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Resumo 
 

Durante o desenvolvimento embrionário de mamíferos, populações celulares de natureza 

mesenquimal dão origem a tipos celulares tão diversos quanto osteoblastos, 

condroblastos, adipócitos e células de músculo liso vascular. Em humanos, anomalias no 

funcionamento de um ou vários destes tipos celulares estão na origem de múltiplas 

condições patológicas, com doenças como a osteoporose, obesidade e doenças 

vasculares aneurismais a constituírem alguns dos exemplos mais mediáticos. Tais 

condições afectam, em todo o mundo, milhões de pessoas que assim vêem a sua 

esperança e/ou qualidade de vida seriamente comprometidas. Tendo em consideração 

tal facto, é natural que a procura de novas abordagens terapêuticas que venham a 

possibilitar a cura ou atenuação dos sintomas resultantes de tais patologias constitua um 

dos grandes objectivos da investigação biomédica. Para que tais desenvolvimentos se 

sucedam, torna-se imperativo compreender não só as especializações estruturais e 

bioquímicas que permitem a tais linhagens celulares desempenhar a sua função 

específica, mas, acima de tudo, desvendar os mecanismos genéticos responsáveis pela 

sua diferenciação a partir de um progenitor comum. 

Sob o advento da tecnologia que permite a geração de ratinhos transgénicos, 

procedemos à caracterização dos padrões de expressão do factor de transcrição Tbx18, 

tendo demonstrado que a expressão do gene que codifica esta proteína é, tanto em 

fases embrionárias como em tecidos de ratinho adulto,  quase exclusivamente restrita a 

populações de células mesenquimais. Para complementar esta análise gerámos linhas 

de ratinhos transgénicos nas quais o gene que codifica esta proteína foi removido de 

forma global ou de acordo com um padrão restrito a tecidos específicos, tendo 

demonstrado que a ausência de Tbx18 se manifesta em graves malformações em todas 

as linhagens celulares de origem mesenquimal. Por fim, empregando técnicas de cultura 

celular e ferramentas genéticas para mapeamento de destino celular provámos que, em 

tecidos de ratinhos adultos, células intersticiais que exprimem o gene tbx18 de forma 

activa apresentam uma natureza multipotente semelhante à patenteada por progenitores 

mesenquimais embrionários. Tais células funcionam, no organismo adulto, como fonte 

de novos elementos celulares essenciais para a homeostasia de tecidos. 



  vii 

 

Abstract 
 

During mammalian embryonic development, mesenchymal populations give rise to 

tissues such as bone, cartilage, fat and vascular smooth muscle. Malfunctioning of one or 

more of these lineages is on the origin of multiple human pathologies, such as 

osteoporosis, obesity and aneurismal diseases. Worldwide, millions of people have their 

life expectancy/quality tremendously affected by these conditions and the formulation of 

innovative therapeutic approaches allowing physicians to cure or ameliorate these 

diseases is one of the main priorities of biomedical research. In this context, it is critical to 

understand the structural/biochemical specializations that allow these cell types to 

perform their biological role and even more important to unravel the genetic programs 

responsible for their differentiation from a common progenitor. 

Under the advent of mouse transgenesis, we have carefully characterized the expression 

patterns of Tbx18, a transcription factor of the Tbox family that we here show to be 

selectively expressed by mesenchymal lineages during embryogenesis and adulthood. 

To complement this analysis we generated global and tissue specific tbx18 knockouts 

and demonstrated that the absence of the Tbx18 protein results in profound defects in all 

the mesenchymal-derived cell types. Furthermore, using in vitro culture techniques and in 

vivo genetic lineage tracing approaches, we clearly demonstrate that tbx18-expressing 

pericytes from adult mouse tissues are endowed with multipotent progenitor capabilities 

and serve as tissue-resident mesenchymal stem cells. 

With the dataset explored on this thesis the author aims to provide the scientific 

community with new insights towards the biology of mesenchymal lineages and, this way, 

give a small contribution to help achieving a goal biologists have been seeking for several 

decades now: deciphering the genetic blueprint underlying the making of the mammalian 

body. 
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1 – Introduction 
 

1.1 – Origins and History of Developmental Biology  
 

The generic term of Biomedical Research is used to designate all the research programs 

conducted under the spectrum of common driving force - to provide insight into the 

biological processes underlining human disease and, this way, potentiate the discovery of 

new diagnostic and therapeutic approaches. This vast category encompasses several 

independent domains of expertise (such as physiology, organic chemistry/pharmacology, 

anatomy, genetics/genomics, microbiology, immunology, neurobiology, oncobiology …) 

that are brought together by a core ideology - to contribute to the well-being and 

increased life expectancy of the general population. During the last century, thanks to 

consecutive groundbreaking technical innovations, several of these research areas have 

witnessed dramatic progress with the amount of available information rising 

exponentially. A good example of such fast-moving scientific edges is Developmental 

Biology – the scientific domain that tries to understand the wide array of biological 

processes that allow a single cell – the zygote – to reproducibly coordinate rounds of 

proliferation, migration and differentiation until the formation of an entire organism 

composed of multiple distinct cellular phenotypes derived from a common genome. 

Developmental Biology is a relatively young scientific domain resulting from the blending 

of concepts derived from classic embryology and genetics. For many years these 

disciplines were mutually exclusive with geneticists disregarding the importance of 

embryological findings and vice-versa. This hostile environment lasted until the end of the 

1930s when critical contributions from two scientists - Salome Gluecksohn-Schoenheimer 

and Conrad Hal Waddington – opened intercommunication channels between these 

fields. Salome and Conrad shared a similar academic path – both had specialized in 

embryology from European schools and assimilated concepts of genetics from periods of 

work in the laboratories of investigators who had been students of the prominent 

geneticist Thomas Hunt Morgan – and their findings provided the first solid proof that 

mutations in genes can induce abnormalities in early organogenic processes. Besides the 

lessons derived from his work on mutations affecting Drosophila wing development, in 

two of his most influential books (Organizers and Genes, 1940 and The Strategy of 

Genes, 1957), Conrad coined or emphasized concepts such as competence (the capacity 

of a cell or tissue to react to an inductive signal), epigenetics (then used to mean external 

manifestations of genetic activity) and epigenetic landscape (a metaphoric representation 
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of cell-fate acquisition processes as a succession of developmental bifurcations 

controlled by genetic mechanisms) and is, for this reason, regarded by many as the 

father of modern developmental biology (Gilbert, 2000; Slack, 2002; Waddington, 1940, 

1957).  

 

 

 

 

 

The early decades of developmental biology were characterized by a trend to use 

naturally occurring mutants as well as radiation or chemical-induced mutants to study 

how critical genes affect organogenic processes and, despite the fact that a significant 

number of critical findings have been deduced from these studies, the rate of new 

discoveries was relatively low. This scenario dramatically changed after a series of 

elegant experiments conducted in the decade of 1980s by Mario Capecchi, Sir Martin 

Evans and Oliver Smithies. Amongst these scientists’ most relevant findings it is 

important to highlight the isolation of murine embryonic stem cells, the development of 

nuclear microinjection techniques for delivery of DNA sequences, the employment of 

homologous recombination principles to target specific genes in the mammalian genome 

and the development of strategies for in vitro selection of recombinants (Bradley et al., 

1984; Capecchi, 1980; Doetschman et al., 1987; Evans and Kaufman, 1981; Mansour et 

al., 1988; Robertson et al., 1986; Smithies et al., 1985; Thomas and Capecchi, 1987). 

These valuable contributions, in combination with previous breakthroughs in molecular 

biology (with particular preponderance of molecular cloning techniques and Frederik 

Sanger’s strategy for nucleic acid sequencing), provided the scientific community with the 

capacity to precisely delete or insert nucleotidic fragments into virtually any gene of the 

mouse genome, shaping a new era in the history of developmental biology and biological 

Figure 1 - Conrad Waddington's epigenetic landscape 
model. 

On this metaphoric representation of cell fate adoption 
processes each cell of the embryo is seen as a marble 
rolling down a hill. The highs and depressions on the path 
are determined by complex gene regulatory networks – the 
epigenetic landscape (represented by the strings in B) - that 
force the rolling marble to go through multiple dichotomic 
choices until it reaches its final location (i.e. cellular 
phenotype). 
Image adapted from The Strategy of Genes, 1957. 
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sciences in general. As anticipated in one of Cappechi’s most relevant publications 

(Thomas and Capecchi, 1987), on the three decades passed after these findings, studies 

of gene modification in mice allowed a fine dissection of the molecular mechanisms 

involved in mammalian development and disease. 

If it is unquestionable that systemic gene inactivation in mice has been a cornerstone for 

a significant part of our current knowledge regarding in vivo gene function, it is also 

undeniable that this strategy has strong intrinsic limitations, the most evident of which 

consisting on the limited time-range analysis of phenotypic manifestations. The ablation 

of genes coding for proteins playing a key role in the initial phases of embryonic 

development produces early embryonic lethal phenotypes that block any attempt to infer 

putative roles for those proteins on later developmental stages or adulthood. To 

overcome this limitation, molecular biologists have engineered a binomial system based 

on the coliphage P1 loxP/Cre system. This recombinatorial system is preponderant for 

phage genome circularization and segregation and consists of two components – a 38 

kDa enzyme encoded by the phage genome named as Cre (from causes recombination) 

and two 34bp cre-recognized DNA sequences named as loxP (from locus of crossing 

over, P1). When two loxP sites coexist in one DNA molecule in the same orientation, one 

molecule of the Cre enzyme binds to each one of these sequences and brings them 

together, promoting, ultimately, the excision of the DNA fragment in between. (Hoess and 

Abremski, 1984; Sternberg and Hamilton, 1981). The reaction catalyzed by this 

prokaryotic enzyme is highly efficient and the nature of its mechanism – no exogenous 

enzymes or auxiliary proteins are required - allows it to be effective in mammalian cells 

(Sauer and Henderson, 1988). These properties have allowed molecular biologists to use 

the cre-loxP technology for multiple applications, the most remarkable of which being the 

generation of floxed alleles. A floxed allele is a modified version of the wild-type locus that 

has been genetically engineered to harbor loxP sites flanking an exon coding for critical 

domains for protein activity. In ideal conditions, before cre expression a floxed allele 

should code for a fully functional protein and be expressed at similar levels as the original 

allele. Upon cre expression the exon contained in between loxP sites is excised and the 

floxed-out allele is unable to produce the functional peptide. This concept was developed 

in the decade of 1990s and constituted a turning point in the history of mouse 

transgenesis (Gu et al., 1994). For the first time biologists were allowed to restrict the 

knockout of a protein to specific tissues and, when the appropriate cre expression driving 

lines are available, to control the timing at which the excision and consequent inactivation 

takes place. Genetic lineage tracing is another powerful application of the cre-loxp 

system. In these experiments, a transgenic line driving cre expression restricted to 

specific lineages is crossed with an indicator mouse line, yielding a permanently labeled 
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progeny that can be tracked over time. Indicator mouse lines harbor a reporter cassette 

under the control of an ubiquitously expressed promotor. The reporter cassette is typically 

constituted of a floxed transcription blocker sequence that has been cloned on the 5’ end 

of a gene exogenous to the mouse genome which peptidic product may be detected by 

histological techniques. In the absence of recombinase activity the presence of the floxed 

blocker sequence is sufficient to prevent any production of the reporter protein but upon 

cre expression this sequence is ablated and the reporter gene transcription is 

permanently activated, allowing the identification of lineages derived from the original cre-

expressing progenitors. The large majority of reporter strains available correspond to 

insertions into the rosa26 locus. The rosa26 promotor drives gene expression in virtually 

every cell of the mouse body and the protein coded by this gene has no apparent function 

as rosa26 homozygous null animals display no overt phenotype (Friedrich and Soriano, 

1991). These properties, combined with the relatively easiness of targeting and the 

absence of gene-silencing effects, make it a perfect location for the integration of reporter 

constructs (Irion et al., 2007). The first rosa26-based indicator contained a β-

galactosidase coding sequence as reporter cassette and since then multiple fluorescent 

variants (ideal for confocal microscopy and FACS) have been developed. These 

reporters are used by virtually all the teams performing any sort of developmental biology 

research on mouse models and a significant part of our current knowledge regarding how 

different embryonic populations orchestrate migratorial processes to assemble mature 

organs has been derived from this technology (Kretzschmar and Watt, 2012). 
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Figure 2 - genetic fate mapping using the Cre/loxP technology. 

The Cre/loxP system was used to illustrate how distinct progenitor populations contribute to 
mammalian cardiogenesis. Images a) to i) correspond to serial sections through the hearts of 
E10.5 embryos generated by crossing the rosa26:tdTomato indicator allele with neural crest 
(Wnt1, panels a to c), second heart field (Isl1, panels d to f) or epicardial (WT1, panels g to i) 
specific cre lines.  Cells derived from cre-positive lineages are permanently labeled by the 
tdTomato protein and can be tracked throughout embryogenesis. To allow the identification of 
cardiomyocyte lineages, slides were stained with an antibody raised against α-sarcomeric actin 
(green). If crossed with a floxed allele, these cre lines could be used to drive tissue-restricted 
conditional gene inactivation. 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1.2 – Mainstream Morphogenic Events and Molecular Basis of Cell Fate 

Specification Processes 
 
 
The very first step of embryonic development consists on the fecundation of an ovum by 

a sperm cell. This process originates a zygote that undergoes a series of mitotic rounds 

giving rise to a morula (compact aggregate of cells). In mammals this structure 

progresses to form a blastocyst consisting on an inner cell mass (ICM) of stem cells that 

are surrounded by the trophoblast – an external layer of cells that combine with the 

maternal endometrium to produce the placenta. ICM cells are pluripotent – a single 

element of this cluster has the capacity to differentiate into all the cell types found in the 

adult organism – and give rise to all embryonic tissues. Gastrulation is the subsequent 

step of embryogenesis and consists on a localized inward movement of cells that takes 

place in the primitive streak (a center of cellular involution localized on the future dorsal 

pole of the embryo). This migratory process results on the emergence of three discrete 

germ layers named after their relative location – endoderm, mesoderm (the two more 

internal layers, formed by cells that have ingressed through the streak) and ectoderm 

(external layer formed by cells that didn’t participate on the migratory process). This 

mainstream morphogenic event constitutes one of the first clear forms of evidence of a 

differentiation process as these three layers give rise to distinct tissues of the adult 

animal. Endoderm gives rise to the epithelium of the respiratory system as well as the 

epithelium of the gastrointestinal tract and its associated organs. Ectoderm originates 

skin and the nervous system. Proper development of the mesodermal layer is critical for 

the establishment of the body axial structure as progenitors from this germ layer give rise 

to the muscular, skeletal, cardiovascular and hematopoietic systems as well as multiple 

connective tissues. During the organogenic processes leading to the formation of these 

highly specialized systems, mesodermal progenitors differentiate into multiple cellular 

identities, such as endothelial cells, erythrocytes, leukocytes, myocytes, osteoblasts, 

adipocytes, condrocytes and tendinocytes. The acquisition of such cellular identities from 

a common mesodermal precursor consists on a two-step process initiated with a stage of 

specification or determination in which the cell loses its plasticity and becomes committed 

to a specific phenotype and a second step of terminal differentiation in which the cell 

develops the structural and biochemical adaptations associated with its specialized 

function. Taking in consideration the timing of maturation it is possible to define two main 

mesodermal branches – those of early and late differentiated lineages. The first category 

groups cardiac progenitors and hemangioblasts (precursors of the endothelial and 

hematopoietic compartments that are the first elements of the mesodermal lineage to be 
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specified on an event that is concomitant with the primitive streak migratorial process) 

while the latter includes all the remaining mesodermal-derived cellular identities 

(Eichmann et al., 1997; Huber et al., 2004; Lancrin et al., 2009; Pardanaud and Dieterlen-

Lievre, 1999). An analysis of this classification from a functional perspective brings to 

evidence the existence of a strong correlation between physiological function and 

specification timing with the class of early-specified cell fates clustering cellular identities 

that play a critical physiological role from the very first steps of organogenesis owing to 

their importance in the formation of a circulatory system capable of supplying the 

developing tissues with oxygen and nutrients and the late-specified cell fates 

corresponding to elements of the musculoskeletal system, only required in latter 

gestational phases.  

Early commited lineages adopt a specialized three-dimensional organization shortly after 

mesoderm formation – cardiac progenitors form the two cardiac fields and assemble the 

beating heart tube while hemangioblasts give rise to an intricate network of blood 

vessels. Multipotent endothelial cells of the aorta-gonad-mesonephros zone and placenta 

are characterized by the expression of hemogenic transcription factors such as Runx1 

and SCL and produce the long-term repopulating hematopoietic stem cells that start by 

colonizing the embryonic liver and relocate, in later stages of development, to the bone 

marrow where they ensure, through lifetime, the effective replenishing of blood lineages 

(Orkin and Zon, 2008). 

Progenitors giving rise to the late-differentiated lineages typically organize themselves on 

mesenchymal condensations - a term used by histologists and embryologists to define 

populations of unspecialized and loosely aggregated cells that are set on a prominent 

ground substance matrix. In opposition to the epithelial phenotype, mesenchymal cells 

are motile, lack specialized cell-cell junction complexes (absence of structures such as 

tight junctions, adherens junctions, desmosomes or gap junctions), contact neighbor cells 

only focally and display absence of apical-basolateral polarity (Lee et al., 2006; Thiery 

and Sleeman, 2006). Mesenchymal populations are typically of mesodermal origin but, in 

the specific case of vertebrates, there is a very significant exception to this rule – the 

ectodermal derived neural crest cells. This population is formed during the closure of the 

embryonic neurotube by cells of the neurofolds that delaminate and give rise to a highly 

migratorial population of mesenchymal progenitors (Meulemans and Bronner-Fraser, 

2004). The most relevant derivatives of mesenchymal tissues (independently of a 

mesodermal or neural crest origin) are vascular support cells, cartilage, bone and fat. The 

mechanisms leading to the differentiation of each one of these lineages are discussed in 

the next section. 
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1.2.1 – Developmental Biology of Mesenchymal Lineages 
 

1.2.1.1 – Differentiation of Vascular Smooth Muscle 

 

Arteries and veins of intermediate to large caliber are externally surrounded by vascular 

smooth muscle. These contractile cells are critical for blood vessel integrity and their 

function relies on the activity of proteins such as smooth muscle α-actin (αSMA), SM-

calponin, SM22α and smooth muscle myosin heavy chain (SM-MHC).  During 

embryogenesis, transcription from the genes coding these proteins is activated at distinct 

maturational steps. αSMA is the first of these markers to be expressed, but its expression 

isn’t restricted to smooth muscle, being also observed in cardiac and subsets of skeletal 

muscles. A similar scenario is observed for SM-calponin and SM22α. SM-MHC, on the 

other hand, is the last of these proteins to be expressed on the ontogeny of a vascular 

smooth muscle cell and it’s the only one to be exclusively expressed in this specific cell 

type (Babij et al., 1991; Duband et al., 1993; Gabbiani et al., 1981; Li et al., 1996a; Miano 

et al., 1994).  

At a nuclear level, transcription from the genes encoding these contractile proteins is 

predominantly orchestrated by a complex composed of two transcription factors - Serum 

Response Factor (SRF) and Myocardin. SRF belongs to the MADS (MCM1, Agamous, 

Deficiens and SRF) superfamily of transcription regulators and was originally identified 

due to its capacity to bind the serum response element present on the promotor of the c-

fos gene (Norman et al., 1988; Shore and Sharrocks, 1995). The serum response 

element (SRE) or CArG box is an evolutionary conserved DNA sequence – CC(AT)6GG 

– required for the fast and transient activation of “immediate early” genes upon cell 

exposure to growth factors (Treisman, 1986). The srf gene has a broad expression 

pattern and SRF monomers dimerize and bind to CArG boxes through the MADS 

domain, potentiating this way the expression of dozens of genes involved in key 

morphogenic processes or cell type specification events. Homozygous srf deletion in 

mice results in early gestational lethality due to defects in mesoderm formation, whereas 

its conditional inactivation in the cardiovascular system produces a slightly later lethal 

phenotype with patterning and differentiation defects in cardiomyocytes and vascular 

smooth muscle cells (Arsenian et al., 1998; Miano et al., 2004; Parlakian et al., 2004; 

Shore and Sharrocks, 1995). SRF responsive elements are present in early immediate 

genes, genes coding for smooth muscle contractile proteins and multiple other genes 

restricted to distinct cell lineages. Together with the ubiquitously production of the SRF 

protein, this observation raises a relevant biological question – what are the mechanisms 
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that permit srf to trigger the selective expression of a restricted number of targets 

depending on the cellular context it is expressed on? Several mechanisms have been 

proposed and experimentally validated with the most widely accepted explanations 

consisting on alternative splicing, post-translational modifications, variability on the ratio 

SRF expression level/number of CArG boxes per target gene and association with 

distinct tissue specific coactivators (Joseph M, 2003; Owens et al., 2004). On this context 

Myocardin – a potent SRF co-activator with restricted expression to cardiac and smooth 

muscle cell populations – acquires special relevance (Wang et al., 2001). Myocardin has 

been shown to promote, on a CArG dependent fashion, expression of a large panel of 

smooth muscle markers and its deletion in mice results in an embryonic lethal phenotype 

in which embryos die around embryonic day 10.5 displaying no evidence of smooth 

muscle differentiation (Du et al., 2003; Wang et al., 2001; Yoshida et al., 2003). 

At the extracellular environment/cell membrane interface TGFβ is the main cytokine in 

promoting the acquisition of a mature vascular smooth muscle phenotype both in vitro 

and in vivo (Grainger et al., 1998; Kurpinski et al., 2010; ten Dijke and Arthur, 2007). 

TGFβ ligands have the capacity to induce expression of smooth muscle specific genes at 

least in part by promoting the formation of Myocardin/SRF/CArG complexes and studies 

carried in mouse models have demonstrated that the conditional inactivation of the type II 

TGFβ-receptor gene in vascular smooth muscle results in lethality due to abnormal SMC 

maturation and consequent compromised blood vessel integrity (Choudhary et al., 2009; 

Hautmann et al., 1997; Langlois et al., 2010; Owens et al., 1988). 

