of the presence or levels of some cytokines, when comparing the effect
of CM to direct transplantation of MSCs in the site of injury. In that study the metabolic profile
of hMSCs CM was also identified through NMR spectroscopy. Lactate, formate and pyruvate
were present in higher concentration in CM when compared to the unconditioned culture
media, reflecting the production and secretion of those metabolites.
Simultaneously, we took this opportunity for trying to select an alternative for the fetal bovine
serum (FBS) supplementation during in vitro MSCs culture. At the moment it is possible to
isolate the hMSCs from various sources (Tekkatte et al., 2011). Also the hMSCs in vitro
expansion is essential to achieve appropriate cell numbers for clinical use and the in vitro
culture must be scale-up for clinical application purposes. Some of the complications in
preparing hMSCs for cell-based therapies are due to the inconsistent cell culture protocols, it
is imperative to standardize the culture protocols for isolation and expansion of these cells.
Since the studies performed by Friedenstein et al. (1970), it has been used the FBS which
has several disadvantages including economic, ethical and scientific ones. As a matter of
fact, the use of FBS as a supplement of the culture medium is always associated to batch-tobatch variability, unexpected cell growth characteristics, cytotoxicity of uncharacterized
factors in the serum. But the most important is the risk of possible contamination with virus,
prions, bacteria, nanobacteria, mycoplasma, yeast, fungi, and endotoxins, some of which are
not possible to remove from serum before application (Erickson et al., 1991; Simonetti et al.,
2007). There is also a concern for FBS clinical use, due to the immunogenicity of the FBS
cultured cells, inducing anaphylactic or arthus-like immune reactions which were already
reported in some patients infused with in vitro cultured lymphocytes (Selvaggi et al., 1997).
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Anyway, FBS-cultured hMSCs have been approved by the US Food and Drug Administration
(FDA) for use in several human clinical trials mentioned previously. hMSCs are not capable of
surviving in the absence of FBS, not only because of the important growth factors present,
but also the fact that the FBS works as buffering agent and protects the cells from cytotoxic
agents. These characteristics must also be present in the alternative to animal serum used to
isolate and expand these cells. The substitute medium supplement must have low cost, be
safe in terms of contaminants and ready/easy availability. The possibility that the human
umbilical cord blood plasma or serum (hUCBS) could be such alternative was considered
based on the results described for adult PRP (Murphy et al., 2012; Suryani et al., 2013). In
the study described in section 5.1 of chapter 2, the hUCBS was also tested by 1H-NMR and a
Multiplexing LASER Bead Technology cytokine array. It was concluded that hUCBS is an
alternative for the FBS culture medium supplement used in hMSCs isolation, expansion and
cryopreservation.
Another question that was raised before the in vivo application of hMSCs in myectomy
defects (section 5.2 of chapter 2), was related with the ideal number of cells that should be
transplanted to the host tissue. Generally, since MSCs from adult tissue exhibit poor potential
for differentiation into skeletal muscle cells in vitro, more than (1–5)x106 cells are required for
cellular transplantation therapy. In our study (5.2 chapter 2), we used a dose of approximately
1x106 cells for transplantation into the muscular defect. This dose could be questioned but
attending to the results published by Winkler et al. (2008), we could predict that the number of
cells elected for our trial was not inadequate. Winkler et al. (2008) transplanted animals after
inducing an open crush trauma with 0,1x106, 1x106, 2.5x106 and 10x106 autologous MSCs, in
a different injury model and type of cells comparing to our study (Pereira et al., 2014). The
groups transplanted with 1x106, 2.5x106 and 10x106 cells showed no significantly fast twitch
forces between each other (Winkler et al., 2008). Ninagawa et al. (2013) have also certified
that 1x105 cells were sufficient for in vivo transplantation into skeletal muscles by promoting
histological and functional recovery. However the E-MSCs used in that study showed an
extremely high potential for differentiation, probably due to the fact that they were derived
from the in vitro differentiation of ESCs.