 

 

1.2.1.2 – Differentiation of Adipocytes 

 

The mammalian body harbors two types of adipose depots that are classified according 

to their macroscopic appearance: white adipose tissue (WAT) and brown adipose tissue 

(BAT). In adult mammals, WAT is found in subcutaneous fat pads (the most prominent of 

which being the inguinal depots) and in the coelomic cavity (with the most representative 

example being the peri-gonadal depot). The most relevant BAT depot is located in the 

neck/interscapular area, but considerable amounts of this tissue can also be found in the 

periphery of large arteries. Adipocytes from WAT and BAT correspond to distinct cellular 

identities, displaying specific structural and biochemical adaptations that ultimately dictate 

opposing functions for each tissue. WAT primarily works as storage of excessive energy 

(in the form of triglycerides), whilst the main function of BAT is to dissipate energy as heat 

(nonshivering thermogenesis). At a microscopic level, WAT is composed of large (25 to 

200 µm in diameter) and round adipocytes that contain very reduced quantities of 
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cytoplasm and a single lipid droplet of large dimensions that occupies most of the cell 

volume and pushes the nucleus into a peripheral position. BAT, on the other hand, is 

composed of smaller (15 to 60 µm in diameter) polygonal adipocytes that contain multiple 

lipid droplets of smaller dimensions and abundant cytoplasm rich in mitochondria. These 

organelles are critical for the thermogenic properties of this tissue and, in conjunction with 

its dense vasculature and innervation, result in the brown appearance that is on the basis 

of its designation. BAT is derived from myoblastic progenitors of skeletal muscle and at 

birth constitutes the most abundant type of fat, playing a critical role in the early post-

natal period in which the poorly developed skeletal muscles are incapable of producing 

sufficient amounts of heat (Seale et al., 2008; Virtanen and Nuutila, 2011). Most of the 

WAT only starts to accumulate in later periods of life and work performed in independent 

laboratories suggests that this tissue arises from progenitors of distinct nature, such as 

endothelial, perivascular and bone-marrow-derived cells (Majka et al., 2010; Seale et al., 

2008; Tang et al., 2008; Tran et al., 2012). Remarkably, nonetheless the heterogeneity 

observed amongst the clade of adipocytic lineages, the molecular cascade leading to the 

differentiation of these fat-accumulating cellular phenotypes relies on the transcriptional 

activity of a similar core of critical nuclear factors. Under physiological conditions, the 

earliest step of the adipogenic cascade resides on the activation of two members of the 

family of CCAAT/Enhancer Binding Protein - C/EBPβ and C/EBPδ. These proteins 

assemble together to form a heterodimer that ultimately induces the expression of the two 

master regulators of commitment and maturation into the adipocytic lineage - C/EBPα 

and peroxisome proliferator-activated receptor γ (PPARγ) (Wu et al., 1995; Yeh et al., 

1995). When co-expressed and activated in the same cell, the combined transcriptional 

activities of these proteins is sufficient to induce the expression of genes coding for 

adipocyte-related proteins and enzymes such as aP2, adiponectin, Perillipin, and GLUT4. 

(Arimura et al., 2004; Christy et al., 1989; Graves et al., 1991; Gustafson et al., 2003; 

Ross et al., 1990; Wu et al., 1998). 

PPARγ, a member of the nuclear receptor superfamily, is selectively detected in 

adipocytes and activation of the pparg gene is absolutely required for the adipogenic 

specification of mesenchymal precursors (Chawla et al., 1994; Tontonoz et al., 1994a). 

C/EBPα expression is turned on in later stages of the adipogenic process and this protein 

is critical for the terminal differentiation of preadipocytes, (Umek et al., 1991). 

Remarkably, retroviral-driven forced expression of PPARγ or C/EBPα in fibroblastic cell 

lines is sufficient to induce the acquisition of an adipocytic phenotype and the 

simultaneous expression of both proteins in myoblasts produces a cell fate reversal effect 

that culminates, under adipogenic inductive culture conditions, in a total reprogramming 

into fully mature adipocytes (Freytag et al., 1994; Hu et al., 1995; Tontonoz et al., 1994b). 
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At the extracellular environment/cell membrane interface, insulin is unquestionably the 

most important molecule on stimulating adipogenesis. This hormone is absolutely 

required for the acquisition of the adipocytic phenotype as it enables glucose uptake by 

promoting membrane trafficking of the glucose transporter Glut4 – a carrier abundantly 

expressed in adipocytes, but retained on the cytoplasmic compartment of these cells in 

the absence of insulin stimulatory activity (Birnbaum, 1989; James et al., 1988; James et 

al., 1989). 

Having in consideration that most of the known adipogenic molecular switches are 

common to both white and brown adipocytic lineages, one can easily understand why the 

dissection of the molecular mechanisms that specifically dictate a fat-burning versus a 

fat-storing phenotype has been, for several years now, one of the most recurrent topics 

on adipogenesis research. This intriguing and potentially clinical-relevant question has 

been partially addressed by recent studies showing BMP7 as a major inducer of brown 

adipogenesis and PRDM16 (PR-Domanin containing protein 16) as a critical PPARγ 

partner on promoting the expression of BAT-specific genes (such as mitochondrial 

uncoupling protein 1 – UCP1 – responsible for uncoupling oxidative phosphorilation from 

energy production, a process that ultimately results in the BAT-characteristic heat 

production) (Seale et al., 2008; Seale et al., 2007; Tseng et al., 2008).  

Historically, owing to their different anatomical location and timing of development, depots 

of WAT and BAT tended to be considered as mutually exclusive tissues, a perspective 

that got strengthened after the finding that these clusters of adipocytes arise from 

progenitors of distinct nature. This viewpoint is, however, inconsistent with the discovery 

that all populations of WAT display a non-neglectable degree of expression of the BAT-

specific protein UCP1. Further investigation aiming the identification of the nature of 

these WAT-resident UCP1-expresing cells allowed for the characterization of a third type 

of adipocytes – the brite or beige adipocytes – cells that share a non-myogenic origin with 

white adipocytes and display structural and biochemical features placing them on an 

intermediate position between white and brown adipocytes. The relative abundance of 

beige adipocytes varies across WAT depots (with inguinal pads displaying the highest 

extent of colonization by brown-like cells and peri-gonadal depots being the purest WAT 

population) and is directly correlated with the intensity of UCP1 expression levels. Beige 

adipocytes are thought to originate from direct transdifferentiation of mature white 

adipocytes upon exposure to cold temperatures or stimulation of β3-adrenoreceptors and 

an elegant study performed by Qiang et al., allowed for the establishment of a model 

explaining the molecular basis for this unexpected reversibility of phenotypes within the 

adipocytic clade (Barbatelli et al., 2010; Cinti, 2009; Petrovic et al., 2010; Qiang et al., 

2012). According to these authors, the protein deacetylase SirT1 (present in brown 
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adipocytes and absent from white adipocytes) plays a critical role on the brown-versus-

white switch by maintaining critical residues of the PPARγ protein on a deacetylated 

status. The deacetylated PPARγ associates with PRDM16 and forms a complex that 

triggers the activation of transcription from genes relevant to the energy-burning 

metabolic program. In the absence of SirT1, the post-translational acetylation of PPARγ 

blocks this association and prevents the activation of a brown adipogenic program. WAT 

activation of SirT1 in response to environmental or physiological cues is, thus, sufficient 

to promote the aforementioned white-to-brown direct reprogramming (Qiang et al., 2012). 

 

 

 

1.2.1.3 – Differentiation of Bone and cartilage 

 

The vertebrate skeletal system is a complex apparatus of cartilaginous and bone 

elements almost entirely derived from mesodermal precursors. The single exception to 

this rule is found in the skull where some craniofacial bones are constituted by neural 

crest derived osteoblasts. Osteogenesis can follow two distinct paths - intramembranous 

ossification or endochondral ossification. In intramembranous ossification mesenchymal 

progenitors condense and directly differentiate into osteoblasts. This is a rather rare 

mechanism verified exclusively in certain parts of the skull and clavicle. The vast majority 

of the body’s bones are formed through endochondral ossification – an indirect 

differentiation mechanism involving intermediate steps between the mesenchymal 

progenitor cell and the mature osteoblast. During this process, mesenchymal progenitors 

condense and give rise to a core of chondrocytes (cartilage producing cells) that is 

externally surrounded by perichondrial cells. Perichondrial cells are committed to the 

osteoblastic lineage but don’t exhibit the morphological or biochemical properties of a 

mature osteoblast. Condrocytes of the inner core secrete a primordium of cartilage that 

functions as scaffold for the developing tissue and produce signaling molecules that 

stimulate the terminal differentiation of the adjacent perichondrial cells. As osteogenesis 

proceeds blood vessels invade the cartilage primordium supplying it with multiple cell 

types characteristic of the bone marrow, including osteoclast-like cells with high 

resorptive activity that degrade the existing cartilageneous matrix giving rise to the 

marrow cavity (Kronenberg, 2003; Long, 2012). 

Despite corresponding to distinct cellular identities and displaying specific transcriptional 

signatures, chondrocytes and osteoblasts are believed to derive from the same 

progenitors and there are evident interconnections between the genetic programs 

subjacent to each one of these cellular phenotypes. Sox9, a member of the sex-
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determining region Y (SRY) – related high mobility group family of transcription factors, 

has a broad influence in multiple steps of skeletal development. Sox9 is expressed by the 

bivalent mesenchymal progenitors but its expression changes in opposite ways as these 

cells commit to the osteoblastic or chondroblastic lineages (Akiyama et al., 2005). This 

protein is of crucial importance for initial steps of chondroblastic development and its 

expression is strongly increased as cells adopt a cartilage fate. High levels of Sox9 

dictate the activation of expression from the genes coding two other Sox-family proteins 

with relevant roles in chondrogenesis – Sox5 and Sox6. Inactivation of the mouse sox9 

gene results in a complete block of chondrocyte differentiation and heterozygous 

mutations in the human homologue cause campomelic dysplasisa - a condition 

characterized by abnomalies in multiple elements of catilageneous nature (Akiyama et 

al., 2002; Bi et al., 1999; Bi et al., 2001; Mori-Akiyama et al., 2003). On the opposite 

direction, it has been demonstrated that high-levels of Sox9 induce a blockage in the 

synthesis of critical proteins for osteoblastic development. As such, 

osteochondroprogenitors must switch off expression from the sox9 gene before entering 

the cascade leading to the osbeoblast phenotype (Zhou et al., 2006). 

Despite the apparent heterogeneity on their origin (can be descendant of two distinct 

germ layers and differentiate from mesenchymal progenitors via two distinct processes), 

osteoblasts from different precursor pools are structurally and biochemically identical and 

share a common genetic program. Differentiation of osteoblasts from mesenchymal 

progenitors is for the most part controlled by a pair of transcription factors – Runx2 and 

Osterix.  

Runx2 (also designated as Cbfa1), a member of a family of transcription factors that 

harbor a DNA-binding domain homologous with the Drosophila pair-rule gene runt, is the 

most important transcription factor on the activational cascade leading to the 

differentiation of osteoblastic lineages. Homozygous deletion of the runx2 gene in mice 

results on a dramatic phenotype characterized by the complete absence of osteoblasts 

and mutations in the human homologue are on the origin of an autosomal-dominant 

disease – cleidocranial dysplasia - characterized by multiple abnormalities in skeletal 

patterning (hypoplasia/aplasia of the clavicles, open fontanelles and dental abnormalities) 

(Komori et al., 1997; Lee et al., 1997; Mundlos et al., 1997; Otto et al., 1997).  

Osterix (Osx), a zinc finger-containing transcription factor, is crucial for osteoblast 

differentiation and function during embryonic development and postnatal life (Nakashima 

et al., 2002; Zhou et al., 2010). Disruption of the osx gene in mice produces a phenotype 

very similar to the one observed on runx2 KOs – a total absence of osteoblasts. Epistasis 

analysis revealed that runx2 expression wasn’t compromised in osx mutants whilst runx2-
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null embryos displayed a total absence of osx expression. These observations place Osx 

downstream of Runx2 (Nakashima et al., 2002) 

The developing bone is a niche extremely rich on secreted factors, many of which 

influence the progress of osteogenesis. Indian Hedgehog (IHH) is secreted in the 

cartilage primordium by prehypertrophic and early hypertrophic chondrocytes and 

stimulates osteoblastic differentiation of the neighbor perichondrial cells in part by 

promoting expression from the runx2 gene. Disruption of the ihh gene in mice causes 

severe skeletal anomalies with reduced chondrocyte proliferation and absence of mature 

osteoblasts within the endochondral skeleton. Interestingly, these animals displayed 

normal intramembranous bone formation, indicating that despite having the capacity to 

promote the differentiation of perichondrial cells, IHH signaling isn’t a requirement 

inherent to the osteoblastic condition. Members of the Bone Morphogenetic Protein 

(BMP) family, as indicated by the name, play an important role in the regulation of bone 

morphogenesis and homeostasis. In vitro studies have shown that BMP2 is a key 

medium component for the promotion of osteoblastic differentiation of cultured 

mesenchymal progenitor cells and the conditional inactivation of the bmp2 and bmp4 

genes in mouse embryonic limb mesenchyme revealed that a critical threshold of BMP 

signaling is required for terminal maturation of osteoblasts by promoting the transition 

from Runx2+ to Runx2+Osx+ progenitors (Bandyopadhyay et al., 2006; Katagiri et al., 

1994). Whilst BMP ligands work as late modulators of osteoblast maturation, nuclear 

translocation of β-catenin in consequence of canonical WNT signaling is a prerequisite for 

the onset of osteoblastogenesis via the intramembranous or endochondral mechanisms. 

Once in the nucleus β-catenin acts as a transcription factor to block Sox9 transcription 

and promote expression of Run2 and Osx. As a consequence, the level of WNT/β-catenin 

activation seems to be a master regulator of fate decision processes in the bivalent 

osteochondroprogenitors and the conditional ablation of the ctnnb1 gene (encoding β-

catenin) in mice results in the excessive production of cartilage at the expense of an 

almost completely blunted osteoblastic differentiation (Day et al., 2005; Hill et al., 2005). 

 

1.2.2 – Developmental Biology of the Mammalian Heart 
 
 
Congenital heart disease accounts for most human inborn malformations with an 

estimate of 50 to 100 occurrences per 1000 live births and complications resulting from 

cardiovascular malformations constitute the leading cause of infant morbidity in 

developed countries (Bruneau, 2008; Hoffman and Kaplan, 2002; Pierpont et al., 2007). 

Having this fact in mind and considering that developmental biology evolves accordingly 
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to the pressures imposed by the general goal of biomedical research, it isn’t surprising 

that, worldwide, a significant part of the developmental biology laboratories focus their 

research on the dissection of the molecular mechanisms leading to the establishment of 

the extremely complex and fascinating structure that is the mammalian four-chambered 

heart and the associated circulatory system. This concerted effort has produced 

groundbreaking achievements, allowing us to have nowadays a better understanding of 

the genetics of congenital heart disease, innovative genetic tests for diagnostic purposes 

and a much deeper comprehension of critical events and signal transduction pathways 

involved in the cardiogenic process (Bruneau, 2008; Pierpont et al., 2007).  

From an anatomical perspective, it is now well established that pools of progenitor cells 

arising from at least four distinct embryonic populations orchestrate on a series of finely 

regulated migratorial events to give rise to what is the first functional organ in the 

mammalian embryo (Binder et al., 2002; Bruneau, 2008; Evans et al., 2010).  At early 

stages of mouse embryogenesis (around E8.25) myocardial progenitors from the first and 

second heart fields merge in the ventral embryonic midline to form the linear heart tube – 

a rudimentary structure in which a lining of endocardial cells delimitates a luminal space 

and adjacent, poorly differentiated, myocytes provide the contractile capacity required for 

the generation of pumping activity. Consecutive mitotic rounds from the second heart field 

progenitors generate new cardioblasts that are permanently added to the venous and 

arterial poles of the heart. As a consequence of this permanent cell migration, localized 

proliferation and stimuli resulting from blood flow, within less than 24 hours (E9.0), the 

heart tube starts to undergo a rightward looping process that constitutes the first step for 

chamber morphogenesis. This looping is concomitant with the establishment of an 

anterograde unidirectional blood flow and immediately precedes the incorporation of the 

two other sources of cardiac progenitors – the epicardium and the cardiac neural crest 

(E10.0). The following 72 hours are marked by the formation of the atrial and ventricular 

septa and the development of bi- and tri-cuspid valves from the endocardial-derived 

mesenchymal cushions.  The four chambers (two atria and two ventricles) are totally 

separated as early as E13.5. At this stage cardiac development exits a cycle dominated 

by the occurrence of critical morphogenic events to enter a maturation stage in which 

cells conclude the differentiation into the lineages they had previously committed to and 

the coronary circulatory system is formed (the later is an extremely intricate process that 

prolongs into postnatal stages). 

At a molecular level, complementary studies revealed a vast list of genes with critical 

function in cardiac development. From this group certain transcription factors acquire 

special importance as components of a regulatory core responsible for the making of a 

cardiomyocyte and, simultaneously, the orchestration of morphogenetic events with the 
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non-myocyte cell fraction of the heart – endothelial cells, vascular support cells, epicardial 

cells and fibroblasts. Classic examples of cardiomyogenic genes are nkx2.5, isl1, gata4 

and mef2c. Disruption of these genes in model organisms produces extremely severe 

cardiac phenotypes culminating in embryonic development arrest and mutations in the 

human nkx2.5 and gata4 genes result in multiple clinical manifestations (Cai et al., 2003; 

Elliott et al., 2003; Garg et al., 2003; Goldmuntz et al., 2001; Kuo et al., 1997; Lin et al., 

1997; Lyons et al., 1995; McElhinney et al., 2003; Molkentin et al., 1997; Schott et al., 

1998). In addition to these genes, several members of a family of 18 transcription factors 

that share a common DNA binding domain – the T-Box - have emerged as critical 

regulators of multiple cardiogenic events (Greulich et al., 2011; Plageman and Yutzey, 

2005). Tbx20 activity is crucial for cardiac morphogenesis in mouse and mutations in the 

human tbx20 gene are associated with multiple cardiac pathologies (Cai et al., 2005; Kirk 

et al., 2007; Singh et al., 2005; Stennard et al., 2005; Takeuchi et al., 2005). Similarly, 

tbx5 haploinsufficiency causes severe cardiac morphogenetic abnormalities in murine 

embryos and mutations in this gene are responsible for the human Holt-Oram Syndrome 

(Basson et al., 1997; Bruneau et al., 2001; Yi Li et al., 1997) whilst mutations in the 

human tbx1 gene are implicated in the DiGeorge syndrome (Lindsay et al., 2001).  

It is, however, important to mention that the medical potential of cardiac developmental 

biology findings isn’t limited to the diagnosis of potentially lethal conditions. From a tissue 

engineering and regenerative medicine perspective it is quite relevant that even though 

multiple pools of progenitor cells are required for the proper assembly of the mammalian 

heart, the majority of these four sources (first and second heart fields, epicardium and 

cardiac neural crest) exhibit the capacity to give rise to most of the distinct cellular 

identities that compose a functional heart. Consistently with this concept of multipotency 

of cardiac progenitors, cornerstone publications have shown that multipotent cardiac 

stem cells can be isolated from early embryonic hearts as they distinguish from more 

differentiated cellular identities due to high expression levels of early cardiogenic genes 

(isl1 or nkx2.5) (Garry and Olson, 2006; Moretti et al., 2006; Wu et al., 2006). 

Remarkably, the search for cells exhibiting sustained isl1 expression in postnatal hearts 

allowed the identification of rare adult progenitor cells that maintain the characteristic 

multipotency of their embryonic counterparts (Laugwitz et al., 2005). Owing to the 

extremely reduced regenerative potential of cardiac tissue, these adult stem cells are 

thought to hold significant therapeutic potential (Evans et al., 2007; Laugwitz et al., 2005). 

The Sylvia Evans laboratory at University of California, San Diego uses the mouse as an 

animal model to study mammalian cardiogenesis and a significant part of this laboratory’s 

current research is focused on the biology of the epicardium. Epicardial cells constitute 

the outermost protective epithelial layer of the heart, separating the myocardial wall from 
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the fluid filling the pericardial cavity. In embryonic development epicardial cells are first 

detectable at E9.5 and originate from the mesenchyme of the septum transversum (a 

structure that gives rise to the central tendon of the diaphragm and is located immediately 

over the developing liver bud, in proximity with the venous pole of the heart). These 

mesenchymal aggregates first described by the Polish-German embryologist Robert 

Remak in the 19th century are organized on a grape-like cluster named proepicardium 

and, as cardiogenesis proceeds, migrate across the pericardial cavity to attach to the 

external surface of the looping heart (Männer et al., 2001). After forming a continuous 

monolayer of epithelial nature, a subset of these epicardial cells undergoes EMT and 

invades the myocardial wall, contributing with several distinct cellular identities to the 

developing cardiac tissue, namely endothelial cells, vascular support cells (a category 

encompassing pericytes and vascular smooth muscle), fibroblasts, and, more 

controversially, a subset of cardiomyocytes (Cai et al., 2008; Christoffels et al., 2009; 

Gittenberger-de Groot et al., 1998; Mikawa and Fischman, 1992; Mikawa and Gourdie, 

1996; Zhou et al., 2008). Epicardial cells are readily distinguishable from the adjacent 

myocardial cells as they exhibit strong expression of an epicardial-characteristic set of 

transcription factors, namely TCF21 (also known as Epicardin), WT1 and Tbx18 (figure). 

This tightly controlled expression pattern together with the notion that members of the 

Tbx family play critical roles in several developmental processes prompted us to study 

the biological relevance of this specific Tbx protein on the development of cardiac and 

extra-cardiac cellular lineages. In order to do so, our laboratory has generated a series of 

valuable transgenic mouse lines by inserting several nucleotidic constructs into the 

endogenous tbx18 locus. The thesis hereby presented depicts the most relevant findings 

arising from experimental procedures carried on such transgenic tools. 
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Figure 3 - anatomy of the mid-gestational murine heart. 

Anterior to posterior serial sections through an E10.5 mouse heart highlighting the main 
anatomical features. The looping and ballooning effects create two main cavities – the 
atrium and ventricle – interconnected by a canal. At this stage blood flow is already uni-
directional: blood enters the heart through the sinous venosus (panels e and f), is 
pumped by the common atrial chamber through the atrio-ventricular canal into the 
common ventricle (panels c and d), and from here gets ejected through the outflow tract 
(panels a and b). Note the emerging atrial (thin arrow) and ventricular (thick arrow) septa. 
Fully development of these structures will result in the individualization of 4 chambers 
composing the mammalian heart. Bar = 400µm. 
Abbreviations: at – common atrial chamber, avc – atrio-ventricular canal, liv – liver bud, 
lmb – left main bronchus, oft – outflow tract, pla – prospective left atrium, plv – 
prospective left ventricle, pra – prospective right atrium, prv – prospective right ventricle, 
rmb – right main bronchus, sv – sinus venosus, vt – common ventricular chamber. 
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Figure 4 - endocardial and epicardial contribution to the developing heart 

a) to f) – endocardial contribution to the developing heart  
Endocardial cells (stained with an anti-FLK1 antibody) line the heart cavities and, via an 
epithelial-to-mesenchymal transition, generate the atrio-ventricular cushion (cells staining 
positive for the Sox9 transcription factor) – a mesenchymal population that will give rise to the 
atrio-ventricular valves and the connective tissue to which both the atrial and ventricular 
septa anchor. 
g) to l) – the epicardial transcription factor signature. 
Epicardial cells can be easily distinguished from the adjacent cardiomyocytes due to the 
characteristic expression of high levels of WT1 and Tbx18. These low (a to c) and high (d to 
f) magnification images show the aspect of the epicardial monolayer right after its formation 
from the proepicardial organ (E10.5). During later stages of embryogenesis a subset of these 
cells will migrate inside the myocardial wall and give rise to multiple distinct cellular identities. 
Bar = 400µm on a) and g); 25 µm on f) and l). 
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Figure 5 - differentiation of multiple cellular identities from the three germ layers. 

Summarized diagram depicting the embryonic origin of multiple cellular phenotypes as well 
as some of the key transcription factors associated with differential fate specification and 
markers for the identification of differentiated cells. 
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2 – Material and Methods 
 

2.1 – Transgenic Animal Models 

2.1.1 – Transgenic Animal Care 
 
All animal care was in compliance with the Guide for the Care and Use of Laboratory 

Animals published by the US National Institutes of Health, as well as institutional 

guidelines at the University of California, San Diego. Mice were kept on a mixed 

background with predominance of the outbred strain Black-Swiss (Taconic laboratories). 

Mice were fed a Teklad LM-485 irradiated diet (Harlan Laboratories, catalog number 

7912) and maintained in disposable plastic cages with filtered air intake ports (Innovive 

Inc) on a 12 hour light cycle. Animals used in experimental procedures aiming an 

increase in body weight were transferred, at specific developmental time points, to a 

Teklad high fat diet with 1.25% cholesterol and 21% milkfat (Harlan Laboratories, catalog 

number 96121). 

A comprehensive listing of all the mouse lines with references to the laboratory of origin 

and a description of the transgenic constructs these lines harbor can be found on the next 

section. 

 

 

 

2.1.2 – Transgenic animal strains 

 

tbx18:GFP 

 

This line was generated in Professor Sylvia Evans’ laboratory by knocking-in a H2B_GFP 

fusion cassette into the first exon of the endogenous tbx18 locus. The reporter construct 

was incorporated immediately after the gene’s start codon and nuclear-tagged GFP 

expression faithfully recapitulates the patterns observed by in situ techniques employing 

a specific riboprobe against the tbx18 transcript (Cai et al., 2008). 
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tbx18:Cre 

 

This line was generated in Professor Sylvia Evans’ laboratory by knocking-in a Cre-

PGK_Neo construct into the first exon of the endogenous tbx18 locus. tbx18:Cre activity 

promotes irreversible excision of floxed sequences in all tbx18-expressing cell 

populations, making this strain suitable for the generation of tbx18-lineage restricted gene 

knockouts and/or tbx18-lineage tracing applications (Cai et al., 2008). 

 

 

 

 

Floxed tbx18 

 

Generated by Chen-Leng Cai in Professor Sylvia Evans’ laboratory, this line harbors loxP 

sites in both ends of the second exon of the tbx18 gene, allowing for tissue specific gene 

deletion when interbred with a Cre recombinase expressing strain. For generation of a 

targeting vector a loxP site was engineered in the first Tbx18 intron through PCR and a 

loxP-flanked neomycin resistance cassette was cloned into the second intron. A herpex 

simplex virus thymidine kinase cassette was cloned outside the area of genomic 

homology, allowing for negative selection of recombinants. This targeting vector was 

linearized and electroporated into SM-1 ES cells derived from 129/sv mice (UCSD 

Transgenic and Gene Targeting Core, La Jolla, CA, USA). After G418 selection, 

homologous recombinants were identified by Southern blot. In order to remove the 

PGKNeo cassette Recombinant ES cells were then transfected with a plasmid driving Cre 

expression. PCR was used to identify clones that had maintained loxP sites on both sides 

of exon 2 and lost the selection cassette. ES cells with a floxed tbx18 allele were 

microinjected into C57BL/6 blastocysts. Male chimeras were mated with Black Swiss 

females and germline transmission was verified on offspring by PCR and Southern blot 

analysis of tail DNA. 
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tbx18:CreERT2 

 

This line was generated by Yunfu Sun in Professor Sylvia Evans’ laboratory. A CreERT2-

frt-PGK_Neo-frt construct was knocked into the first exon of the endogenous Tbx18 locus 

on a strategy similar to the one used to generate the tbx18:GFP line. The presence of the 

frt sites (recognized by the FLPase recombinase) allowed the removal of the neomycin 

resistance cassette used for positive clone screening.  

Upon administration of a standard dosage of tamoxifen, the CreERT2 fusion protein is 

transiently translocated to the nucleus and its recombinatorial activity promotes 

irreversible excision of floxed sequences in all tbx18-expressing cell populations, making 

this strain suitable for the generation of timely controlled tbx18-lineage restricted gene 

knockouts and/or Tbx18-lineage tracing applications. 

 

 

Floxed vhl (strain name B6.129S4(C)-Vhltm1Jae/J) 

 

Generated in Professor Rudolf Jaenisch ‘s laboratory (Whitehead Institute for Biomedical 

Research, M.I.T., Cambridge, MA, USA) this line contains loxP sites flanking the Vhl 

promoter and first exon. Cre-mediated recombination results in a null Vhl allele, allowing 

the generation of tissue specific Vhl knockout models (Haase et al., 2001). This line is 

available from the JAX laboratories repository  (stock number 012933). 

 

 

 

meox2:Cre (strain name B6.129S4-Meox2tm1(cre)Sor/J) 

 

Generated in Professor Philippe Soriano’s laboratory (Mount Sinai School of Medicine), 

this line contains a Cre recombinase expressing cassette inserted into the meox2 locus. 

This insertion disrupts expression of the meox2 gene, generating a null allele. Cre 

expression from the control of the meox2 endogenous promotor is observed in all 

epiblast-derived tissues as early as embryonic day 5 (Tallquist and Soriano, 2000). This 

line is available from the JAX laboratories repository (stock number 003755). 
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pdgfrb:Cre  

 

Generated in Professor Ralf Adams’ laboratory, this transgenic line contains a Cre 

recombinase expressing cassette under the control of a fragment of the pdgfrb promotor. 

Changes in PDGFRβ expression levels aren’t observed as this transgene doesn’t disrupt 

expression from the endogenous locus. Generalized vascular support cell Cre expression 

has been reported on the original publication (Foo et al., 2006). This line isn’t available 

from public repositories and was kindly provided by Professor Ralf Adams. 

 

 

 

tie2:Cre 

 

Generated in Professor Masashi Yanagisawa’s laboratory, this transgenic line contains a 

Cre recombinase expressing cassette under the control of the tie2 promotor/enhancer. 

Changes in Tie2 protein levels aren’t observed as this transgene doesn’t disrupt 

expression from the endogenous locus. Generalized endothelial Cre recombinase 

expression is consistently observed in embryogenesis and adulthood, making it the most 

widely used mouse strain for the study of endothelial lineages (Kisanuki et al., 2001). This 

line is available from the JAX laboratories repository (stock number 008863). 

 

 

 

wt1:Cre 

 

Generated in Professor John Burch’s laboratory, this BAC transgenic line contains an 

IRES/eGFP-Cre cassette cloned downstream of a full-length mouse wt1 gene. 

Transcripts from the wt1 gene are observed in multiple tissues and cell types, but the 

cloning methodology used in the generation of this line omitted several regulatory regions 

required for a complete recapitulation of the gene’s endogenous expression pattern. As a 

consequence, Cre recombinase expression is almost exclusively restricted to the 

mesothelium and its derivatives. This line isn’t available from public repositories and was 

kindly provided by Professor John Burch. 
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wnt1:Cre 

 

Generated in Professor Andrew McMahon’s laboratory, this transgenic line contains a 

Cre recombinase expressing cassette under the control of the wnt1 promotor. Changes in 

Wnt1 protein levels aren’t observed as this transgene doesn’t disrupt expression from the 

endogenous locus. Cre recombinase expression is consistently observed throughout 

neural crest and developing midbrain (Danielian et al., 1998). This line isn’t available from 

public repositories and was kindly provided by Professor Andrew McMahon’s. 

 

 

rosa26:β-galactosidase (strain name B6.129S4-Gt(ROSA)26Sortm1Sor/J)  

 

Generated in Professor Philippe Soriano’s laboratory, this line contains a reporter 

cassette (consisting of a loxP-flanked STOP sequence cloned upstream of the β-

galactosidase-coding cDNA) inserted into the rosa26 locus. The rosa26 promotor drives 

ubiquitous gene expression across the mouse body making this strain suitable for Cre 

activity monitoring in virtually every tissue. This was the first rosa26-based reporter line 

ever created (Soriano, 1999) and taking advantage of the fact that no fluorescent channel 

is disturbed unless specific staining protocols are applied, our laboratory routinely uses it 

in every conditional knockout line for retrospective assessment of Cre expression 

patterns. This line is available from the JAX laboratories repository (stock number 

003474). 

 

 

rosa26:tdTomato (strain name B6;129S6-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J) 

 

Generated in Professor Hongkui Zeng’s laboratory, this line contains a tdTomato-based 

fluorescent reporter cassette. The cloning strategy used on the production of this strain 

was very similar to the one behind the production of the rosa26:β-galactosidase allele 

(Madisen et al., 2010). Due to the bright nature of the tdTomato fluorescent protein, this 

line can be used for FACS or confocal microscopy without requiring any staining step. 

Our laboratory routinely uses it for pure lineage tracing applications. Usage in conditional 

gene ablation experiments is usually avoided, as it would disturb the red fluorescent 

channel for all downstream applications. This line is available from the JAX laboratories 

repository (stock number 007905). 
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2.1.3 – Tamoxifen Preparation and Administration 

 

Induction of Cre activity in animals harboring the Tbx18:CreERT2 allele was achieved by 

intra-peritoneal injection of a 10 mg/mL Tamoxifen solution.  

For the preparation of a working Tamoxifen solution 1g of Tamoxifen powder (Sigma-

Aldrich, catalog number T5648) was dissolved in 10 mL of 100% ethanol. Complete 

homogenization was obtained by incubation for 1 hour at 37 ºC under permanent vortex 

agitation followed by a 1:10 dilution in 90 mL of Sesame Oil (Sigma-Aldrich, catalog 

number S3547). This solution was aliquoted and stored at -20 ºC for up to 12 months. 

Aliquots were used within 2 hours after thawing. 

 

 

 

2.1.4 – Animal Genotyping 

 

DNA was extracted from tail tip biopsies by boiling samples at 95 ºC in 250 µL of a 50 

mM sodium hydroxide solution for 30 minutes. The pH of the digestion solution was 

neutralized through the addition of 50 µL of a 1M Tris-HCl pH 8.0 solution (Fisher 

Scientific, catalog number BP1758) and the genomic DNA was amplified on 20 µL PCR 

reactions containing 16.5 µL of molecular biology grade water (Sigma-Aldrich, catalog 

number W4502), 2 µL of 10x reaction buffer, 0.1 µL of Taq (New England Biolabs, 

catalog number M0267), 10 mM dNTPs (Promega, catalog number U1515), 10mM primer 

mix (synthesized by Valuegene, San Diego) and 1 µL of DNA suspension as template. 

Samples were amplified for 35 cycles of denaturation at 95ºC, primer annealing at 58 ºC 

and extension at 72 ºC.  Products were run on 1.5% agarose (Invitrogen, catalog number 

16500-500) gels made in 0.5x TBE buffer (National Diagnostics, catalog number EC-860) 

supplemented with 0.5 µg/mL of ethidium bromide (Invitrogen, catalog number 15585-

011). One of the gel lanes was loaded with 800 ng of 1Kb Plus DNA Ladder (Invitrogen, 

catalog number 10787-018) for amplicon size determination. A list of all the primer 

sequences used for genotyping, as well as the expected amplicon sizes can be found on 

table 1. 
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Transgene Primer Sequences Amplicon size 
(bp) 

Cre Recombinase Cre_F – CCGGGCTGCCACGACCAAG 
Cre_R - GGCGCGGCAACACCATTTTT Cre = 445 

meox2:Cre 
Meox_2_F – GGGACCACCTTCTTTTGGCTTC 

Meox_2_R – AAGATGTGGAGAGTTCGGGGTAG 
Cre_R - CCAGATCCTCCTCAGAAATCAGC 

meox2:WT = 410 
meox2:Cre = 300 

tbx18:Cre T18_Ex1_F– GCCAGAGAAAGAGGAAACGGCAAA 
Cre_5’_R – TCCCTGAACATGTCCATCAGGTTC tbx18:Cre = 400 

tie2:Cre For – CGCATAACCAGTGAAACAGCATTGC 
Rev – CCCTGTGCTCAGACAGAAATGAGA 

tie2:Cre = 500 

wnt1:Cre WNT1_F - TAAGAGGCCTATAAGAGGCGG 
Cre_5’_R – TCCCTGAACATGTCCATCAGGTTC wnt1:Cre = 400 

Floxed Tbx18 T18_Int1_F – AAGTTCTCAGAAAGTGCCTCGCGC 
T18_Int1_R - GCCTGGACAGCAGAGGGTAGAGAC 

tbx18:WT = 350 
tbx18:Flox = 400 

Floxed VHL VHL_F – CTAGGCACCGAGCTTAGAGGTTTGCG 
VHL_R - CTGACTTCCACTGATGCTTGTCACAG 

vhl:WT = 300 
vhl:Flox = 500 

Tbx18:GFP T18_Ex1_F– GCCAGAGAAAGAGGAAACGGCAAA 
H2B_R - CTCGAAAATGTCGTTCACAAAC tbx18:GFP = 600 

rosa26:β-gal 
RZ_1 – AAAGTCGCTCTGAGTTGTTAT 
RZ_2 – GCGAAGAGTTTGTCCTCAACC 
RZ_3 - GGAGCGGGAGAAATGGATATG 

 
r26:WT = 650bp 
r26:β-gal = 340 

rosa26:tdTomato 

Tomato_F – CTGTTCCTGTACGGCATGG 
Tomato_R – GGCATTAAAGCAGCGTATCC 

Rosa_WT_F – AAGGGAGCTGCAGTGGAGTA 
Rosa_WT_R - CCGAAAATCTGTGGGAAGTC 

r26:WT = 297 
r26:Tomato = 196 

Table 1 – List of primer sequences used for the genotyping of transgenic mouse 
lines and expected sizes for the respective amplicons. 
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2.2 – Histology 
 

Adult animals were anesthetized in an isofluorane chamber and sacrificed by cervical 

dislocation. Animals were perfusion-fixed by injection of 5 mL of 4% PFA into the left 

ventricle. Organs were dissected, fixed on ice cold 4% PFA during four hours and 

transferred to 1% PFA overnight. The next day tissues were washed in ice-cold 1x PBS 

three times (10 minutes each wash) and subjected to a sucrose gradient – one hour 

incubations in 5 and 12% sucrose solutions and an overnight incubation in a 20% 

sucrose solution (all in 1x PBS). Dehydrated tissues were frozen in optimal cutting 

temperature embedding medium (OCT, TissueTek, Sakura Finetek, Torrance, CA), 

cryosectioned (10 µm thick) on a Leica CM3050S cryostat and stored at -20 ºC until 

further processing. 

 

 

2.2.1 – Fluorescent Immunohistochemistry 

 

Slides with cryosections were allowed to air dry, washed for 5 minutes at room 

temperature in 1x PBS (BioPioneer, catalog number MB1001) and permeabilized for 10 

minutes at room temperature in 1x PBS + 0.1% Triton X-100 (Sigma Aldrich, catalog 

number 234729). Slides were then incubated for one hour in a blocking solution 

composed of 10% donkey serum, 0.1% Triton X-100 and 5% Difco skim milk (BD 

Biosciences, catalog number 232100) in PBS. The same blocking solution was used to 

prepare the primary and secondary antibody dilutions. Primary antibody incubation (200 

µL per slide) was carried overnight at 4 ºC. On the morning after, samples were washed 

three times (10 minutes each) in room temperature 1x PBS supplemented with 0.1% 

Triton X-100 and incubated for 75 minutes at room temperature in the secondary 

antibody mix. A similar washing procedure was applied before mounting on fluorescence 

mounting medium (DAKO, catalog number S3023). A complete listing of primary and 

secondary antibodies used can be found on tables 2 and 3, respectively.
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Antigen Species Clone Company Cat. no. Dilution 
Actinin, sarcomeric 

α isoform Mouse EA-53 Sigma A7811 1:100 

Actin, smooth 
muscle α isoform Rabbit Polyclonal Abcam ab5694 1:300 

CD31/PECAM Rat MEC 13.3 BD Pharmingen 550274 1:50 

CD34 Rat RAM34 BD Pharmingen 553731 1:50 

CD45 Rat 30-F11 BD Pharmingen 550539 1:50 

CD146/MCAM Rat ME-9F1 BioLegend 134701 1:50 

Cypher Rabbit Polyclonal Kind gift from Ju 
Chen N/A 1:500 

Desmin Goat Polyclonal Santa Cruz sc-7559 1:50 

E-cadherin Rat DECMA-1 Sigma U3254 1:300 

Fibronectin Rabbit Polyclonal Abcam ab33570 1:300 

Flk1 Goat Polyclonal R&D AF644 1:50 

GFP Rabbit Polyclonal Abcam ab290 1:400 

GFAP Rabbit Polyclonal Abcam ab7260 1:200 

HNF-4α Goat Polyclonal Santa Cruz SC-6556 1:50 

Integrin α5 Rat 5H10-27 BioLegend 103801 1:50 

Integrin β1 Rat MB1.2 Chemicon MAB1997 1:100 

Integrin αm/Mac 1 Rat M1/70 BD Pharmingen 553307 1:50 

Laminin Chicken Polyclonal Abcam ab14055 1:400 
Neurofilament 
200kD Heavy Rabbit Polyclonal Abcam ab8135 1:500 

NG2 Rabbit Polyclonal Chemicon AB5320 1:200 

PDGFR-α Goat Polyclonal  R&D Systems AF1062 1:75 

PDGFR-β Rabbit Polyclonal Kind gift from 
William Stalcup N/A 1:200 

Perilipin Rabbit Polyclonal Cell Signaling K117 1:200 

PPARϒ Rabbit Polyclonal Cell Signaling 81B8 1:200 

P-H3 Rabbit Polyclonal Upstate 06-570 1:200 

Sox9 Rabbit Polyclonal Kind gift from 
Michael Wegner N/A 1:1000 

 TBX18 Rabbit Polyclonal Kind gift from Lisa 
Stubbs N/A 1:50 

TER119 Rat TER119 eBioscience 14-5921 1:50 

TrkB Goat Polyclonal  R&D Systems AF1494 1:50 

Vimentin Rabbit Polyclonal Abcam ab45939 1:300 

vWF Rat Polyclonal Abcam ab6994 1:300 

WT1 Rabbit Polyclonal Santa Cruz sc-192 1:50 

Table 2 – List of Primary antibodies used for immunohistochemistry 
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Secondary Antibody Catalog 
Number 

Dilution 

Alexa Fluor® 488 Goat Anti-Chicken IgG A11039 1:400 

Alexa Fluor® 647 Goat Anti-Chicken IgG A21449 1:400 

Alexa Fluor® 488 Donkey Anti-Goat IgG A11055 1:400 

Alexa Fluor® 555 Donkey Anti-Goat IgG A21432 1:400 

Alexa Fluor® 647Donkey Anti-Goat IgG A21447 1:400 

Alexa Fluor® 594 Donkey Anti-Mouse IgG A21203 1:1000 

Alexa Fluor® 647 Donkey Anti-Mouse IgG A31571 1:1000 

Alexa Fluor® 488 Donkey Anti-Rabbit IgG A21206 1:400 

Alexa Fluor® 555 Donkey Anti- Rabbit IgG A31572 1:400 

Alexa Fluor® 647Donkey Anti- Rabbit IgG A31573 1:400 

Alexa Fluor® 488 Donkey Anti-Rat IgG A21208 1:400 

Alexa Fluor® 594 Donkey Anti- Rat IgG A21209 1:400 

Alexa Fluor® 647 Goat Anti- Rat IgG A21247 1:400 

Alexa Fluor® 555 Phalloidin A34055 1:100 

Alexa Fluor® 647 Phalloidin A22287 1:100 

DAPI (10mg/mL) D1306 1:1000 

Table 3 – List of fluorophore and fluorophore-conjugated reagents used for 
immunohistochemistry (all purchased from Invitrogen). 
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2.2.2 - X-gal staining 

Slides were stained overnight on a working X-Gal solution composed of 5 mM Potassium-

Ferricyanide, 5 mM Potassium-Ferrocyanide, 2 mM MgCl2, 1mg/mL Ultrapure X-gal (5-

Bromo-4-chloro-3-indolyl-beta-D-galactopyranoside, Sigma Aldrich) in PBS. The morning 

after slides were washed in warm (37ºC) 1x PBS, post-fixed in 4% PFA, counterstained 

with eosin, cleaned on histoclear and mounted on Permount mounting medium (Fisher 

Scientific).  

 

 

 

2.2.3 - Masson Trichrome staining 

 

Routine histological staining of muscle and connective tissue was performed using a 

modified version of the trichrome protocol first proposed by the Canadian pathologist 

Claude Pierre Masson. Slides with cryosections were allowed to air dry, washed for 5 

minutes at room temperature in 1x PBS and incubated overnight in Bouin’s solution 

(Sigma-Aldrich, catalog number HT10132). On the morning after, slides were washed in 

running tap water until complete removal of yellow coloration from tissue sections and 

stained for five minutes in Weigert’s iron hematoxylin (Sigma-Aldrich, catalog number 

HT1079). This incubation was followed by a five minutes wash in running tap water. 