Vehicle/scaffolds for cell transplantation in muscle defects
In skeletal muscle injuries, tissue engineering represents a biological alternative for
replacement of large tissue loss after severe damage. The application of scaffold for
regeneration of muscle tissue could represent an interesting approach particularly in the
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major trauma with large loss of tissue. The scaffold for muscle tissue engineering should be
able to flex and stretch. They should be able to promote the alignment of myoblasts the
assembly of myotubes. Nanostructured scaffolds are more efficient in promoting myotube
assembly than microstructured scaffolds (Longo et al., 2012). Skeletal muscle tissue
engineering could be performed in vitro and in vivo. For example in in vitro tissue
engineering, cells can be expanded and seeded on a three-dimensional (3D) scaffold to
produce a cell-biomaterial construct. After the differentiation of stem cells, the graft could be
transplanted in the injured region. In in vivo tissue engineering, cells are charged on a 3D
scaffold carrier and promptly transplanted (Longo et al., 2012).
Biomaterials used in scaffolds should be biocompatible (essential to prevent toxicity and
immunogenicity) and biodegradable (allowing gradual substitution of the scaffold by the newly
formed muscle tissue). The scaffold should integrate molecules or cells, providing a
controlled delivery of growth factors, cytokines, plasmids, drugs, or other anabolic stimuli.
This was considered in the work developed in the studies presented in section 4.5 and 5.2 of
chapter 2, in which for example the hydrogel that was used as a vehicle for the cellular or CM
local application was produced in a way that it could be slowly reabsorbed in approximately 4
days.
In skeletal muscle tissue engineering, biomaterials should support the myogenic process,
providing a microenvironment which allows cell survival, proliferation and/or differentiation to
repair, and/or regenerate the damaged tissue (Longo et al., 2012). Both synthetic and natural
scaffolds have been investigated for tissue engineering approaches to muscle regeneration.
Polyglycolic acid (PGA), poly(DL-ε-caprolactone) (PLC), hyaluronic acid, alginate, fibrin,
hydroxyapatite (HA), collagen, polyethilen-glycol and acellular matrices, have been shown to
support myoblast migration, differentiation, fusion, and, in some cases, revascularization
(Page et al., 2011; Rossi et al., 2010).
Hyaluronan-based hydrogel has been used to perform the delivery of either SCs or muscle
progenitor cells (MPCs) in a mice model (Rossi et al., 2011). The construct SC-hydrogel
showed more enhancement of regeneration process with a higher number of new myofibers
than MPC-hydrogel or hydrogel alone. Gilbert et al. (2010) also investigated the effect that
culturing on synthetic hydrogels of variable elasticity has on the fate of SCs. The hydrogel
which most accurately mimicked the elasticity of skeletal muscle led to an apparent fourfold
increase in the self-renewal of SCs (rather than only differentiating into their progeny) and
contributed extensively when subsequently implanted in vivo. The hydrogel produced by our
research group (section 1, 4.5 and 5.2 of chapter 2), was a cerium nitrate (CeN3O9) crossDoctoral Thesis - Tiago de Melo Silva Ramos Pereira
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linked hydrogel composed of alginate and sodium hyaluronate. However, our data suggests
that the hydrogel tested (as well as Floseal®) is not adequate to be used as scaffolds/vehicles
in skeletal muscle lesions, since the inflammatory scores and collagen fractions observed on
those groups were considered excessive (section 1, 4 and 5.2 of chapter 2).
Fibrin is another natural biodegradable 3D scaffold used to obtain muscle regeneration.
Three-dimensional fibrin matrix has been used as carrier to inject myoblasts in the injured
muscle region of a rat model stimulation (Longo et al., 2012). Longo et al. (2012) reported in
their study that the fibrin carrier induced no inflammatory reaction and allowed integration of
myoblasts into host muscle fibers. The fibrin matrix also allowed the production of strained
fibrin gel by applying continuous tensile strain to fibrin scaffold and the morphological features
of strained fibrin gels induced the alignment of seeded myoblasts (Longo et al., 2012). The
fibrin matrix also allowed the differentiation of myoblasts, cultured in a three-dimensional
pattern, under electrical stimulation (Longo et al., 2012). Finally, fibrin scaffolds have been
also combined with adult human cells to regenerate muscle after large tissue loss in a mouse
model with large defect of tibialis anterior muscle (Page et al., 2011). Constructs of fibrin
micro-threads and adult human cells were used, showing the role of constructs in host tissue
regeneration by forming skeletal muscle fibers, connective tissue, and Pax7 + cells (Page et
al., 2011). Page et al. (2011) concluded that combined with fibrin glue anchorage at the
wound margins, microthreads appear to facilitate in-growth of nascent muscle tissue while
reducing collagen deposition. In our study (section 5.2 of chapter 2), fibrin glue was used as
hMSCs vehicle since data obtained from our preliminary study (section 1 and 4.5 of chapter
2) proved that this biomaterial was clearly the most biocompatible (comparing to Floseal ® and
the hydrogel) by presenting less scar tissue formation and inflammatory infiltrate. However,
our results could not demonstrate that fibrin glue alone or associated with the different
biological products tested was advantageous in reducing this collagen deposition. Comparing
these data we might conclude that more than the fibrin glue itself, fibrin micro-threads alone
seem to be more important in fibrosis reduction and remodeling large muscle injuries.
The biomaterial needs also to guarantee both access to vascular and neural cells, for the
correct revascularization and reinnervation and protection for the cells from proteases that
are developed by the host tissue after damage or in pathology. A useful technique for such
approach is the use of fibrin gel with SCs, seeded in monolayer, in order to guarantee
adequate connection to the vascular system, for efficient transport of oxygen, carbon dioxide,
nutrients and waste products (Rossi et al., 2010). This was the rationale in which we based
our hMSCs application in association with a fibrin scaffold for muscular regeneration (section
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1, 4.5 and 5.2 of chapter 2). Nevertheless there is a large field ahead to explore the ideal
artificial microenvironments that could eventually take advantage of all the regenerative
potential of these stem cells. One of the major remarks that could be inferred from our data
(section 5.2 of chapter 2) is that in neither of the treatment scenarios (with or without hMSCs),
the skeletal muscle revealed a better outcome than the sham group (myectomy without any
treatment).