Slides were then briefly rinsed in deionized water and stained in Biebrich scarlet-acid 

Fuchsin (Sigma-Aldrich, catalog number HT151) for five minutes. A brief rinse in 

deionized water preceded a 10-minute incubation on a 

phosphotungstic/phosphomolybdic acid solution (Sigma-Aldrich, catalog numbers HT152 

and HT153, respectively). Selective staining of collagen fibers was achieved via a five-

minute treatment in aniline blue solution (Sigma-Aldrich, catalog number HT154). 

Samples were then subjected to a dehydration gradient – 95% ethanol (five minutes), 

100% ethanol (five minutes), histoclear (five minutes) – and mounted on Permount 

mounting medium. This methodology stains muscle fibers red, cell nuclei brown and 

collagen fibers blue. 
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2.3 - FACS Isolation of tbx18-GFP Positive Cells from Mouse Adipose Tissue 
 

One month old Tbx18-GFP positive mice were sacrificed by cervical dislocation and 

thoroughly sprayed with 70% ethanol. Visceral fat pads were dissected and minced into 

small pieces with sterile tools. Tissue was digested for one hour at 37 ºC, under 

permanent agitation, on a sterile HBSS solution (Gibco, catalog number ) containing 10 

mg/mL collagenase/dispase (Roche, catalog number 269638), 200U/mL DNase I (Sigma-

Aldrich, catalog number D4513), 1% (V/V) P/S (Gibco, catalog number 15140-122) and 

1% (V/V) Fungizone (Gibco, catalog number 15290-018). Undigested tissue pieces were 

discarded and adipocytes were removed from the cell suspension by centrifugation at 

400g for 10 minutes. The remaining cells - Stromal Vascular Fraction – were filtered 

through a 40 µm cell strainer, ressuspended in HBSS supplemented with 5% FBS (Gibco, 

catalog number 1600-044) and immediately run on a BD FACSAria III cell sorter. GFP-

positive cells were sorted into an adhesion-inducing cell culture medium constituted by 

DMEM:F12 (Gibco, catalog number 10565-018) supplemented with 50% FBS, 1% (V/V) 

P/S and 1% (V/V) Fungizone (Gibco, catalog number 15290-018). An average of 6 x 104 

GFP-positive cells were seeded in a well of a 6-well tissue culture plate. One day after 

platting, the adhesion-inducing medium was replaced by standard MSC growing medium 

- DMEM:F12 (Gibco) supplemented with 20% (V/V) FBS (Gibco) and 1% (V/V) P/S  

(Gibco) - supplemented with 1% (V/V) Fungizone (Gibco, catalog number 15290-018). 

Cells were grown on this medium for seven days. After this period Fungizone was 

withdrawn from culture and cells were sub-cultured using standard methods of 

trypsinization (weekly split at a ratio of 1:3) to form a stable cell line. Cell stemness was 

evaluated by differentiation into distinct lineages of mesenchymal origin. 

 

2.4 – Differentiation of Mesenchymal Stem Cells 
 

MSCs from passages P5 to P15 were seeded in 6-well plates (105 cell/well) and 

expanded in standard MSC growing medium. At 85% confluency cells were transferred to 

distinct differentiation media specifically designed to drive differentiation into osteoblastic, 

adipocytic or smooth muscle lineages. For osteoblastic differentiation cells were cultured 

for 21 days on DMEM:F12 supplemented  with 10% (vol/vol) FBS, 100 nM 

dexamethasone (Sigma-Aldrich, catalog number D4902) ,10 mM b-glycerophosphate 

(Sigma-Aldrich, catalog number G9422), 0.05 mM L-ascorbic acid-2-phosphate (Sigma-

Aldrich, catalog number 49752) and 1% (vol/vol) P/S. Adipocytic differentiation was 
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induced by culturing cells on DMEM:F12 supplemented  with 10% (vol/vol) FBS, 250 µM 

1-methyl-3 isobutylxanthine (IBMX, Sigma-Aldrich, catalog number I7018), 1 µM 

dexamethasone (Sigma-Aldrich, catalog number D4902), 200 µM indomethacin (Sigma-

Aldrich, catalog number I8280), 1% (vol/vol) Insulin-Transferrin-Selenium - X (Gibco, 

catalog number 51500) and 1% (vol/vol) P/S. For smooth muscle differentiation cells 

were cultured for 10 days on low glucose DMEM (Gibco, catalog number 11885-084) 

supplemented with 10% FBS (Gibco, catalog number ), 1 ng/mL mouse TGFβ1 /Cell 

Signaling, catalog number 5231LC) and 1% (vol/vol) P/S. Negtive controls were 

maintained in MSCs growing medium throughout the differentiation protocol. 

 

 

2.5 – Aortic Gene Expression Analysis  
 

Sets of three aortic arteries from two-month-old animals were used as template for RNA 

extraction. Animals were sacrificed by cervical dislocation and the aortic arteries were 

dissected on ice-cold RNase-free 1x PBS. All the adventitial fat was carefully removed 

and the intra-aortic blood was cleaned by flushing the arteries with ice-cold RNase-free 

1x PBS. Dissected arteries were snap-frozen on liquid nitrogen and grinded to a fine 

powder. RNA extraction was performed using a RNeasy Fibrous Tissue Mini Kit (Qiagen, 

Valencia, CA). High-purity RNA was ressuspended in 30 µL of RNase-free TE buffer 

(Promega). Gene expression profiling was achieved using the Affymetrix mouse 

GeneChip 1.0 ST platform. Hybridization, staining and scanning of the arrays were done 

at the UCSD Genechip core accordingly to the Affymetrix standard protocols. Data 

analysis was performed on Partek Genomics Suite. 

 

 

 2.6 – Real-Time PCR 
 

RNA (100 ng) was reversely transcribed using The SuperScript III VILO kit (Invitrogen, 

catalog number 11754). Quantitative Real-Time PCR was performed on an Eppendorf 

PCR Mastercycler ep realplex2 using a SyBr Green-based mastermix (Kapa biosystems, 

catalog number KK4601).   
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3 – A Role For Tbx18 in the Development of 
Mesenchymal Lineages Through Embryogenesis 

 

3.1 – Patterns of tbx18 expression during embryogenesis 
 

Tissue or cell type specific gene expression patterns can provide valuable hints towards 

the deciphering of a gene’s biological role. Having this in mind, the first experiments we 

performed aimed to precisely determine if the expression of Tbx18 follows any traceable 

pattern. The human Tbx18 gene was first described in 1999 together with three other 

members of this gene family (Yi et al., 1999). The murine homolog and its major domains 

of expression during mouse embryogenesis were characterized shortly after. Whole 

mount and section in situ hybridization techniques revealed this gene to be expressed in 

head mesenchyme, proepicardium, sinous venosus myocardium, limb buds, urogenital 

ridge and the anterior half of somites (Kraus et al., 2001). We expanded the spectrum of 

this pioneer analysis by performing confocal microscopy immunophenotyping of Tbx18-

expressing cell populations in several mid and late gestational stages of Tbx18 GFP/WT 

embryos. The tbx18:GFP allele was generated by knocking-in a H2B-fused version of 

GFP eight base pairs downstream of the gene’s first codon. Owing to the difficulties in 

achieving satisfactory histological results with the available anti-TBX18 antibodies, this 

mouse line proved to be an extremely useful expression indicator. In animals 

heterozygous for this allele, Tbx18-expressing cells are easily detectable as they express 

a nuclear-tagged form of GFP with strong green fluorescence that doesn’t require any 

antibody staining for analysis on confocal microscopy or FACS (Cai et al., 2008). 

On E10.5 embryos, GFP fluorescence fully recapitulated the previously reported 

expression domains (figure) on a clear demonstration of the fidelity of the Tbx18:GFP 

allele as reporter of the gene’s active expression. Notably, Tbx18 expression was almost 

exclusively confined to clusters of mesodermal cells. Fluorescence was never detected in 

endoderm-derived populations and the strong signal observed in the neural crest derived 

head mesenchyme was the single example of positive cells within tissues of ectodermal 

origin. Analysis of expression domains at this mid-gestational stage allows the definition 

of mainstream expression trends but is fairly ineffective on the determination of cell type 

specific patterns, as a large majority of cell lineages haven’t differentiated yet. Having this 

in account, we decided to move our efforts into the characterization of later stages of 

embryonic development. When doing so, we focused most of our analysis on the 
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developing forelimbs. Two main facts were taken in account during the process leading to 

the choice of these structures: limb buds are one of the domains where Tbx18 is 

expressed at higher levels and these rudimentary structures rapidly develop during late 

gestational phases to highly intricate organs where multiple cell types co-exist (an 

extremely advantageous scenario for the determination of cell type specificity…).  

On figure 7 it is possible to find time course images depicting the dynamical changes in 

the expression of tbx18 and Sox9 (one of the most important factors on the regulation of 

osteochondroprogenitors) through a critical period for limb development (E10.5 to E15.5). 

At E10.5 tbx18 was expressed on a stripe aligned with the forelimb bud short axis and 

located on a medial position across the long axis. Sox9 protein was detected in a similar 

stripe pattern, but on a perpendicular direction to the tbx18 band. Expression of both 

transcription factors intersected on a medial plan, forming a cluster of double positive 

cells. Three days later, high levels of Sox9 protein were detected in cells committed to a 

cartilaginous fate whereas the strongest tbx18-expressing cells corresponded to 

perichondrial cells (these progenitors will later on activate Runx2 and Osx expression and 

give rise to osteoblasts). Despite this distinct pattern, co-expression of these two factors 

was observed – in Sox9high chondroblasts, low levels of Tbx18 were detected and low 

levels of Sox9 protein were detected in tbx18high perichondrial cells. The two factors also 

co-localized, at intermediate expression strengths, in the edges of the developing long 

bones. 

At E15.5 the limb bud has progressed several steps on its maturational cascade and is 

composed of several well differentiated cell types: chondrocytes, osteoblasts, fibers of 

skeletal muscle, neurons, a stratified epidermis with developing hair follicles and the 

always critical blood vessels and blood cells. At this stage extensive tbx18 expression 

was observed. However, due to the increasing tissue complexity, analysis of Sox9 co-

stained slides revealed insufficient for a fine characterization of expression domains. In 

order to overcome this limitation, we performed immunohistochemistry on serial sections 

using antibodies raised against antigens that are widely recognized as being expressed 

on a cell specific fashion. The low magnification results can be observed on figure 8 while 

higher magnification images of the boxed areas can be found on figure 9.  

As cartilaginous formations develop into populations of mature chondrocytes, SOX9 

expression levels are considerably down-regulated. This transcription factor is critical for 

the specification of the chondroblastic fate, but is replaced at later stages of differentiation 

by two other members of the same family - Sox5 and 6. This down-regulation is patent on 

panel a) of figures 7 and 8 (compare with expression level at E13.5). Expression of Tbx18 

was detected in all the cells of the cartilage caps as well as all the osteoblasts (identified 

by the nuclear presence of the Runx2 protein, panel b) of figures 7 and 8). The 
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intermediate filament desmin in robustly expressed by skeletal muscle and was used, in 

combination with an anti-laminin antibody to highlight the shape of skeletal muscle fibers. 

As seen on panel c) of the same figures, Tbx18 isn’t expressed by the developing 

myoblasts, but is strongly expressed by immediately adjacent mesenchymal cells. When 

antibodies against endothelial or blood specific antigens were used (Flk1 and Ter119, 

respectively) active tbx18 expression could never be observed in any of these lineages 

(panel d). Motor neurons and epidermis are the main ectoderm-derived cell types present 

in the limbs. Identification of neuronal cells was achieved via staining against the heavy 

(200kD) neurofilament and revealed that these cells also don’t express tbx18 (panel e). 

At the skin level, there’s a clear boundary between the ectodermal derived stratified 

squamous epithelium and the adjacent dermal mesenchyme (with mesodermal origin). 

Histologicaly, these two tissues can be highlighted by the usage of anti E-cadherin and 

anti-PDGFRβ antibodies. Equally clear is the compartmentalization on the pattern of 

tbx18 expression: dermal mesenchyme cells emit strong fluorescence and absolutely no 

GFP could be detected on the epidermis (panel f). Remarkably, the most intense signal 

was produced by cells immediately adjacent to the developing hair follicles. Formation of 

hair follicles requires the establishment of a finely tuned communication between 

inductive/repressive dermal signals and the competent epidermal cells. Such interactions 

are highly complex and rely on multiple messenger molecules. For such reason, these 

structures are frequently considered as “mini organs” and used as model for the 

characterization of general principles of morphogenic mechanisms. (Blanpain and Fuchs, 

2006; Millar, 2002; Schneider et al., 2009). The strong dermal expression observed at 

E15.5 prompted us to examine whether Tbx18 is expressed in other critical stages of hair 

follicle development. Results obtained from this characterization are summarized on 

figure. The first step of hair follicle morphogenesis occurs around E14.5 and consists 

consists on the formation of a placode: a focal condensation of dermal mesenchyme that 

is accompanied by EMT of the immediately adjacent epidermal tissue (panels a and d). 

These epidermal cells switch on Sox9 expression and proliferate rapidly invaginating into 

the dermal compartment, a process that results on the formation of a round agglomerate 

of cells denominated peg (E15.5, panel b and e).  The progressive elongation of this 

structure and consequent colonization of deeper dermal layers results on the formation of 

a mature hair follicle (E18.5, panels c and f). Interestingly, the dermal component of the 

placode was found to be composed of cells strongly positive for tbx18. High expression 

levels by dermal fibroblasts adjacent to the developing follicle were a constant feature 

through the different stages of this morphogenic process. Remarkably, robust expression 

was also detected in the dermal papilla – a cluster of dermal cells that, around the 

bulbous peg phase, get engulfed by the basal cells of the hair follicle and are known to 
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play a critical role through life on the secretion of factors that regulate hair follicle 

homeostasis.  

The tightly regulated patterns of expression here reported suggest a strong involvement 

of Tbx18 on the biology of mesenchymal populations and their derivatives. Furthermore, 

the specific patterns observed during hair follicle development indicate that tbx18 may 

control the expression of secreted factors involved in the coordination of morphogenic 

events. 

 

 

3.2 – Phenotypic manifestations resulting from the global inactivation of tbx18 
 

The tightly regulated spatio-temporal patterns of tbx18 expression during embryogenesis 

suggest that the protein encoded by this gene may play critical roles in distinct 

morphogenic events. In fact, previous studies performed in Professor Andreas Kispert’s 

laboratory lead to the publication of multiple scientific articles reporting organogenic 

defects in tissues derived from several of the tbx18-expressing populations identified on 

this thesis’ previous chapter. Germline ablation of the tbx18 gene produces a neo-natal 

lethal phenotype in which newborn pups display a profound cyanotic appearance and die 

within the first hours of life due to breathing complications. These animals have profound 

skeletal defects and the respiratory problems are thought to be secondary to a highly 

deformed thoracic cage (which prevents proper lung expansion) (Bussen et al., 2004). 

Mutant animals also display severe hydroureter and hydronephrosis resulting from 

abnormal development of the ureteric mesenchyme. tbx18 is expressed in the 

prospective ureteric mesenchyme from early stages (GFP signal emitted from the E10.5 

urogenital ridge denoted on panel c) of figure 6) and Tbx18-deficient ureteric 

mesenchyme exhibits severely affected dynamics. Reduced proliferation, abnormal 

migration and poor differentiation into the smooth muscle phenotype are on the basis of 

the observed anatomical malformations (Airik et al., 2006). 

The sinous venosus myocardium (panel f) of figure 6) is another major domain of tbx18 

expression and tbx18 global knockouts exhibit anomalies in the cardiac venous pole as 

well as the sinous myocardium derived sino-atrial node (the population of cells 

responsible for cardiac pace making) (Christoffels et al., 2006; Wiese et al., 2009). 

The original report for skeletal malformations was completely focused on the axial 

skeleton and suggested defects in somitic polarity as major explanation for the observed 

malformations. Our expression data, however, shows that besides somitic progenitors of 

the axial skeleton (panel b) of figure 6), tbx18 is also strongly expressed in the developing 
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bone and cartilaginous elements of the head and appendicular skeletal systems (panel a) 

of figure 6; and figure 7, respectively). Another interesting remark consists on the fact that 

no dermal or hair follicle phenotypes have been reported. Having in consideration the 

robust expression detected in these domains, absence of a biological relevant function for 

Tbx18 in these populations seems an unlikely scenario. These facts raise the possibility 

that important phenotypes may have been missed on the initial characterization of tbx18-

null animals. Taking advantage of the fact that both the tbx18:GFP and the tbx18:Cre 

alleles correspond to loss-of-function variants of the wild-type gene, we interbred these 

lines to generate global tbx18 knockouts and proceeded to the characterization of 

putative defects in the dermis and limbs of mutant embryos. Remarkably, histological 

analysis of late stages of embryonic development (E18.5) revealed that the absence of 

Tbx18 translates into severe dermal phenotypes (figure 11, panels a) through d)). When 

compared with control littermates, mutant embryos displayed severe hypoplastic 

epidermal and dermal components. Besides the notorious thinning of both layers, mutant 

animals displayed a reduced number of hair follicles. If present, these structures were 

much thinner and underdeveloped than the hair follicles of stage-matched control 

embryos (panels c) and d) of figure 11). Another equally drastic malformation consisted 

on the almost complete absence of subcutaneous brown adipose deposits (asterisks on 

panels a) and b) of figure 11). Interestingly, even though tbx18 isn’t actively expressed by 

skeletal muscle myoblasts, these fibers are strongly underdeveloped in the mutant 

animals. A profound hypoplasia is patent in the trapezius muscle and overall lower 

content in myofibers is also detectable in other groups of skeletal muscles (as denoted by 

the pale acid fuchsin staining detected on Masson’s trichrome). Previously undescribed 

defects were extendable to the limb skeletal elements with the cartilage caps of long 

bones exhibiting reduced cellularity and reduced extracellular matrix deposition, as 

denoted by alcian blue staining (panels e) and f) of figure 11). 
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3.3 – Chapter Specific Discussion 
 

Taking advantage of the considerable number of tbx18-targeted transgenic mouse lines 

developed in our laboratory, we carefully studied this gene’s most important expression 

domains. In comparison with previous studies, our analysis presents the strong 

advantage of providing significantly more detailed information, with expression patterns 

being characterized at a cell type resolution. With exception to the neural crest derived 

head mesenchyme (which has an ectodermal origin), tbx18 expression was restricted to 

mesodermal populations. Within these, mesenchymal cell clusters were the main foci of 

expression. As mesenchymal aggregates progress into their derivative tissues, sustained 

expression was observed in chondroblasts, and osteoblasts. Analysis of tbx18-null 

embryos with emphasis on tissues where active expression was detected but no 

phenotypes had been previously reported allowed for the discovery of new organogenic 

malformations arising from the absence of the Tbx18 protein. Severe anomalies were 

identified in the appendicular skeleton and dermal compartment. Furthermore, even 

though tbx18 expression was never registered in epidermal lineages or skeletal 

myoblasts, both these lineages displayed severe abnormalities in tbx18 global knockout 

embryos. A similar observation had been reported for the development of ureteric 

mesenchyme – despite the fact that tbx18 is never expressed by the urothelium, lack of 

this molecule in the adjacent mesenchyme leads to poor urothelial differentiation (Airik et 

al., 2006). Taken together, these data strongly suggest an involvement of Tbx18 on the 

regulation of the secretome of mesenchymal lineages. Such role would explain why the 

ablation of the gene coding for this transcription factor affects not only the populations 

actively expressing it, but also their neighboring tissues. In order to identify the nature of 

the signals regulated by Tbx18 we are currently using microarray technology to compare 

forelimb gene expression profiles of wild-type and mutant mid-gestational embryos. 
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Figure 6 - domains of tbx18 expression in mid-gestational embryos 

tbx18GFP/WT embryos were used to characterize the gene’s expression pattern at E10.5. 
Active expression was detected in neural crest derived head mesenchyme - a), peri-neural 
tube mesenchyme – b), urogenital-ridge – c), epicardium – d) and e) (magnification of boxed 
area on d)), mesenchymal elements of the septum transversum –f), mesenchyme of 
developing limbs – g). No expression was observed in neuronal lineages (a) and b)) or in the 
monolayered epiderm – h). The endoderm derived lungs and fetal intestine didn’t exhibit any 
GFP fluorescence – f) and i). A similar scenario was registered in the liver primordia – f).  
Abbreviations: αSA – Sarcomeric α-actinin, E-cad – E-cadherin, ep – epidermis, hm – head 
mesenchyme, Lam – laminin,  liv – liver primordium, lun – lungs primordium, nep – neuro-
epithelium, nt – neural tube, pnm – peri- neural tube mesenchyme, Rt – Ratkhe’s pouch, st – 
septum transversum, sv – sinous venosus. 
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Figure 7 - time course analysis of tbx18 expression in the embryonic forelimb 

tbx18GFP/WT embryos were used to characterize this gene’s expression pattern in the 
developing forelimb. In order to allow for the visualization of the dynamics of osteogenic and 
chondrogenic progenitors, sections were co-stained with an anti-Sox9 antibody. Active tbx18 
expression was initially detected on a stripe of mesenchymal progenitors located on a medial 
plane of the developing limb – a). When the cartilaginous scaffold started to differentiate, 
strong tbx18 expression was evident in pericondrial bone progenitors – b). At later stages 
robust GFP signal was observed in multiple interstitial cells as well as chondroblasts and 
osteoblasts – c). Bar = 400 µm. 
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Right Forelimb - E15.5 Mouse Embryo       DAPI       tbx18:GFP 
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Figure 8 - cell-type restricted tbx18 expression (low magnification) 

Serial sections through the right forelimb of a tbx18GFP/WT embryo were used to 
evaluate putative cell-type restricted expression patterns. Active tbx18 expression was 
found is chondrocytes – a), osteoblasts – b) and dermal mesenchyme – f). No GFP 
signal could be detected in skeletal muscle fibers – c), blood or endothelial lineages – 
d) neurons – e) or epidermal cells – f). Higher magnification panels corresponding to 
the boxed areas can be found on figure 9. Bar = 400 µm. 
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Figure 9  
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Figure 9 - cell-type restricted tbx18 expression (high magnification) 

Serial sections through the right forelimb of a tbx18GFP/WT embryo were used to 
evaluate putative cell-type restricted expression patterns. Images used to assemble 
this figure correspond to higher magnifications of the regions boxed in figure 8. Active 
tbx18 expression was found is chondrocytes – a), osteoblasts – b) and dermal 
mesenchyme – f). No GFP signal could be detected in skeletal muscle fibers – c), 
blood or endothelial lineages – d) neurons – e) or epidermal cells – f).  
Bar = 100 µm on a) and b), 60 µm on c) and d) and 40 µm on e) and f). 
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Figure 10 - Patterns of tbx18 expression during hair follicle morphogenesis 

Time course analysis carried on tbx18GFP/WT embryos depicting the patterns of dermal tbx18 
expressing during the organogenic process that leads to hair follicle development. 
In panels a) to c) epidermal cells contributing to the developing hair follicle were labeled with an 
anti-Sox9 antibody. The basement membrane separating epidermis from dermis is easily 
distinguishable due to the anti-laminin antibody used. In panels d) to f), an antibody against 
E-cadherin was used to label epidermis and an anti-PDGFRβ was used to label the dermal 
component. Note how high levels of tbx18 expression are consistently observed on the dermal 
cells immediately adjacent to the developing hair follicle. 
Abbreviations: dp – dermal papilla. Bar = 40 µm on a), b), d), e) and 70 µm on c) and f). 
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Figure 11 - new developmental defects in tbx18-null embryos 

a) to d) – Sections through the chest of E18.5 embryos were stained according to Masson’s 
trichrome protocol. When compared with control littermates (panels a) and c), mutant 
embryos (panels b) and d)) display severe dermal and epidermal hypoplasia, with a striking 
absence of subcutaneous brown adipose tissue and reduced number of underdeveloped hair 
follicles. Interestingly, the trapezius muscle (TP in c) and d)) is much thinner in the mutant 
animals than in wild-type embryos. A lower content in myofibers was observed in all mutant 
skeletal musculature (note the faint red color patent on mutant muscles, panels a) and b)). 
Panels c) and d) represent higher magnifications of the areas boxed in a) and b), 
respectively. 
e) and f) – sections across wild-type and mutant forelimbs showing the defects on mutant 
cartilaginous bone caps (characterized by reduced cellularity and reduced deposition of ECM 
fibers). 
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4 – Tbx18 and the Dynamics of Adult Mesenchymal 
Lineages  

 

4.1 – Chapter Specific Introduction 
 

During many decades developmental biologists have entirely focused their efforts on the 

dissection of molecular mechanisms regulating embryonic development. Nonetheless, it 

is important to emphasize that developmental processes aren’t arrested at birth. The neo-

natal stage is characterized by the enlargement and functional maturation of tissues 

formed during embryogenesis, on a process that lasts until adulthood. In adult animals, 

all tissues are thought to harbor one or multiple pools of progenitor cells that are 

responsible for assuring tissue homeostasis by replenishing senescent or damaged cells. 

The intrinsic properties of adult tissue-resident progenitor cells are precisely adapted to 

the demands imposed by tissue-specific functional dynamics. Some of these stem cell 

populations have been studied in detail, with bone marrow, intestinal, skin and adipose 

tissue progenitor cells corresponding to the best-characterized systems. Intestinal stem 

cell activity takes place across a well-established axis: crypts harbor stem cells that cycle 

slowly and give rise to a rapid amplifying progeny that migrates upwards, replacing the 

cells that are lost at the tip of the villi. Skin harbors at least two distinct pools of stem cells 

– basal progenitors of stratified squamous epithelium and hair follicle stem cells located in 

the bulge region. Bone marrow also contains two stem compartments of distinct nature: 

hematopoietic stem cells and mesenchymal stem cells (MSCs). The later can also be 

found in the stromal vascular fraction of adipose tissue (Barker et al., 2008; Fuchs and 

Horsley, 2011; Hsu and Fuchs, 2012; Morrison and Spradling, 2008).  

On a historic perspective the discovery of mesenchymal progenitors in adult organisms is 

directly coupled with the efforts to characterize the properties of bone marrow 

hematopoietic stem cells. In the 1960s two distinct groups performed experiments 

consisting on the transplantation of bone marrow to extramedullary sites, obtaining similar 

results: ectopic bone tissue formation (Friedenstein et al., 1966; Tavassoli and Crosby, 

1968). The recognition that bone marrow contains progenitors of a non-hematopoietic 

lineage was a groundbreaking finding, but these pioneer studies provided little evidence 

to the cellular nature of the osteogenic progenitors as all the experiments were performed 

with chunks of bone-free bone marrow. Critical work for the characterization of such cells 

was carried by Friedenstein and colleagues in the following years. Among the collection 

of valuable publications produced by these scientists, one had special impact - the first 
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report of the isolation and in vitro expansion of mesenchymal progenitors from adult bone 

marrow. On this communication authors showed that only a small fraction of the bone 

marrow cells was responsible for this tissue’s osteogenic potential. Furthermore, they 

demonstrated that these cells reside on the stromal compartment of bone marrow, exhibit 

reticular shape and can easily be separated from other bone marrow populations due to 

their capacity to readily attach and adhere to non-coated tissue culture plastic, giving rise 

to monolayers of fibroblastic cells when propagated in vitro (Friedenstein et al., 1970). 

These initial communications focused on the osteoblastic nature of stromal cells, but 

further developments have revealed the broader potential of these cells. In fact, when 

subjected to appropriate stimuli, stromal cells have been shown to be multipotent for 

mesenchymal lineages, being capable of differentiating into adipose tissue, bone, 

cartilage and smooth muscle (Pittenger et al., 1999). Further studies have demonstrated 

that the existence of cells with such capacity isn’t exclusively confined to bone marrow, 

being possible to find elements with similar characteristics in multiple tissues. Based on 

the in vitro intra-mesenchymal multipotent character evidenced by these cells, Caplain 

introduced, in 1991, the term of mesenchymal stem cell – MSC (Caplan, 1991). This 

abbreviation has since then been widely used to designate scarcely differentiated adult 

multipotent mesenchymal progenitors, independently of their tissue of origin. Despite 

having been studied for several decades now, the exact cellular nature of MSCs was 

determined only very recently. On an elegant series of experiments Crisan and 

colleagues have demonstrated that, in multiple human organs, pericytes correspond to 

the stromal cell type endowed with MSC potential (Crisan et al., 2008).  

First described by the French physiologist Charles-Marie Rouget in 1873 and named 

about fifty years later by Zimmermann, pericytes are cells with a reduced degree of 

specialization and differentiation that play a critical role on the stabilization of vascular 

structures, assuming a particular importance in the arterial system. Pericytes are absent 

from the lymphatics, but can be found on the vicinity of every blood vessel, even though 

at distinct abundance levels. These cells form a continual layer surrounding the entire 

perimeter of arterioles but the area of coverage abruptly decreases as the vessel 

progresses into the capillary network and is very sparse in the venous system (Lindahl et 

al., 1997). At a molecular level, pericytes can be distinguished from adjacent cells due to 

the expression of elevated levels of the β isoform of Platelet-Derived Growth Factor 

Receptor (PDGFRβ) and an endothelial cell-pericyte crosstalk is critical for vessel 

homeostasis. Endothelial cells produce and secrete Platelet-Derived Growth Factor B 

(PDGFb), a high-affinity ligand for the PDGFRβ complexes present in the membrane of 

vascular support cells.  Activation of the signaling transduction pathway downstream of 

PDGFRβ is critical for pericyte recruitment and survival and the disruption of either the 
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endothelial or mural component of this mechanism results in pericyte loss and 

microaneurysm formation, a phenotype that culminates on late embryonic lethality due to 

systemic hemorrhage and edema (Hellstrom et al., 1999; Levéen et al., 1994; Lindahl et 

al., 1997; Soriano, 1994). For longer than a century, the biological significance of 

perivascular cells was thought to be restricted to the critical structural role these cells 

play, but the finding that these cells correspond to tissue-resident multipotent progenitors 

has strongly challenged this perspective. For this reason, on recent years, we have been 

assisting to a growing trend to the merging of the concepts of pericyte (a term of 

anatomical origin based on the these cells’ natural disposition in the periphery of the 

vasculature) and mesenchymal stem cell (a term of functional origin based on in vitro 

multipotentiality) into a single cell identity (Bianco et al., 2008; Caplan, 1991; Nombela-

Arrieta et al., 2011). 

Unbalanced differentiation of tissues of the osteoblastic, adipogenic, condroblastic or 

muscular lineages is on the basis of multiple disorders such as osteoporosis, metabolic 

syndrome or osteoarthritis. The perception that during embryogenesis these lineages 

derive from common mesenchymal progenitors and that multiple organs of the adult 

mammalian body harbor pools of stem cells with multilineage mesenchymal potential 

immediately created a new trend on biomedical research. MSCs hold a great potential 

both for basic and applied science, as they constitute a great model for the study of 

molecular mechanisms underlining cell-fate acquisition processes and, simultaneously, a 

potential source of progenitors for the remodeling of injured tissues. Having these facts in 

consideration, it isn’t surprising that the last decade has been marked by a significant 

increase on the number of groups focusing their research on the biology of MSCs, a fact 

that resulted on an exponential increment on our knowledge towards the biology of 

mesenchymal populations and on the development of more elaborate protocols for MSC 

purification and characterization. 

4.2 – Patterns of tbx18 expression in the adult mouse 
 

The major domains of tbx18 expression during embryogenesis had been previously 

described and this analysis has been refined on the previous chapter of this thesis. 

Despite the fine characterization of embryonic expression trends, there is virtually no 

information regarding this gene’s expression patterns in adult tissues. In order to shed 

some light into this lack of knowledge, a wide panel of organs and tissues from adult 

tbx18GFP/WT animals were processed for histology and analyzed along cell-type specific 

markers.  

Analysis of adult cardiac tissue revealed GFP fluorescence emission by epicardial cells, a 
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subset of valve stromal cells, smooth muscle cells (an observation explored in further 

detail on the last chapter of this thesis) and in the nuclei of scattered interstitial cells 

(figure 12). This last pattern was of particular interest as these cells of unknown nature 

were also observed in tissues such as brain, white and brown adipose depots, skeletal 

muscle and bone marrow. Noteworthy, these scattered cells never exhibited positive co-

stain with markers for differentiated cell identities (figure 13). In cardiac tissue tbx18-

positive cells showed negative immunoreactivity against Cypher - a sarcomeric Z-band-

localized protein expressed in myocytes of striated muscle (Zhou et al., 2001). In fat the 

GFP expressing cells didn’t stain positively for Perilipin - a lipid coating protein expressed 

by adipocytes (Greenberg et al., 1991). On brain sections these same cells never 

displayed positive signal for GFAP – an intermediate filament of the cytoskeleton of 

astrocytes (Chiu et al., 1981; Raff et al., 1979), or TrkB - a member of the Trk family of 

tyrosine kinase receptors expressed in neurons and required for neurogenesis and 

neuronal survival (Klein et al., 1993). In bone marrow sections, the tbx18-positive cells 

were in close proximity with hematopoietic precursors, but never displayed positive 

staining against antigens characteristic of blood lineages. Furthermore, as denoted on 

figure 13, these stromal tbx18-positive cells were clearly separated from the adjacent 

terminal differentiated cells by an independent basal lamina, as revealed by laminin 

immunostaining.  

Having identified a population of tbx18-expressing cells on the stromal fraction of multiple 

adult tissues, we focused on determining the identity of these elements. The stromal 

fraction of mature mammalian organs is composed of endothelial cells that delimitate the 

lumen of blood vessels, erythrocytes, circulating and tissue-resident leukocytes, pericytes 

and fibroblasts. The aforementioned GFP-positive cells are nucleated, a fact that 

automatically excludes the possibility of corresponding to red blood cells. On an attempt 

to determine if the tbx18-expressing cells exhibit a membrane antigen profile exclusive to 

any of the other stromal cellular identities, we performed confocal microscopy imaging of 

tissue sections that had been previously immunostained with antibodies raised against 

lineage-specific cell surface markers. In all the tissues analyzed, GFP-positive interstitial 

cells never displayed co-localization with the pan-leukocytic marker CD45, demonstrating 

that these don’t correspond to components of the immune system (figure 14). Fluorescent 

immunoprofiling using an antibody raised against the endothelial specific antigen 

CD31/Pecam1 yielded an interesting observation - the tbx18-positive cells don’t 

correspond to elements of the vascular epithelium but they always localize in close 

proximity with these components of the vascular wall. Owing to the periendothelial 

localization of the tbx18-expressing cells, we hypothesized these might be pericytes, an 

assumption proven to be correct as denoted by the clear positive staining for the pericyte 
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marker PDGFRβ (figure 15).  

4.3 – Isolated tbx18-positive pericytes behave, in vitro, as MSCs 
 

The identification of adult tbx18-positive interstitial cells as pericytes, together with the 

role played by Tbx18 in the development of fetal mesenchymal lineages is highly 

suggestive that these elements correspond to the widely studied MSCs. Owing to the 

great component of in vitro concepts associated with the term of MSC, the only possible 

approach for the fully validation of this hypothesis consisted on the isolation and 

characterization of these cells regarding parameters such as capacity to attach to 

uncoated tissue culture plastic, capacity to self propagate and capacity to differentiate 

into multiple mesenchymal-derived lineages. The relatively broad distribution of tbx18-

expressing pericytes results on a large array of tissues that could putatively be used as 

source of cells for these experiments. It is, however, important to be aware that the 

isolation and in vitro characterization of MSCs is an extremely labor demanding and time 

consuming task – reason that made us have to focus our efforts on a single tissue. From 

the panel of candidate tissues we selected isolation from visceral fat, a decision that was 

based on multiple criteria: 

• Together with skin, fat is one of the few tissues that researchers can obtain from 

healthy human donors at relatively high quantities (lipoaspirates). For this reason 

the mesenchymal potential of adipose stromal progenitors has been extensively 

demonstrated both in human and mouse.  

• Adipose tissue has a reduced content of extracellular fibers and is composed of 

loosely connected cells, making the digestion of fat deposits into single cell 

suspensions a relatively easy task. Due to their low density, adipocytes can easily 

be removed from any cell preparation by means of a short centrifugation, which 

constitutes another advantageous technical feature. 

•  The vascular stromal fraction of adipose tissue is relatively simple, containing no 

fibroblasts. Several studies suggest that fibroblasts are also doted of 

mesenchymal potential and the contamination of a pericyte preparation with 

fibroblasts can produce biased results.  

• In adipose tissue, pericytes are the only cells actively expressing tbx18. A more 

complex expression pattern, such as the one found in heart, where tbx18 

expression is also detected in epicardium and some cells of the mitral and aortic 

valves would make it impossible to sort pericytes having GFP positivity as single 

gating criterion. 

Peri-gonadal WAT patches were dissected from 2 one month-old tbx18GFP/WT animals, 
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minced into small pieces and digested on a Collagenase/Dispase/DNase solution for one 

hour at 37 ºC under permanent agitation. A cell pellet corresponding to the stromal 

vascular fraction was obtained by means of centrifugation, washing and cell straining 

steps as described in detail on the materials and methods section. This cell pellet 

displayed a pale red color indicating the presence of red blood cells and adopted an 

almost transparent appearance upon FACS sorting. Each animal yielded approximately 

60000 GFP-positive cells that were platted on a T25 flask containing DMEM:F12 

supplemented with serum, antibiotics and antimicotics. Sorted tbx18:GFP cells efficiently 

attached to tissue culture plastic a few hours after platting and 24 hours later exhibited 

fibroblastic morphology. The first week of culture was marked by a slow growth rate, but 

after this period clones of proliferating cells were easily identifiable by phase-contrast 

microscopy. Culture media was replaced every 48 hours until flasks reached 80 to 90% 

confluency. At this point cells were passaged by standard trypsinization protocols and 

replated at a 1:2 ratio. After two 1:2 passages, cells started growing as a monolayer and 

from this point onwards were kept as a stable cell line with weekly passages at a 1:3 ratio 

for longer than five months (22 passages). Cultured Tbx18:cells displayed strong 

expression of Vimentin – an intermediate filament protein frequently used for the 

identification of mesenchymal progenitors and displayed spontaneous expression (at low 

levels) of the α-isoform of smooth muscle actin (panels a) and b) of figure 16). 

Interestingly, these cells retained active expression from the tbx18 locus, but at 

considerably lower levels than the freshly isolated cells as the visualization of the green 

fluorescent protein encoded by the tbx18:GFP indicator allele required the usage of an 

anti-GFP antibody. If kept in culture on a post-confluent status, Tbx18:cells exhibited 

endogenous propensity to differentiate.  Spontaneous contractility and individualization of 

small clones of muscle cells were easily observable. No evidence for the spontaneous 

differentiation into adipocytes or osteoblasts has been detected. 

The capacity to attach to tissue culture plastic and auto-propagate for several rounds of 

mitotic division constitutes strong evidence that the isolated cells are indeed endowed 

with a certain degree of stemness, but the classification as MSCs requires the 

demonstration of capacity to differentiate into some of the mesenchymal-derived cell 

lineages. Interest on the molecular mechanisms regulating differentiation of 

mesenchymal populations largely precedes the emergence of the MSC concept. For 

several decades now, multiple research groups have been using commited (yet 

undifferentiated) precursor cell lines for the characterization of key biological events 

characteristic of the progressive steps that lead to the emergence of mature adipocytes, 

osteoblasts or muscle cells. Some of the most classic examples of such in vitro model 

systems are the C3H10T1/2 line of multipotent mouse embryonic fibroblasts or the 
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murine 3T3-L1 pre-adipocyte cell line and the MC3T3-E1 line of pre-osteoblasts (Green 

and Kehinde, 1974, 1975; Green and Kehinde, 1976; Quarles et al., 1992; Sudo et al., 

1983). Besides providing valuable findings regarding the core transcriptional machinery 

involved the differentiation of each mesenchymal linaeage, studies conducted on these 

cell lines allowed for the development of relatively standardized protocols for an efficient 

induction of terminal differentiation. Selecting critical information from the rich collection of 

literature available on this topic, we subjected the cultured Tbx18:cells to differentiation 

stimulatory conditions and tested their efficiency for phenotypic conversion.  

 

 

4.3.1 – Cultured tbx18-expressing pericytes can differentiate to mature smooth 

muscle 

 

Pericytes and vascular smooth muscle (the two subtypes encompassed by the vascular 

support cell category) are very similar cell types that share a common origin and a very 

similar genetic program. The single difference between these cellular entities resides on 

the expression of high levels of proteins of the contractile apparatus in vSMC. On a reflex 

of the extremely tight relationship between pericytes and vascular smooth muscle, the 

differentiation of MSCs into vSMC is one of the easiest to achieve. Several protocols 

have been suggested to promote efficient MSC-to-vSMC conversion. Most of these 

protocol differ from each other in minimal details and share a common core – the culture 

of cells in a low sucrose medium supplemented with TGFβ ligands (Gong, 2009). 

As mentioned on previous paragraphs, undifferentiated Tbx18:cells exhibit low levels of 

αSMA expression and spontaneously form small clusters of smooth muscle cells if not 

passaged before confluency. In order to drive cultures into a more robust and 

homogeneous differentiation, Tbx18:cells were transferred, at 80 to 90% confluency, from 

the MSC propagation medium to low sucrose DMEM supplemented with 10% FBS and 

1ng/mL TGFβ1. Phenotypic changes could be detected within two days and got 

progressively more dramatic until the seventh day of inductive culture. Cells acquired a 

spindle shape and were rearranged in bundles morphologically similar to muscle fibers. 

These changes, together with a dark red acid-fuchsin staining (pattern indicative of high 

content of cytoplasmic fibers and characteristic of myocytes) were observed in the totality 

of the cultured cells. Complete maturation into vSMC was assessed by confocal 

microscopy using smooth muscle markers. In vitro, similarly to the registered in vivo, 

αSMA expression can occur in the absence of SMC differentiation, as this promiscuous 

marker in often detected in cell types other than SMC (activated fibroblasts, for example). 

In order to avoid misleading observations, early markers of smooth muscle differentiation 
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were excluded from the panel of candidate antibodies to use and our analysis was 

focused on the expression of the most specific SMC marker known to date – smMHC. 

Positive immunostaining was detected in 100% of the cultured cells, indicating an 

extremely efficient differentiation process. 

 

 

 

4.3.2 – Cultured tbx18-expressing pericytes can differentiate to mature adipocytes  

 

In order to drive cultured Tbx18:cells into a fat-storing program, these cells were cultured 

in an Adipogenesis-Inducing medium consisting of DMEM:F12 supplemented with 10% 

FBS and a group of molecules with well characterized adipogenic properties:  insulin, 

dexamethasone, indomethacin and IBMX. Insulin is absolutely required for the acquisition 

of the adipocytic phenotype. It enables glucose uptake by adipocytes by promoting 

membrane trafficking of the glucose transporter Glut4. IBMX inhibits soluble cyclic 

nucleotide phosphotransferases, leading to an elevation on the levels of intracellular 

cAMP, a key player on promoting events characteristic of the early steps of adipocytic 

commitment, such as suppression of WNT10b signaling, blockage of SP1 transcriptional 

regulatory function and initiation of transcription from the Cebpb gene (Bennett et al., 

2002; Cao et al., 1991; Elks and Manganiello, 1985; Hamm et al., 2001; Tang et al., 

1999; Yeh et al., 1995). The synthetic glucocorticoid Dexamethasone acts synergistically 

with IBMX on promoting C/EBPβ activation (Matsuno et al., 1996; Yang et al., 2005). 

Indomethacin is a non-steroidal anti-inflammatory drug that has been shown to promote 

adipocytic differentiation by directly binding to PPARγ leading to its transactivation 

(Lehmann et al., 1997). After 3 days of culture in adipogenic medium Tbx18:cells started 

to show the first evidence of differentiation into fat- storing cells. Cells undergoing 

differentiation displayed accumulation of small lipid droplets in their cytoplasm (panel e) 

of figure 16). This phenomenon was accompanied by a loss of elements of the 

cytoskeletal and adhesion complexes, leading to the progressive adoption of a spherical 

shape. Maintenance of these cells in the adipogenic medium resulted on the 

accumulation of more lipid droplets, dictating an increase in cytoplasm volume. At 6 days 

post starting of treatment, these lipid droplets had coalesced into typically two or three 

large size lipid vesicles (panel f) of figure 16). As a result of lipid accumulation (lowering 

their relative density) and loss of adhesive molecules, fully mature adipocytes were 

pushed out of the culture dish surface by the non-differentiated fibroblast like cells and 

released into the culture medium. This fact complicated our efforts on trying to calculate 
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the absolute efficiency of differentiation, but we estimate that on each plate a percentage 

of cells varying between 30 and 60% differentiated to the adipocytic lineage. 