Nonetheless,

these

poor

results

can

certainly

be

attributed

to

the

vehicles/scaffolds used in our trial as it was also clear that the treatment groups (with hMSCs
or CM) revealed an improved regeneration when compared to muscles receiving only the
vehicle/scaffold.
The main challenge for applying regenerative therapies in skeletal muscle is related not with
the potential of the newly developed cellular products, which have been proved to play a
critical role in muscle regeneration, but the way that these products are introduced in a
severely disturbed microenvironment. Thus, the final aim of combining stem cells and
biopolymers, eventually loaded with factors, is to create an artificial niche, which allows the
natural processes of differentiation and self-renewal (Rossi et al., 2010).
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3 Conclusions and future perspectives
The main goal of the work accomplished in the several studies reported in this manuscript
was to develop innovative approaches for neuromuscular tissue engineering, mostly
grounded on cell-based therapies. The hMSCs tested were obtained from the umbilical cord
Wharton´s jelly, with a stable karyotype, without neither ethical nor religious concerns. In an
extension to the comprehensive work performed by our research group in the field of
peripheral nerve regeneration, it was intended to keep up pursuing new developments in
terms of biomaterials and cell-based therapies for nerve repair, and in parallel, in vitro testing
of the cellular products was exhaustively performed including immunocytochemistry of the
undifferentiated hMSCs and neurogenic differentiated hMSCs, cytogenetic analysis, and PCR
experiments. Through the denervation achieved by neurotmesis/axonotmesis injuries, the
studies described in chapter 1 were also scrutinized in another perspective, investigating the
impact of nerve’s regenerative therapies in reinnervated muscles. Here are summarized the
most important conclusions obtained in the studies reported in chapter 1:


Muscle regeneration was estimated by morphometric analysis of the different groups
and encouraging results were obtained for some of the treatment strategies. Floseal ®
was considered to be useful as a vehicle for hMSCs application in peripheral nerve
treatment in which it appears to be related to an increase in muscle fiber size. This
increase was even more evident when Floseal® was associated to hMSCs as in this
group the muscle fiber size at 20 weeks after surgery was not significantly different
from the uninjured muscles. This association also seems to influence positively
Wallerian degeneration in hyperacute and acute phases of nerve regeneration.