 

4.3.2 – Cultured tbx18-expressing pericytes can differentiate to mature osteoblasts  

 

To assess if cultured Tbx18:cells had the potential to commit and differentiate into an 

osteoblastic phenotype, these cells were cultured for 21 days in an osteogenic medium 

containing  BMP2, dexamethasone, β-glycerophosphate and ascorbic acid (Jaiswal et al., 

1997). BMP2 is one of the most potent cytokines on the promotion of an osteoblastic 

phenotype (Katagiri et al., 1994). β-glycerophosphate plays a critical role by functioning 

as an organic phosphate donor (essential for the formation of the mineralized component 

of the bone matrix). Ascorbic acid (vitamin C) is a well recognized positive regulator of 

procollagen synthesis, collagen deposition and alkaline phosphatase activity (all of which 

are typical features of mature osteoblasts) (Morton et al., 2001). Morphological changes 

were evident after seven days of culture – cells had lost the fibroblastic shape to acquire 

a rounder structure with significant enrichment on cytoplasm volume and a prominent 

endoplasmic reticulum (features of a highly synthetic phenotype). Formation of nodules 

(clusters of cells that projected outside the culture monolayer) was observed and 

calcification was comproved by alizarin red staining of mineralized matrix. To assess the 

efficiency of osteoblastic conversion, cultures were stopped after 21 days of induction 

and stained with an anti-Runx2 antibody. Strong positive signal for this osteogenic 

transcription factor was detected in more than 96% of the cells, on a clear demonstration 

of the osteogenic potentital of cultured Tbx18:cells (figure 16, panel d)).  

 

4.4 – Membrane antigen-based strategies for the purification pericytes/MSCs 
 

The plastic seeding method for isolation of pericytes/MSCs developed by Friedenstein 

and colleagues was extremely cost-efficient but provided the investigator with reduced 

control over experimental settings and its applicability was restricted to bone marrow 

samples. The invention and evolution of Fluorescence-Activated Cell Sorting (FACS) 

techniques allowed for the development of more controlled protocols based on the sorting 

of cells presenting a specific membrane antigen expression profile. In comparison with 

methodologies based on differential plating efficiency, FACS-based protocols display two 

significant advantages: they are more reproducible and can be applied to virtually any 

tissue. Until the present day, it hasn’t been possible to identify a protein exclusively 

expressed in MSCs that could allow for the development of a simplified sorting protocol. 
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To overcome this difficulty, distinct groups have independently developed slightly different 

antibody cocktails that, via negative and positive selections, allow for the purification of 

cell populations highly enriched in fibroblastic colony forming units. The majority of these 

antibody cocktails relies on the negative selection against leukocytes (CD45+) and 

endothelial cells (CD31+ and CD34+) together with positive selection for typically 2 to 3 

markers from an extensive list that includes antigens such as CD140b (PDGFRβ), CD146 

(MCAM) CD29 (β1 Integrin), NG2, CD117 (c-Kit), Ly-6A/E (Sca-1), CD73, CD90 (Thy-1) 

and CD105 (Endoglin).  

In the specific case of adipose tissue, due to the fact that no other cell types actively 

express tbx18, the tbx18:GFP allele constitutes a very powerful tool for the purification of 

perivascular cells. As clearly shown on figure 12, this extremely confined pattern of 

expression isn’t, however, observed in every single tissue. In order to try to find a single 

antibody that would allow, in conjugation with the tbx18:GFP allele, for a simple method 

for isolation of pericytes from multiple distinct tissues, we performed fluorescent 

immunostaining of tissue sections with commercially available antibodies raised against 

most of the antigens commonly used for the isolation of mouse MSCs. From the wide 

array of antibodies tested most produced exclusively non-specific staining and only three 

yielded results plausible of analysis by confocal microscopy – CD29/β1-integrin, 

CD146/MCAM and NG2. The specific patterns produced by each of these antibodies are 

discussed on the next paragraphs. 

tbx18:GFP cells from heart, brain, adipose tissue and bone marrow were always positive 

for CD29/β1-integrin (figure 17). This protein has been shown to be required at a 

functional level for the homing of bone marrow-derived circulating MSCs into host tissues 

(such as the ischemic myocardium) and is routinely contemplated in antibody mixes for 

the purification of MSCs (Ip et al., 2007). The immunohistochemistry data displayed on 

figure 17 suggests, however, that the positive selection for CD29 expression might 

produce a neglectable effect on the enrichment for MSCs as several other cell types 

(such as cardiomyocytes, adipocytes, endothelial and epicardial cells) also express this 

antigen. The single exception to this trend is the brain, an organ where cells of the 

vascular fraction (endothelial and vascular support cells) are the only cellular entities 

displaying β1-integrin positivity (panel c) of image 17). 

CD146/MCAM is another protein expressed by MSCs and widely used as an MSC 

marker both in human and mouse samples. As shown on figure 18, similarly to the 

observation made for CD29, the totality of tbx18:GFP interstitial cells found in all the 

different tissues analyzed displayed active expression of this membrane antigen. 

Endothelial cells also displayed expression of MCAM, but in opposition to the observed 

with the β1-integrin antibody, selection for CD146 can indeed lead to an enrichment in 
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pericytes/MSCs as most of the differentiated cellular phenotypes don’t express this 

marker (with adipocytes constituting the single exception to this rule). In the specific case 

of the heart, from the three distinct tbx18-expressing lineages identified (epicardium, 

mural cells and valve stromal cells), CD146 is exclusively expressed by vascular support 

cells, making it a valuable antibody for the isolation of this specific lineage of tbx18-

positive cells. 

NG2 – a large membrane chondroitin sulfate proteoglycan - is another cell surface 

antigen that, within the stromal fraction, has been proposed to be specifically expressed 

by pericytes and suggested as a marker for MSC isolation (Kozanoglu et al., 2009; 

Ozerdem et al., 2001). Immunophenotyping of interstitial tbx18-expressing cells using an 

anti-NG2 antibody yielded results significantly different from the ones obtained with CD29 

and CD146, as the efficiency of pericyte labeling by NG2 varied greatly depending on the 

tissue analyzed. In the heart all the pericytes displayed strong labeling by this antibody, 

whereas no signal was detectable in epicardium, endothelial cells or cardiomyocytes 

(panel a) of figure 19). In fat, NG2 was expressed not only by pericytes, but also by 

adipocytes (panel b) of figure 19). This observation highlights an important fact: for the 

molecules screened, the adipocytic membrane antigen profile is extremely similar to the 

one exhibited by pericytes throughout the body (CD29+, CD146+, NG2+), on what may 

constitute evidence for a close relationship between these two distinct cell types. The 

usage of NG2 as a generic pericyte marker is, however, challenged by the results 

obtained on brain and bone marrow sections, two tissues where pericytes didn’t display 

NG2 expression (panel c) of figure 19 and data not shown). In fact, in the central nervous 

system, NG2-expressing cells are known to correspond to polydendrocytes 

(oligodendrocyte progenitors) (Kang and Bergles, 2008). Despite often showing 

cytoplasmic projections ending in the periphery of pericytes, these cells were clearly 

distinct from the perivascular cells (panel c) of figure 19). In bone marrow, NG2 

expression was registered in the mural cells of larger blood vessels, but never detected in 

the perisinusoidal pericytes. When analyzing these results, it is important to consider that 

the publication originally suggesting this protein as a pericyte-specific marker was based 

on immunohistochemistry experiments performed in cardiac or retinal tissue. Results from 

subsequent studies (including ours) confirm that pericytes within these two tissues are, in 

fact, highly positive for NG2 expression, however, as we can conclude from the 

completely distinct results obtained in brain and bone marrow samples, extrapolations of 

expression patterns to distinct organs can be extremely misleading.  

The histological data explored in this section clearly demonstrates that some of the 

antigens suggested as MSC-specific markers produce a neglectable or negative effect on 

the purification of MSCs from heterogeneous cell suspensions. Despite the poor results 
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produced by multiple antibodies, the robust and very selective pericyte labeling achieved 

via the usage of a monoclonal anti-CD146 peptide allows us to propose a simplified and 

efficient method for the isolation of highly pure pericyte/MSC populations from multiple 

adult organs based on the FACS sorting of tbx18:GFPhigh; CD146high double positive cells.  

 

 

4.5 – tbx18-expressing pericytes behave as mesenchymal progenitors in vivo  
 

The finding that the perivascular niche of multiple adult mammalian organs is populated 

by cells with mesenchymal progenitor potential constitutes a fascinating discovery that 

might prove to be extremely valuable on a clinical perspective. Learning how to control 

and manipulate the potential of these cells is likely to set foundations for the development 

of new therapeutical approaches for diverse pathological situations. There is, however, 

one large pitfall on this theory consisting on the fact that most MSC-related studies are 

performed exclusively in vitro or in non-physiological in vivo conditions (cell 

transplantation into immunocompromised animals). As a consequence, a question that 

has remained largely unaddressed is whether these observations of multi and even 

pluripotency are extensive to non-manipulated pericytes or constitute an artifact 

introduced by the artificial environment produced by cell culture techniques. It is, 

therefore, imperative to determine the in vivo potential of MSCs before embracing multi-

scale projects aiming the development of methodologies to control their behavior.  

To determine the in vivo potential of tbx18-expressing pericytes using exclusively non-

invasive techniques, we interbred the tbx18:Cre line with the rosa26:tdTomato indicator. 

In the double heterozygous progeny (tbx18Cre/Wt; rosa26tdTomato/Wt) all the cells that have 

ever expressed the tbx18 gene become permanently labeled by the expression of the 

tdTomato red fluorescent protein – a feature that allows the investigator to track the fate 

of tbx18-expressing progenitors. This approach is useless in organs containing cells, 

other than pericytes, transiently or permanently expressing the tbx18 gene, but is very 

powerful in tissues were tbx18 expression is exclusively confined to perivascular cells. As 

such, organs like the heart (tbx18 is transiently expressed in fibroblasts and a subset of 

cardiomyocytes) or bone (tbx18 is actively expressed by developing chondrocytes and 

osteoblasts) were excluded from the spectrum of our analysis. On the other hand, in brain 

and adipose tissue, active tbx18 expression is never observed in other cells than the 

tbx18-positive mural cells, making these tissues suitable for lineage tracing experiments. 

tbx18Cre/Wt; rosa26tdTomato/Wt double heterozygous animals were sacrificed at 8 weeks of 

age and their brains and peri-ureteric and peri-aortic fat processed for histological 
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analysis. Confocal imaging of immunostained slides revealed two very distinct outcomes 

depending on the tissue analyzed. In brain perivascular cells were robustly labeled, but 

red fluorescent neurons or astrocytes were never observed (panel a) of figure 20). The 

fact that labeling is absolutely restricted to perivascular cells constitutes strong evidence 

against a putative in vivo multi or pluripotency of brain pericytes. On the other hand, in 

the fat deposits analyzed, tdTomato labeling was detected not only in pericytes, but also 

in a significant number of adipocytes (panel b) of figure 20). The fact that tbx18 active 

expression is absolutely never detected in adipocytes suggests that the labeled fat cells 

are pericyte-derived. If this scenario holds to be true, it is possible to affirm that, in the 

specific case of adipose tissue, perivascular cells are, indeed, a progenitor pool that plays 

a critical role on the lifelong tissue developmental dynamics. It is, nonetheless, possible 

to argue that the observed labeling of adipocytes might only reflect an eventual tbx18 

expression by embryonic mesenchymal precursors of fat and not a direct consequence of 

the production of new adipocytes from an adult tbx18-expressing tissue resident stem 

cell. To fully address this question our laboratory produced a tbx18:inducible-Cre mouse 

line that was used to perform a pulse-chase experiment. The inducible-Cre technology 

was developed in Dr. Pierre Chambon’s laboratory via the fusion of the Cre cDNA with 

mutated sequences of the human estrogen receptor ligand-binding domain and allows for 

an increased degree of control over the pattern of cre activity in which the investigator 

has the power to decide the specific time window in which the enzyme is functional. In 

normal conditions the ERT2-Cre fusion protein associates with Heat Shock Proteins 

(HSPs) and is retained in the cytoplasm, preventing its recombinatorial activity that 

requires nuclear localization. These mutated sequences are insensitive to endogenous 

estradiol, but rapidly change conformation upon binding to the synthetic ligands tamoxifen 

and 4-hydroxytamoxifen. This event results in dissociation from the HSP complexes and 

nuclear translocation, rendering the enzyme active. Upon injection of animals with a 

standard dosage of tamoxifen, nuclear Cre activity will last for an estimated period of 24 

to 48 hours post injection (Feil et al., 1996; Feil et al., 1997; Indra et al., 1999). 

As described for the lineage tracing experiment using the constitutive tbx18:Cre allele, 

tbx18CreERT2/Wt animals were interbred with animals homozygous for the rosa26:tdTomato 

indicator. All the progeny from this cross was heterozygous for the rosa26 locus, with 

approximately half of the animals harboring one copy of the inducible-cre allele. Both 

genotypic configurations were used on the pulse-chase experiment: CreERT2-positive 

animals were the actual experimental subjects, whilst CreERT2-negative littermates were 

used at all time points as negative controls. At 8 weeks of age young adult animals were 

subjected to an induction period consisting on the intra-peritoneal injection of Tamoxifen 

(35 mg/kg body weight) for three consecutive days. This initial pulse was followed by 48 
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hours in which no treatment was administered in order to allow for complete clearance of 

residual tamoxifen from the blood stream. At the end of this ligand-cleaning period, 

animals were subdivided into two distinct experimental groups: the Time Zero animals – 

sacrificed immediately for evaluation of pericyte labeling efficiency - and the chase group 

– used for the visualization of cell fate decisions from the cells initially labeled during the 

pulse phase. In order to promote an increase in total body weight (a process that is 

accompanied by the production of new adipocytes and enlargement of pre-existing fat 

storing cells) animals from the later group were transferred to a high fat western diet 

(1.25% cholesterol and 21% milkfat) for five weeks. Body weight increases were 

monitored on a weekly basis and all the animals used for histology registered at least a 

four gram increase in total body mass. At the end of this period animals were sacrificed 

and peri-gonadal WAT deposits processed for histology. Peri-gonadal WAT is the largest 

fat depot in the adult mouse body and is generally considered to be nearly 100% 

composed of white adipocytes. However, in our characterization of domains of tbx18:GFP 

expression, we identified a specific domain of this tissue located in the periphery of the 

ureteric stalks that contains a significant proportion of beige/brite adipocytes. The mixed 

white/beige identity of this WAT domain turns it into a very interesting population for de 

novo adipogenesis studies. For such reason, most of our histological analysis was 

focused on tissue dissected from this area. 

Analysis of Cre-negative tissue revealed, at both time points (0 and 5 weeks post 

induction) total absence of any fluorescence, demonstrating that tamoxifen injection isn’t 

sufficient to spontaneously promote reporter gene activation (data not shown). Analysis of 

Cre-positive tissue revealed two distinct patterns. At time zero robust labeling of 

perivascular cells was observed, with more than 90% of the PDGFRβ-positive cells 

exhibiting red fluorescence (panel a) of figure 21). Importantly, no adipocytes or 

endothelial cells displayed any sort of manifestation of reporter gene activation, indicating 

that the inducible approach was absolutely successful on the selective labeling of 

pericytes (figure 21, panels b) and d)). Remarkably, tissues collected from animals that 

had been exposed to the high fat diet for five weeks showed that in addition to pericytes, 

a significant number of adipocytes were positive for the tomato protein (figure 21, panels 

c) and e)), indicating that these fat-storing cells arose, during the five weeks of high fat 

period, from pre-existing perivascular progenitors. Interestingly, approximately half of the 

rosa26:tdTomato lineage traced adipocytes displayed a typical white adipocyte 

phenotype, whereas the other half exhibited a beige/brite appearance. These data clearly 

demonstrate that within fat deposits pericytes are indeed tissue-resident mesenchymal 

progenitors that serve as a source of new adipocytes in the process of de novo 

adipogenesis.  
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4.6 – In fat deposits tbx18-expressing Pericytes Are Primed to an Adipogenic 

Lineage 
 

Having proved that adipose tissue tbx18-expressing pericytes constitute, in vivo, a pool of 

progenitor cells with capacity to produce new fat storing cells, we decided to investigate 

whether these cells might exhibit a genetic program that predisposes them to enter the 

adipogenic differentiation cascade. As discussed on this thesis’ introduction, the two 

master transcription factors on the adipogenic differentiation cascade are PPARγ and 

cEBPα. Forced expression of PPARγ in fibroblasts is sufficient to trigger adipogenesis 

and forced expression of both factors is capable of inducing the reprogramming of 

myocytes into adipocytes. Having in consideration these facts, we decided to assess if 

pericytes of peri-aortic and peri-ureteric adipose tissue express any of these factors. As 

expected, imaging of tissue sections stained with peptides that specifically recognize 

these transcription regulators resulted in strong labeling of the nuclei of adipocytes, 

attesting the reliability of the antibodies used (panels a) and d) of figure 22). This same 

experiment provided an extremely interesting observation: despite displaying no evidence 

for expression of cEBPα, pericytes from fat deposits consistently exhibit accumulation of 

nuclear PPARγ. When compared with the adjacent adipocytes, the intensity of the 

PPARγ signal produced by pericytes is considerably lower, but the presence of this major 

inducer of adipogenesis can be interpreted as evidence for a predisposition to convert 

into a fat-storing phenotype (panels a) and d) of figure 22). 

We expanded our analysis to other tissues on an attempt to assess if this nuclear 

presence of PPARγ was a common feature to all the pericyte populations or a 

particularity of the perivascular cells of fat deposits. Remarkably, no evidence for PPARγ 

expression could be detected in pericytes of the heart or the brain (panels e) and f) of 

figure 22). This observation suggests that microenvironmental clues from the surrounding 

adipocytes might trigger intracellular signaling cascades in the interstitial pericytes to 

drive expression of basal levels of PPARγ. As a consequence, on the eventuality of high 

caloric intake, these cells would be predisposed to rapidly give rise to energy storing cells 

(white adipocytes) or energy burning units (brown and beige adipocytes) and, this way, 

help controlling the body’s energetic reserve. 
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4.7 – Developmental Origins of tbx18:GFP Pericytes 
 

As described on this thesis’ introduction, through embryonic development mesenchymal 

populations arise almost exclusively from mesodermal lineages. The exceptions to this 

rule are the mesenchymal aggregates resulting from the delamination and migration of 

cells from the neural crest. The in vivo data presented in the last sections demonstrates 

that, across the mammalian body, pericytes from different tissues exhibit specific 

molecular signatures. Having this observation in consideration we decided to study 

whether pericytes of distinct tissues have different origins or share similar roots. Once 

again, we made use of all the technical capabilities offered by transgenic mouse strains 

to address this question. tbx18GFP/Wt; rosa26tdTomato/tdTomato animals were crossed with two 

lines expressing Cre-recombinase under the control of distinct promotors – mesp1:Cre 

and wnt1:Cre. The mesp1 gene codes for a basic helix-loop-helix transcription factor that 

is transiently expressed by the first mesodermal progenitors to ingress through the 

primitive streak stage. The mesp1:Cre  line doesn’t label all the mesodermal lineages, but 

is very efficient on promoting recombination on the cardio/craniofacial mesoderm (Saga 

et al., 1996; Saga et al., 1999).  The wnt1:Cre line is routinely used by multiple 

laboratories to specifically hit neural crest cells and peripheral neurons. Triple 

heterozygous mice were generated for both Cre expressing lines and animals were 

sacrificed at 12 weeks of age with the following tissues being processed for histological 

analysis: heart, peri-aortic fat and brain.  

As expectable, the heart is almost entirely derived from mesodermal progenitors. In this 

organ mesp1:Cre labeling was observed in endothelial cells, myocytes, fibroblasts and 

pericytes (panel b) of figure 23). A reduced number of neural crest derived pericytes was 

observed in the upper segment of the ventricular wall (data not shown). Interestingly, 

multiple of the tbx18:GFP pericytes dispersed through the heart were found to be in close 

contact with cytplasmic projections of neurons (note the thin stretch of tdTomato labeled 

cytoplasm immediately adjacent to the nucleus of a tbx18-expressing pericyte in panel e) 

of figure 23), suggesting a putative regulation of their biology by the nervous system. In 

the peri-aortic adipose deposits mesp1:Cre labeling was also observed in all cell types – 

adipocytes, pericytes and endothelial cells (panel c) of figure 23). In comparison with the 

heart, the only difference resided on the efficiency of labeling – an homogeneous labeling 

is found across the cardiac wall, whilst labeling in peri-aortic fat followed a patchy pattern 

in which portions of completely labeled tissue alternate with zones with almost no 

tdTomato fluorescence – a finding that can be interpreted as a direct consequence of the 

fact that mesp1 isn’t expressed by all mesodermal populations. In peri-aortic fat the only 
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cells labeled by wnt1:Cre were neurons that, similarly to what had been observed in 

heart, often localized in the vicinity of tbx18-expressing pericytes (panel f) of figure 23).  

Cephalic tissue, on the other hand, yielded an extremely interesting observation – 

endothelial cells of the brain vasculature are of mesodermal origin, but the pericytes 

surrounding these cells are derived from neural crest (panels a) and d) of figure 23). This 

heterogeneous origin of brain vasculature means that during embryonic development 

progenitors derived from two distinct germ layers have to orchestrate a coordinated 

migratorial and differentiation program to form a continuous cerebral vascular network. 

This finding is even more remarkable if we consider that these distinct cell types are 

encircled by a common basal membrane (panel d) of figure 13). These results allow us to 

draw two conclusions: i) within a specific tissue, pericytes are homogeneous on their 

origin (with exception for the few neural crest derived pericytes found in the heart), ii) 

pericytes from different organs may be derived from completely distinct embryonic layers, 

a finding that may account for some of the variability on pericyte properties registered 

across the body. 

  

4.8 – tbx18 Expression in Models of Tumorigenesis 
 

The transition from a highly organized epithelium to an amorphous population of 

mesenchymal cells is a hallmark of multiple cancers. Having in consideration the critical 

roles played by Tbx18 in mesenchymal tissues through embryogenesis and adulthood, 

we decided to study whether this gene is actively expressed by stromal cells within 

tumoral tissues. In order to generate a murine model of tumorigenesis we induced 

mesothelial specific ablation of the Vhl tumor suppressor gene using the wt1:Cre 

transgenic mouse line. For this purpose triple heterozygous males (wt1:Cre, vhlflox/WT, 

tbx18GFP/WT) were interbred with homozygous floxed vhl females. At weaning, vhl 

conditional knockouts were recovered at a frequency (19.61%) slightly lower to the 25% 

expectable from the Mendelian laws for segregation of independent alleles (panel a) of 

figure 24). This discrepancy isn’t statistically significant and might be a consequence of 

the relatively low number (n=102) of animals analyzed (Mendelian ratios are expected 

when studies are carried on large populations but random fluctuations are likely to 

happen when the population size decreases) or a result of sporadic leaky Cre-

recombinase expression, leading to generalized gene inactivation throughout the animal 

body and, consequently, recapitulating the embryonic lethal phenotype of the constitutive 

vhl inactivation (Gnarra et al., 1997). Mutant animals didn’t display any major phenotypic 

manifestations and developed normally until adulthood, indicating that the conditional 
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knockout of this gene doesn’t disturb any organogenic processes. However, the passage 

of the 20th week of life was marked by a sudden wave of lethality with most of the mutants 

dying in the following 20 weeks (panel b) of figure 24). Macroscopic comparison of 

internal organs from control and mutant animals at 12 weeks of age (n=3, for each 

genotype) revealed the presence of several abnormalities in mutant tissues. Conditional 

vhl knockouts displayed enlarged thymi as well as necrotic lesions in lungs and liver, but 

the most striking anatomical manifestation consisted on the extremely enlarged mutant 

hearts (figure 25). 

Histological analysis of these hearts revealed that this dramatic increase in organ size 

was caused by the presence of multiple foci of tumoral tissue characterized by abundant 

connective tissue and sparse content on cardiac myofibers. Immunofluorescence staining 

followed by confocal microscopy imaging revealed that these focci were predominantly 

composed of PDGFRβ, tbx18:GFP double positive cells and abundant infiltrates of 

CD45+ immune cells (figure 24, panels d) to g)). Quantification of the abundance of these 

double positive cells per square millimeter of cardiac tissue revealed a dramatic increase 

in conditional knockout hearts (1814 +/- 476 tbx18:GFP cells/mm2 versus 257+/- 109 in 

control tissue – panel c) of figure 24). This robust tbx18 expression by tumor stromal cells 

constitutes strong evidence towards a role for Tbx18 in the maintenance of a tumoral 

phenotype. Further experiments are required to prove this hypothesis, but one can 

speculate that Tbx18 may act in tumoral cells to promote the production and secretion of 

cytokines required for their survival and proliferation. At the moment this thesis was 

written, experiments were being conducted aiming the generation of a double knockout 

line in which both vhl and tbx18 genes will be simultaneously deleted. Analysis of this 

double knockout line will allow us to determine if the absence of the Tbx18 protein affects 

the dynamics of cancer progression in this specific tumorigenic model. 

4.9 – Chapter Specific Discussion 
 

Until the present day the amount of available information regarding tbx18 expression 

patterns in adult organisms was extremely sparse. Using the transcription indicator strain 

produced in our laboratory, we have now shown that in the adult heart this transcription 

factor is actively expressed in vascular smooth muscle, epicardium and a subset of valve 

stromal cells. Besides these populations, tbx18 was shown to be robustly expressed by 

scattered interstitial cells of multiple tissues. By immunohistochemistry techniques, we 

have demonstrated that these cells correspond to pericytes – a cellular population that 

plays an important role on the maintenance of microvasculature integrity and recently 

suggested to constitute a pool of tissue resident multipotent mesenchymal progenitors. 
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Consistently with a role in vascular homeostasis, we have observed that tbx18-

expressing pericytes display a significant number of cytoplasmic projections that establish 

synapses with neighboring endothelial cells. Importantly, these synapses are 

predominantly established on a location proximal to the nucleus of the endothelial cell, a 

finding suggestive that these projections, more than having a mere structural role, may 

constitute a privileged route for inter-cellular communication. We have shown that, within 

a specific tissue, pericytes are likely to share a similar origin (with the exception of a 

reduced number of neural crest derived pericytes observed in the heart) but across the 

multiple organs that compose the mammalian body, perivascular cells may have distinct 

origins (with mesodermal and ectodermal roots). To assess the mesenchymal potential of 

these cells, we have FACS purified them out of adipose tissue and demonstrated that 

they can be propagated for multiple generations and differentiated into the main 

mesenchymal-derived cellular phenotypes. Purification of MSCs from adult tissues can 

be a challenging task due to the lack of MSC-specific membrane antigens. Some cell 

surface markers are preferentially expressed by these cells and the usage of a cocktail 

composed by multiple antibodies specifically recognizing a few of these molecules allows 

for purification of MSC-enriched cell populations. However, different groups tend to use 

distinct antibody mixes and such fact originates considerable difficulties on the 

comparison of results produced by independent teams. The membrane antigen 

immunoprofiling we performed allows us to propose a combination of the tbx18:GFP 

allele and an anti-CD146 antibody as a simplified methodology for the isolation of 

pericytes/MSCs from multiple tissues. For the cell surface antigens screened, pericytes 

and adipocytes exhibited an extremely similar expression profile (both cell types are 

CD31-, CD34-, CD45-, CD29+, CD146+, NG2+), an observation that suggests the 

existence of a close relationship between these apparently totally unrelated cellular 

identities. Furthermore, we used the potentialities of the inducible cre/loxP system for 

genetic labeling and lineage tracing to unquestionably demonstrate that, within fat 

deposits, pericytes do constitute a pool of adipogenic progenitors. Histological analysis of 

peri-ureteric WAT revealed that pericytes can give rise to both white and beige 

adipocytes. Whether these beige cells develop directly from the pericyte progenitor or 

arise from a more complex process involving an intermediate white adipocyte phenotype 

cannot be deduced from the experiments performed so far, but we anticipate that the 

analysis of earlier experimental timepoints might provide an effective answer for this 

metabolism-relevant question. Employing a constitutively active tbx18:cre line, we have 

estimated that about 60% of the total number of adipocytes in peri-ureteric fat deposits 

are tbx18-derived. According to recent studies, populations of cells that never exhibit a 

history of expression from the tbx18 locus (such as endothelial cells and bone marrow 
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derived myeloid precursors) can also give rise to adipocytes (Majka et al., 2010; Tang et 

al., 2008; Tran et al., 2012), a fact that lead us to speculate that the remaining 40% of 

WAT adipocytes might be derived from these lineages. At the moment, our laboratory is 

performing further lineage tracing experiments (using endothelial and hematopoietic 

specific cre lines) to test this hypothesis. 

On an exciting observation, we have concluded that adipose tissue pericytes are primed 

to commit to an adipocytic fate, as these cells present nuclear localized PPARγ protein. 

This transcription factor is the main switch on the adipogenic differentiation cascade and 

it could never be detected on pericytes located in tissues other than fat. This finding 

suggests that local microenvironmental clues selectively produced in fat deposits promote 

a pericytic pre-disposition for adipogenesis. Besides the more obvious energy storing 

activity, adipose tissue has a widely recognized function as an endocrine tissue that 

secretes multiple bioactive molecules – adipokines (Ouchi et al., 2011). At the moment 

this thesis was written, efforts were being conducted to identify the nature of the signal 

that triggers expression from the pparg locus in perivascular cells of fat deposits. 

Taking in consideration the strong tbx18 expression registered in embryonic and adult 

mesenchymal cell populations, we decided to study whether this gene would be 

expressed within solid tumors - pathological settings characterized by the accumulation of 

stromal cells exhibiting reduced level of specialization/differentiation. By selectively 

disrupting the vhl gene on mesothelial lineages, we produced a tumorigenesis model in 

which mutant animals displayed an evident enlargement of multiple organs. Analysis of 

cardiac mutant tissue revealed that foci of strong tumoral invasion are mainly composed 

of tbx18-positive stromal cells and inflammatory CD45-positive cells. On an attempt to 

understand if the Tbx18 protein plays any role on the progression of this pathological 

setting, we are currently characterizing wt1:Cre+; vhlflox/flox; tbx18null/flox double KO animals.  
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Figure 12 - tbx18 expression in the adult heart 

Analysis of cardiac tissue sections from 2 month-old tbx18GFP/WT animals allowed for the 
identification of four major tbx18-expressing populations. GFP signal was detected in 
epicardial cells – a), scattered interstitial cells – b), smooth muscle of the coronary arteries – 
c) and a subset of valve stromal cells – arrows in d). Bar = 25 µm. 
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Figure 13 - tbx18 expression by scattered stromal cells in multiple adult tissues 

Stromal tbx18-expressing cells can be found in the adult (2 month-old) heart – a), fat 
deposits – b) and brain - c) and d). These cells never exhibit markers characteristic of 
differentiated entities and are clearly demarked from adjacent cells by an independent basal 
lamina (as denoted by laminin staining). In the specific case of the brain vasculature these 
cells share a common basal lamina with neighboring endothelial cells – d). Bar = 20 µm. 
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Figure 14 - Interstitial tbx18-expressing cells do not belong to the myeloid lineages 

Staining of adult tissue sections with an anti-CD45 monoclonal antibody revealed that tbx18-
expressing stromal cells do not integrate the myeloid lineage, as denoted by total absence of 
co-localization between both markers. Sections from brain, adipose and cardiac tissues were 
obtained from 2 month-old animals, whereas bone marrow sections were collected from 1 
week-old animals. Abbreviations: B.M. – bone marrow. Bar = 20 µm. 
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Figure 15 - Interstitial tbx18-expressing cells are pericytes 

Staining of tissue sections with an anti-CD31/Pecam monoclonal antibody revealed that 
tbx18-expressing stromal cells do not correspond to endothelial cells, but always localize in 
the periphery of vasculature. Besides presenting a periendothelial location, tbx18-expressing 
cells display high levels of PDGFRβ expression, confirming their pericytic nature. Note how 
the multiple cytoplasmic projections of these cells tend to establish synapses close to the 
nuclei of endothelial cells. In bone marrow these contacts are also established with cells from 
hematopoietic lineages. Sections from adipose and cardiac tissue were obtained from 2 
month-old animals, whereas bone marrow sections were collected from 1 week-old animals. 
Bar = 20 µm. 
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Figure 16 - interstitial tbx18-expressing cells exhibit, in vitro, MSC potential 

tbx18-expressing pericytes isolated from adult fat deposits can be propagated for more than 
20 passages and display sustained expression of the mesenchymal marker Vimentin – a). 
Low levels of αSMA were also detected in undifferentiated cells – b). Throughout the multiple 
rounds of culture, cells displayed positive Tbx18 expression – c). When submitted to the 
appropriate stimuli, cultured tbx18-expressing pericytes could differentiate into bone – d), fat 
–e) and f), and smooth muscle – g) and h). 
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Figure 17 - interstitial tbx18-expressing cells are CD29/β1-integrin positive 

Staining of adult tissue sections with an anti-CD29/β1-integrin monoclonal antibody revealed 
that tbx18-expressing stromal cells are positive for this cell surface antigen. This antigen 
isn’t, however, selectively expressed by pericytes/MSCs as multiple differentiated lineages 
also exhibit robust expression levels. Sections from brain, adipose and cardiac tissues were 
obtained from 2 month-old animals, whereas bone marrow sections were collected from 1 
week-old animals. Abbreviations: B.M. – bone marrow. Bar = 20 µm. 
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Figure 18 - interstitial tbx18-expressing cells are CD146/MCAM positive 

Staining of adult tissue sections with an anti-CD146/MCAM monoclonal antibody revealed 
that tbx18-expressing stromal cells are strongly positive for this cell surface antigen. In most 
of the tissues this antigen is selectively expressed by pericytes and endothelial cells. This set 
of immunohistochemistry data reveals that the selection of tbx18:GFPhigh; CD146high double 
positive cells can be used for a simple and highly efficient purification of pericytes/MSCs by 
flow cytometry. Sections from brain, adipose and cardiac tissues were obtained from 2 
month-old animals, whereas bone marrow sections were collected from 1 week-old animals.  
Bar = 20 µm. 
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Figure 19 - NG2 expression by pericytes is tissue dependent 

Staining of adult (2-month-old) tissue sections with an anti-NG2 polyclonal antibody revealed 
that labeling of pericytes is tissue dependent: strong NG2 expression was detected in 
cardiac pericytes (arrow), but not in tbx18-expressing epicardial cells (epi) – a). Within 
adipose tissue the NG2 antibody labeled both pericytes and adipocytes – b) whilst absolutely 
no expression could be detected in brain perivascular cells – c). These 
immunohistochemistry data clearly expose all the limitations of using NG2 expression as 
criterion for pericyte/MSC isolation. Bar = 20 µm. 
 
 
 

DAPI       tbx18:GFP       NG2 

B
ra

in
  

  
  
T

rk
B

 

a) a’) 

b) b’) 

H
e
a

rt
  
  

  
L
a

m
in

in
 

F
a

t 
  

  
 L

a
m

in
in

 

c) c’) 

epi epi 



  74 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a) a’) 

b) b’) 

DAPI             tdTomato 

b’’) b’’’) 

a’’) 

2
 M

o
n
th

 O
ld

  
tb
x
1
8

C
re

/W
T
; 
ro
s
a
2
6

td
T

o
m

a
to

/W
T

 

F
a
t,
  
 P

e
ri
lip

in
  
L
a
m

in
in

 

a’’’) 

B
ra

in
, 
  
P

D
G

F
R
!

  
T

rk
B

 

Figure 20 - tbx18-derived lineages in brain and adipose tissue 

Brain and fat are two tissues where tbx18 expression is restricted to undifferentiated cells. To 
study whether in vivo these might correspond to multilineage progenitors, we interbred the 
tbx18:Cre line with the rosa26:tdTomato allele. Tissues from double heterozygous animals were 
processed for histology at 2 months of age.  In the cortex tdTomato labeling was confined to 
perivascular cells (as denoted by the perfect overlap between red fluorescence and the 
perivascular cell marker PDGFRβ), clearly demonstrating that tbx18-expressing pericytes don’t 
differentiate into any other cellular entities – a). A completely different scenario was registered in 
adipose tissue – even though adipocytes never exhibit active tbx18 expression (figures 13, 17 
and 18), a large percentage of these cells displayed tdTomato fluorescence, on a strong 
indication that these might be derived from the tbx18-expressing pericytes – b).  
Bar = 100 µm on a) and 25 µm on b). 
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Figure 21 - in vivo, tbx18-expressing pericytes behave as mesenchymal progenitors 

The tbx18:CreERT2 transgenic mouse line was used to specifically label adult pericytes (at 2 
months of age) and track their fate at latter developmental time points. Tamoxifen induction 
allowed for the labeling of more than 90% of adult pericytes – a). At time zero labeling was 
absolutely confined to pericytes – b) and d), whereas 5 weeks later labeling of adipocytes was 
evident, suggesting that these cells are the result of de novo adipogenesis from pericyte 
progenitors – c) and e). Panels d) and e) represent higher magnifications of the areas boxed in 
b) and c), respectively. Bar = 100 µm on a), b) and c); 25 µm on d) and e). 
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Figure 22 - adipose tissue pericytes are primed for entering an adipogenic program 

Staining of tissue sections from 2 month-old tbx18GFP/WT animals with polyclonal antibodies 
specifically recognizing the adipogenic transcription factors cEBPα and PPARγ demonstrated 
that, within adipose tissue, pericytes are primed for an adipogenic fate. cEBPα was strongly 
expressed by adipocytes, but couldn’t be detected in pericytes of fat – a), heart – b) or brain – c). 
PPARγ accumulated at high levels in the nuclei of adipocytes, but was also detectable, although 
at lower intensities, in the nuclei of adipose tissue pericytes – d). Remarkably, this finding couldn’t 
be recapitulated in heart or brain perivascular cells – b) and c). This pattern strongly suggests 
that the local microenvironment created within fat deposits contains factors that signal to 
perivascular cells and trigger baseline level expression from the pparg locus, predisposing these 
cells to an adipogenic program. To clearly demonstrate the absence of any detectable signal, 
laser intensities have been increased to maximal potencies for the acquisition of panels b) and c), 
explaining, this way, the elevated background staining observed in the red channel. Bar = 20 µm. 
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Figure 23 - embryonic origins of tbx18-expressing pericytes 

tbx18GFP/WT; rosa26tdTomato/tdTomato animals were interbred with lines driving Cre expression in 
populations with independent embryonic origins – mesp1:Cre labels all the anterior mesoderm, 
whereas wnt1:Cre is extremely efficient on labeling neural crest-derived cells and peripheral 
neurons. Interestingly this analysis revealed a clear heterogeneity of cerebral vascular elements 
with endothelial cells having an evident mesodermal origin, whilst pericytes are derived from 
neural crest lineages, having, thus, ectodermal origin – a) and d). The large majority of cells 
within the cardiac wall was proven to be mesoderm-derived – panel b), with some elements of the 
upper segment of the coronary vasculature being of neural crest origin (not shown). Interestingly, 
axonal projections were frequently observed in the periphery of tbx18-expressing pericytes (note 
the thin tdTomato-positive cytoplasmic projection in panel e)). No neural crest-derived pericytes 
could be detected withinfat deposits, but similarly to the heart, neuronal projections ending in the 
vicinity of tbx18-expressing perivascular cells were a common finding – f).  Peri-aortic adipose 
tissue is located outside of the main domains of mesp1:Cre labeling (cranio-facial and cardiac 
mesoderm). In this tissue the labeling of mesoderm-derived populations follows a patchy pattern 
with sections of labeled pericytes, adipocytes and endothelial cells alternating with areas 
characterized by the absence of any labeling – c). Bar = 20 µm. 
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Figure 24 - tbx18 expression in a model of tumorigenesis 

In order to generate a tumorigenesis model, the wt1:Cre BAC transgenic line was used to 
promote the excision of a floxed vhl allele in mesothelial populations. Mutants were born at 
the expected Mendelian ratios – a), but exhibited a pronounced lethality after the 24th week of 
life – b). Analysis of cardiac tissue of 3-month-old animals revealed foci of tumoral invasion 
within the myocardial wall. These areas of abnormal histology were characterized by a 
substantial increase in the number of tbx18:GFP nuclei – c). Besides Tbx18+PDGFRβ+ 
double positive cells, these areas contained a large number of CD45+ inflammatory cells – d) 
to g). Bar = 60 µm. 
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Figure 25 - tumorigenesis in vhl conditional knockouts 

Conditional ablation of vhl in mesothelial populations results in the formation of tumors in 
distinct organs. At 3 months of age macroscopic analysis of organs revealed the existence of 
anomalies in multiple organs – lungs – b) and liver – d) of mutant animals displayed tumoral 
invasion with formation of necrotic cores, whereas the spleen – c) and heart – a) were 
massively enlarged. No major manifestations were observed in mutant kidneys – e). 
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5 – Phenotypic manifestations resulting from vascular 
smooth muscle restricted inactivation of the tbx18 gene 

 

5.1 – Chapter Specific Introduction 
 

At each contraction the mammalian heart ejects high-pressured blood into the outflow 

arteries.  These systolic periods alternate with venal refilling periods – diastole – during 

which the arterial pressure gradually decreases. Despite this oscillating nature of the 

cardiac pumping activity the mammalian circulatory system ensures a permanent and 

pressure-constant blood flow to all organs and tissues.  This is achieved thanks to the 

pressure reservoir activity of large arteries, with the most significant contribution being 

provided by the aortic artery. This blood vessel exhibits a specialized anatomy allowing it 

to dilate after each stroke and slowly return to the original diameter, assuring a constant 

velocity of blood flow. In medical terminology this property is designated as windkessel 

effect and in order to perform such critical function the aortic wall exhibits a reinforced 

structure where the endothelial layer (tunica intima) is surrounded by a tunica media 

composed of concentric layers of smooth muscle (typically 4 to 5 in mice, more than 30 in 

humans) that are separated from each other and from the tunica intima by concentric 

rings of abundant elastic fibers – the elastic laminae. The tunica media is externally 

surrounded by a tunica adventitia mostly composed of tightly compacted collagen fibers 

that are secreted by cells of the tunica media and some adventitial fibroblasts. The aortic 

wall is, thus, a tissue with an extremely high content on extracellular matrix components 

and presents abundant fibers of two distinct types, both of each are absolutely required 

for normal organ physiology. Adventitial collagen fibers provide the vessel with the tensile 

strength required for preventing rupture on the dilation periods that take place 

immediately after blood ejection from the left ventricle, whilst elastic fibers ensure the 

mechanical elasticity required for slowly returning to the original diameter (Wagenseil and 

Mecham, 2009). 

Connective tissue disorders caused by mutations in structural components of elastic or 

collagen fibers or their secretory and assembly machinery often lead to highly lethal aortic 

aneurysmal diseases, the most classical examples of which being Marfan syndrome 

(elastic fiber deficiency caused by mutations in the gene encoding Fibrillin1, a key 

molecule on the initial steps of elastogenesis) or the vascular type Ehlers-Danhlos 
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syndrome caused by deficiencies in type 3 collagen deposition – two conditions that have 

been recapitulated on transgenic mouse models (Dietz et al., 1991; Liu et al., 1997; 

Pereira et al., 1999; Superti-Furga et al., 1988).  

For several years it was general belief that aneurismal diseases were an exclusive 

consequence of structural abnormalities of the vascular wall and couldn’t, thus, be 

efficiently attacked by means of any pharmacological intervention. This idea has, 

however, been challenged multiple times over the last decade. Germline inactivation of 

the murine gene coding for Fibulin5 (another key component of elastic fibers) produced 

animals with severely impaired elastogenesis (revealed by pronounced arterial tortuosity 

and altered elastic properties of the aortic wall) but no aneurismal manifestations, on a 

strong indication that aneurismal progression can’t be simply explained by elastic laminae 

defects (Nakamura et al., 2002; Yanagisawa et al., 2002). Shortly after these findings, 

cornerstone publications from Professor Harry Dietz’s laboratory clearly demonstrated 

that disregulation of TGFβ signaling plays a critical role in the progression of Marfan 

syndrome and that mutations in the human type I or II TGFβ receptors are on the origin of 

marfanoid syndromes in human patients (Loeys et al., 2006; Neptune et al., 2003). The 

perception that the deepest roots for aneurismal diseases actually reside on altered 

signaling mechanisms opened new perspectives for the development of non-surgical 

therapeutic approaches and this premise was on the basis of the work leading to the 

discovery of Losartan as blocker of aneurysm progression (Habashi et al., 2011; Habashi 

et al., 2006; Holm et al., 2011; Lindsay and Dietz, 2011). TGFβ signaling produces a 

series of intracellular cascades that ultimately result in phosphorilation and nuclear 

translocation of the transcription factor SMAD2. Understanding what mechanisms control 

vascular TGFβ levels and discovering what other regulators partner up with 

phosphorilated SMADs in the control of transcription from target genes assumes critical 

importance for achieving an even better understanding of aneurysmal pathological 

processes and development of patient adapted therapies (genomic medicine).  