Results obtained for undifferentiated hMSCs associated to PLC membranes point out
the increased functional recovery in a neurotmesis injury model. This data
corroborates the results previously obtained with PLC associated to hMSCs tested in
vivo considering the axonotmesis injury rat model. The neuroglial-like cells in vitro
differentiated hMSCs proved to be less valuable in promoting the functional and the
morphological recoveries.



Coated with electrical conductive molecules such as PPy and particularly CNTs, PVA
tubes/membranes seem to have good prospects for use in nerve grafting
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(neurotmesis) or enwrapping (axonotmesis). Muscle fiber size had a significant
increase and nerve morphogical data might confirm these promising results.


The assessment of muscle reinnervation by morphometric analysis should be
implemented in clinical settings in which a muscle biopsy may turn out to be a less
invasive method of evaluating nerve regeneration.

In the second part of this thesis an experimental model of severe skeletal muscle injury
(myectomy) was used to assess the effect of new cellular therapies and biomaterials in the
enhancement of muscle regenerations. The main remarks of those studies were:


The 5 mm diameter myectomy injury proved to be an appropriate, reproducible and
standardized model to evaluate biological therapies in muscle regeneration.



Fibrin glue was considered to be less reactive than a cerium nitrate, alginate and
hyaluronic acid-based hydrogel or Floseal® when used as vehicles for hMSCs or CM.
This evaluation was performed through a semi-quantitative inflammatory scoring (ISO
10993-6 standard) and the estimation of the resulting amount of scar tissue (collagen
content ratio). Alternative biomaterials should be tested for the improvement of the
intercourse of biological therapies in the host muscular tissue.



The therapeutic effect of hMSCs seems to be more related to its paracrine action on
the host tissue by modulating the local inflammatory reaction and recruiting host cells
rather than operating through its own differentiation and engraftment. This evidence
was confirmed by the better results obtained in the treatment groups in which CM was
used instead of local hMSCs transplantation.



The secretome of hMSCs identified by the comparison of CM to the unconditioned
culture media cytokine content, evidenced high concentrations of some growth factors
such as VEGF, IL-6 or TGF-family that are usually associated with angiogenesis and
myogenesis. The trophic factors present in the CM confirm the importance of the
paracrine effect in the regenerating skeletal muscle.



hUCBS should be considered a viable alternative to fetal bovine serum (FBS) in the
supplementation of the cell culture medium used for isolation, expansion and
cryopreservation of hMSCs and its content in growth factors and cytokines evidence
its future role in cell-based therapies.

The role of stem cells in neuromuscular injuries still needs further research. Many questions
are still unanswered concerning their integration in the host environment. To identify
mechanisms involved in nerve/muscle regeneration and exactly understand the therapeutic
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potential of stem cells is still a landmark to be achieved. Besides shedding a new light over
the in vivo effects of the trophic factors secreted by stem cells, the data here presented can
also be considered the starting point for further research.
Following that line of thought and having in mind that the secretory profile of the hMSCs was
only evaluated in vitro and the fact that hMSCs might suffer a change in their secretory profile
when exposed to an immunoreactive environment (as found in sites of injury), as a future
perspective it would be interesting to study differences in terms of the presence or levels of
some cytokines in those two conditions, in vitro versus in vivo. The effect of hMSCs on the
niche of regenerating areas is being studied in various types of tissues. It would be interesting
to contribute in a more comprehensive manner to the understanding of the paracrine effect of
these fascinating cells.
Currently our research group is also starting to explore the therapeutic potential of hMSCs in
other injury models such as rheumatoid arthritis. Alongside that study, other sources of highly
proliferative, multipotent mesenchymal stem cells such as synovial membrane and dental
pulp will be addressed for in vivo testing in models of musculoskeletal injury.
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Chapter 4
References

Original illustration by Cristiana Silva - student from the 2nd year of graduation in
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