 

5.2 – Active tbx18 expression in distinct smooth muscle populations 
 

Our screen for domains of tbx18 expression in the adult animal allowed us to identify 

cardiac smooth muscle as one of the populations with the highest GFP fluorescence 

levels. During embryonic development, coronary smooth muscle cells arise from the 

epicardium – a pool of progenitors that characteristically express elevated levels of tbx18. 

In order to understand whether the coronary smooth muscle expression of tbx18 results 

from a generalized requirement for this transcription factor in smooth muscle tissues or 
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rather reflects a particularity resulting from its embryonic origins, we decided to evaluate 

this gene’s expression pattern in other smooth muscle populations. Tissues analyzed 

comprised vascular (aortic artery and brain) and non-vascular (ureter and gastrointestinal 

tract) associated smooth muscle lineages. As seen on figure 26, significant expression 

was detected in virtually 100% of the vascular associated smooth muscle. Extensive 

labeling was observed through out the whole aortic length (panel b)), brain smooth 

muscle (panel c)) and other arterial systems (skeletal muscle, skin, data not shown).  

Within the non-vascular lineages, strong expression was detected in ureteric smooth 

muscle (panel d)), but absolutely no signal was emitted from gastrointestinal tract 

associated smooth muscle (panel e)). These observations are in agreement with previous 

publications reporting that, despite the tremendous similarities at the ultrastructural and 

biochemical levels, the transcriptional regulatory programs driving vascular and ureteric 

expression of smooth muscle specific genes is completely distinct from the one driving 

the expression of the exact same genes in visceral smooth muscle populations (Li et al., 

1996b). This tightly controlled expression pattern was also observed in aged (2 year-old) 

animals (data not shown), on what constitutes a strong indication that the Tbx18 protein 

may play a critical role in vascular smooth muscle through the animal’s lifetime. 

 

5.3 – Generation of a floxed tbx18 allele 
 

As discussed on this thesis’ introduction, one of the main restrictions imposed by global 

gene inactivation studies consists on the limited time frame at which the investigator can 

assess eventual phenotypic manifestations. Germline inactivation of the tbx18 gene, 

when in homozygosity, produces a neo-natal lethal phenotype in which the mutant 

animals die within the first few hours of birth due to respiratory complications. An ureteric 

smooth muscle phenotype has been reported for these animals, but not evidence for 

vascular malformations can be found on the literature. In order to be able to study tissue 

specific requirements and this way attempt to bypass the neo-natal lethal phenotype, we 

generated a transgenic allele in which exon 2 of the tbx18 gene is flanked by loxP sites 

(panel a) of figure 27). This second exon contains 205 base pairs and harbors codons 

responsible for the synthesis of the first 19 aminoacids of the Tbox element. Excision of 

this segment disrupts a critical domain for DNA binding and introduces a frameshift 

mutation, resulting in a totally null allele. To experimentally validate this theoretic 

assumption, we generated a floxed-out allele by crossing this transgenic strain with the 

meox2:Cre line (which drives recombinase expression in all epiblastic cells). Pups 

homozygous for the floxed-out allele die shortly after birth and fully recapitulate all the 
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features of global tbx18 inactivation (data not shown). This fact, in conjugation with the 

normal life expectancy and absence of any detectable phenotypes on the animals 

homozygous for the floxed tbx18 allele, fully legitimates this line as a perfect tool for the 

generation of tissue restricted tbx18 knockouts. 

 

5.4 – Choosing the appropriate cre expression driving strain 
 

As it can be inferred from the binomial nature of the Cre-loxP system, the design and 

generation of an efficient floxed allele constitutes only one the two premises required for 

the establishment of a properly projected study. The second premise is associated with 

the choice of the appropriate cre expression driving line. Under ideal circumstances, 

recombinase expression should be restricted to the tissue or cell lineage of interest and 

take place at a timing consistent with the questions the study proposes to address. On an 

attempt to obtain cre expression restricted to specific cell populations different 

laboratories have generated hundreds of transgenic mouse lines, many of which can 

readily be obtained from public repositories (Smedley et al., 2011). However, the 

assumption that cre expression will fully recapitulate the expression of the gene which 

promotor has been used to drive recombinase expression is a dangerous pitfall that can 

ultimately lead to the absolute failure of a research project. Promotor activity can be 

altered by landing effects (on transgenic cre lines) or by the disruption of critical 

evolutionary conserved regulatory elements (on gene targeted cre lines) and these 

phenomena may result in repression or ectopic cre expression.  Conductance of a 

conditional gene ablation study implies the sacrifice of a high number of animal lives and 

is an extremely demanding task (both time and financial-wise) that may produce obsolete 

results if the cre-expressing mouse line used doesn’t exhibit an expression pattern 

coherent with the study’s most relevant questions. Empirical validation of the 

spatiotemporal cre expression pattern prior to the beginning of any other experimental 

procedure is, thus, a critical a step. 

myh11:Cre (recombinase expression under the control of the smMHC promotor) and 

tagln:Cre (recombinase expression under the control of the SM22α promotor) are, 

eventually, the most obvious options for gene inactivation in smooth muscle lineages 

(Holtwick et al., 2002; Regan et al., 2000). Our aim was, however, to selectively hit the 

vascular-associated fraction of smooth muscle without disturbing the non-vascular 

lineages – a scenario impossible to achieve by the means of any of these strains. Smooth 

muscle cells are the pericyte counterpart in larger vessels. These two cell types are 

extremely similar (being frequently clustered together on a single category – vascular 



  84 

support cells or mural cells) and, like pericytes, vascular smooth muscle populations 

express high levels of PDGFRβ. Non-vascular smooth muscle tissues don’t actively 

express this marker and a pdgfrb:cre with reported vascular specific activity has been 

produced by Professor Ralf Adams’ group (Foo et al., 2006). We obtained this mouse 

strain and interbred it with our tbx18:GFP transcription indicator and the rosa26:tdTomato 

reporter. Tissues from triple heterozygous animals were processed for histology to 

assess if this cre-driving line would be an efficient tool on the promotion of the desired 

tissue-specific knockout. As showed on panel b) of figure 27, pdgfrb:cre promoted 

efficient recombination on all the elements of vascular walls (endothelial and vascular 

support cells) without hitting epicardium - c) or ureteric smooth muscle – d). This confined 

expression pattern would allow us to ablate the tbx18 gene in the large majority of mural 

cells while circumventing the ureteric phenotype observed in global mutants. For this 

reason, this was our line of choice. 

 

5.5 – pdgfrb:Cre inactivation of tbx18 produces an adult lethal phenotype   
 

Generation of conditional tbx18 mutants was always performed according to a constant 

breeding strategy: a pdgfrbcre+; tbx18GFP/WT mouse was interbred with a tbx18Flox/Flox; 

rosa26LacZ/LacZ animal. The inclusion of the tbx18:GFP null allele allowed for the detection 

of tbx18-expressing cells and produced better ablation efficiencies (tbx18:GFP is a null 

tbx18 allele), whilst the inclusion of the rosa26:LacZ indicator allele allowed for 

retrospective cre recombinase activity monitoring in all histological procedures. 

Considering the Mendelian laws for the segregation of independent loci, the progeny of 

such cross should contain approximately 25% of mutant animals. If any significant 

fluctuations to this ratio are observed, they should be interpreted as evidence of lethal 

phenotypes. However, in this specific case it is important to consider that the germline 

ablation of the tbx18 gene doesn’t produce an embryonic lethal phenotype, so no 

embryonic lethality should be registered in any conditional knockout (independently of the 

cre line used). Coherently with this assumption, at birth, 25.53% of the 376 animals 

generated corresponded to tbx18 conditional knockouts (hereby designated as 

tbx18_cKO; panel e) of figure 27). Almost the totality (98.65%) of wild-type animals 

survived until weaning age but only 84.21% of the mutants reached the third week of age. 

Weaned mutants consistently displayed reduced body weights and skeletal abnormalities 

(resulting from previously unreported pdgfrb:cre expression in osteoblasts) and had a 

significantly reduced life span. Only 20% of the tbx18_cKOs survived past the 6th month 

of life with the longest living mutants dying at 11 months of age (figure 27 panel g)). 
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5.6 – Cardiovascular abnormalities in conditional tbx18 mutants 
 

Whenever possible, in order to try to get some insight on what the cause of the observed 

lethality might be, necropsies were performed on the cadavers of deceased mutants. A 

recurrent finding was the accumulation of blood within the thoracic cavity, a fact that in 

combination with the aforementioned robust tbx18 expression by mural cells lead us to 

suspect of eventual abnormalities in the structure of great vessels. For this reason, we 

focused most of the subsequent experiments on the characterization of eventual 

malformations in mutant aortae. On an interesting finding, aortic tortuosity – a typical 

manifestation of improper elastogenesis – was observed in all the mutants dissected and 

confirmed in living mice (at 2 months of age) by means of aortic angiography (figure 28). 

Analysis of mutant and control tissues at 5 months of age by routine histological 

techniques (Masson’s trichrome staining) revealed striking malformations in the 

tbx18_cKO hearts. The more evident alteration consisted on a significant enlargement of 

the aortic root, a phenotype accompanied by strong production and deposition of 

extracellular matrix (arrow on figure 29 f); note the intense blue coloration indicating 

accumulation of collagen fibers). An opposite observation was made when the wall of the 

ascending aorta was analyzed – the control animals displayed a nicely organized and 

compact adventitial layer of collagen whilst the mutants displayed reduced collagen 

staining and poorly organized fibers. X-gal staining was performed on adjacent sections, 

revealing the pattern of activation of the rosa26:LacZ reporter allele and, thus, allowing 

for retrospective analysis of cre expression domains. Interestingly, the majority of the 

ascending aortic wall was hit by the pdgfrb:cre, but the heavily dilated aortic root was 

shown not to be labeled, on a clear suggestion that dilation arises as a secondary effect. 

Immunostaining followed by confocal microscopy imaging showed that the enlarged 

aortic root is characterized by strong ectopic tbx18 expression whilst the knockout 

ascending aorta is rich in foci of strong architectural disarray with broken elastic fibers 

and cells from the concentric smooth muscle rings extravasating to adjacent layers (figure 

30). 

 

5.7 – Molecular basis of vascular malformations 
 

In order to obtain insight into the molecular mechanisms associated with the structural 

abnormalities registered in mutant aortic tissue, we proceeded to RNA isolation from the 
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descending segment of the thoracic aorta of control and mutant animals, followed by 

microarray gene expression profiling. Results obtained suggested perturbations in 

multiple aspects of the biology of vascular smooth muscle cells, with the most important 

alterations corresponding to the down-regulation of transcripts coding for smooth muscle 

specific proteins (αSMA, smMHC and Calponin1) and elements of the TGFβ signaling 

family. These findings were confirmed in independent samples by real-time PCR (figure 

31) 

 

5.8 – A role for inflammation in disease progression 
 

Another important hint provided by the microarray analysis consisted on the upregulation 

of markers characteristic of inflammatory cells. Molecules such as the macrophage 

integrin Mac1 (5.15 fold increase) and the scavenger receptor CD36 (involved in innate 

immunity and phagocytic processes; 2.95 fold increase) displayed significantly elevated 

expression levels in tbx18_cKOs, suggesting an eventual infiltration of innate immunity 

cells in the mutant aortic tissue. In order to assess the veracity of this finding, we 

performed immunostaining of control and mutant tissue with an anti-Mac1 antibody at 

distinct post-natal developmental time points. Counterstaining of subendothelial 

connective tissue was achieved by employing an anti-vWF antibody. When compared 

with control littermates, aortas from seven-day-old mutants displayed the first signs of 

smooth muscle disarray with misoriented nuclei, but no infiltration of inflammatory cells 

could be detected (panels a) and b) of figure 32). A completely distinct scenario was 

observed in older animals. At 5 months of age, mutant aortas displayed massive 

colonization of the subendothelial space by Mac1+ macrophages (panels c) to e) of figure 

32). The degree of infiltration was so extensive that examples of smooth muscle cells 

completely engulfed by macrophages could be found (panel e) of figure 32). Such 

observation means that these inflammatory cells had the capacity to degrade and 

progress through the layer of elastic fibers that separates the tunica intima from the 

tunica media, on a process that is evidently deteriorative for tissue integrity and can 

contribute to the aggravation of the primary structural abnormalities observed in mutant 

aortas. At the specific stage analyzed, no elevation on the expression levels of the most 

important inflammatory cytokines (MCP1, IL1 and IL6) was registered. Analysis of the 

relative expression of the same genes at different time points is required for full validation 

of this observation. In case this finding is confirmed, the most likely cause for this strong 

inflammatory response is the exposure of abnormal extra-cellular matrix antigens. 
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5.9 – Chapter Specific Discussion 
 

Aortic aneurismal syndromes are common clinical manifestations and account for 1 to 2% 

of all deaths in industrialized countries. Thanks to this medical significance, heritable 

aneurismal pathologies have been the subject of intensive biomedical research. The 

conjugated efforts of multiple clinical teams and basic research groups allowed for the 

identification of disease-causing mutations in more than 20 human genes (Lindsay and 

Dietz, 2011). Amongst this list, one can find examples of elements of the smooth muscle 

contractile apparatus, critical proteins for the assembly of extracellular matrix fibers and 

components of mainstream signaling pathways (mainly TGFβ-related). Mutations in these 

genes result in complex syndromes, each one of which presenting specific secondary 

manifestations, but all linked together by the more or less penetrant presence of aortic 

aneurysms. Even though a considerable number of critical genes have been identified, 

mutations in these genetic units explain only 20% of all reported cases of heritable aortic 

diseases. In light of these statistics, it becomes obvious that a large number of causal or 

modulator genes remains to be identified and the discovery of such molecules is critical 

for a better understanding of disease progression and for the establishment of patient-

tailored therapeutical approaches. 

Among the multiple aortic aneurismal syndromes known, Marfan syndrome (caused by 

mutations in the fbn1 gene) or the marfanoid Loeys–Dietz syndrome (caused by 

mutations in the tgfbr1 and tgfbr2 genes) are the ones that have been more extensively 

studied at a molecular cell biology level. The fine characterization of distinct disease 

stages in human patients in conjugation with studies performed in animal models of these 

diseases allowed for the establishment of a general model for the progression of 

aneurysmal pathologies. It is now widely recognized that at a cell membrane/extracellular 

matrix interface TGFβ molecules play a critical role on the development and maintenance 

of a mature vascular smooth muscle phenotype and perturbations on TGFβ levels, 

independently of their nature (up or down regulation) result in loss of typical features of a 

mature smooth muscle state (Choudhary et al., 2009; Langlois et al., 2010; Loeys et al., 

2006). Fibrilin1 plays a critical role in the elastogenic process and is a critical component 

of the filaments that establish the bridging of vascular smooth muscle cells to the ECM 

fibers. Furthermore, Fibrilin1 molecules bind to latent-TGFβ and prevent its conversion 

into a bioactive molecule, regulating, this way, vascular TGFβ activational levels 

(Neptune et al., 2003). Marfan syndrome patients have genetically encoded Fibrilin1 

deficiencies and begin life with reduced anchoring of smooth muscle cells to the elastic 

laminae. Consequently to this same deficit, Marfan syndrome patients exhibit elevated 
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baseline TGFβ activity. Aging reflects into a progressive loss of residual Fibrillin1 

anchoring fibers, a process that leads to altered TGFβ signaling and loss of surrounding 

perception by vSMCs. The combinatorial effect of these phenomena results in the 

conversion from a contractile phenotype to a synthetic state – a more immature 

phenotype (typical of embryonic development) characterized by the simultaneous 

production of extracellular proteases and ECM components (two requirements for major 

remodeling processes), high motility and proliferation rates. This conversion on the 

cellular programming ultimately translates on the cleavage of the already fragile elastic 

fibers and exposure of fragments resultant from elastolitic reactions. Such peptidic 

products have been shown to function as potent chemotactic stimuli for macrophages 

and the invasion of the tunica media by these phagocytic cells may trigger the last stages 

of disease progression and consequent collapse of the vessel wall (Bunton et al., 2001; 

Guo et al., 2006).  

Using our GFP knock-in transcription indicator line, we showed that strong levels of 

expression from the tbx18 locus are detected in multiple populations of vascular smooth 

muscle, while being completely absent from gastro-intestinal smooth muscle. This 

precisely defined expression pattern prompted us to generate a model for tissue specific 

ablation of this gene in vascular support cells, a purpose achieved by the usage of the 

pdgfrb:cre and tbx18:floxed mouse lines. Conditional tbx18 mutants displayed a post-

natal lethal phenotype characterized by aortic tortuosity and the necropsy of deceased 

animals revealed blood accumulation in the thoracic cavity (indicating eventual rupture of 

a major vessel as a likely cause for death). Taking in consideration these findings, we 

proceeded to histological analysis of control and mutant aortic tissue. No major 

alterations were identified in young animals (one to eight-week-old), but severe structural 

abnormalities were observed in aged mutants (20 or more week-old). These 

manifestations included dilation of the aortic root, foci of strong architectural 

disorganization (broken elastic fibers and poorly compacted layers of smooth muscle) in 

the ascending aortic wall and infiltration by macrophages, on what constitutes a full 

recapitulation of the model described in previous paragraphs. Gene expression analysis 

revealed down-regulation in markers of mature smooth muscle (smMHC, Calponin1) as 

well as perturbations in the expression levels of molecules of the TGFβ family. At the 

moment this thesis was written, chromatin immunoprecipitation (ChIP) studies were being 

conducted in order to assess if any of these molecules is a direct target of the Tbx18 

protein. 

The mammalian aortic artery has a complex ontogeny, being derived, during embryonic 

development, from three distinct progenitor pools. The second heart field contributes cells 

to the aortic root (region of anchoring to the left ventricle) and a small part of the wall of 
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the ascending aorta. Tissue composing most part of the ascending segment as well as 

the aortic arch is neural crest derived, while the vast majority of the descending aorta is 

derived from somatic mesoderm (Lindsay and Dietz, 2011). For unrecognized reasons, 

the two regions of contact between distinct populations (second heart field/neural crest 

and neural crest/somitic mesoderm interfaces) are less stable than the remaining aortic 

segments and constitute the preferential location for severe aneurysm formation (Lindsay 

and Dietz, 2011). The sharp boundary of expression exhibited by the pdgfrb:cre line is 

likely to reflect the border between second heart field and neural crest derived segments 

and due to the tremendous asymmetry verified on the phenotypes reported, the 

conditional knockout line here presented may prove to be a useful tool for the study of 

signaling mechanisms occurring across these two populations. Within this logic, the 

strong ectopic tbx18 expression registered on the non-mutant segment of the aorta 

(aortic root) might be a secondary consequence of the perturbed genetic programming of 

the neighboring mutant cells and consequent altered secretome. Further experiments are 

still needed for full validation of these observations/hypothesis, but the findings here 

reported strongly suggest an important role for the Tbx18 protein in the development and 

homeostasis of the aortic wall. Preliminary data suggests that this protein may exert its 

effects by contributing to the mechanism responsible for tightly controlling the expression 

levels of members of the TGFβ family.  
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Figure 26 - tbx18 expression in vascular and non-vascular smooth muscle 

Staining of tissue sections from 2 month-old tbx18GFP/WT animals, showing expression in 
vascular-associated smooth muscle populations: heart – a), aortic artery – b) and brain –c). 
In non-vascular tissues, active tbx18 expression was detected in the ureteric smooth muscle 
– d), but was completely absent from intestinal smooth muscle – e). Bar corresponds to 
60µm on a) and b); 25 on c) and 150µm on d) and e). 
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Figure 27 - mural cell restricted ablation of tbx18 – strategy and results 

A floxed tbx18 allele was generated by inserting loxP sites on both ends of exon 2 – a). Due 
to its specific expression pattern - induces gene ablation in vascular smooth muscle without 
hitting epicardial cells or ureteric smooth muscle - the pdgfrb:Cre line was used to promote 
tbx18 deletion in a tissue specific manner – b) to d). Animal genotyping with the primers P1 
and P2 denoted on panel a) allowed for a clear distinction between the Wild-type (W) and 
floxed (f) alleles – f). At birth, mutants were recovered at the expected Mendelian ratios – e), 
but a strong adult lethal phenotype resulted in death of all conditional knockouts before 
reaching 1 year of age – g). 
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a) b) c) 

Figure 28 - mural cell ablation of tbx18 results in severe aortic tortuosity 

Aortic angiography was performed in 2-month-old animals, with tbx18:cKOs revealing severe 
aortic tortuosity – b) and c). Compare the waved profile of mutant aortae with the straight pattern 
exhibited by the vessel of control littermates – a).  
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Figure 29 - histological manifestations arising from mural cell ablation of tbx18 

Staining of tissue sections by routine histological techniques allowed for the characterization of a 
considerable number of aortic anomalies in tbx18:cKOs. Whole heart imaging revealed an 
evident dilation of the aortic root in mutant hearts – panels a) and e). This very localized dilation 
was accompanied by a massive deposition of collagen fibers (stained blue in Masson’s trichrome, 
images b) and f)). Insets of the ascending aortic segments boxed in b) and f) can be observed in 
panels c) and g), respectively. Control ascending aortae exhibited the typical structural 
organization, with compacted layers of smooth muscle surrounded by a well defined layer of 
collagenous matrix – c). In mutant animals this collagen layer was severely disrupted and the 
smooth muscle of the tunica media was less compact with reduced individualization of concentric 
rings –g). X-Gal staining allowed for retrospective Cre expression analysis, yielding an important 
finding: whereas the smooth muscle of the ascending aorta presents extensive labeling (dark blue 
staining), the strongly dilated root isn’t hit by the Cre (arrow in figures f) and h)), constituting, thus, 
a region of wild-type tissue. This observation strongly indicates that the dilatory process happens 
as a secondary consequence to structural defects in the downstream aortic segments. All images 
correspond to tissues harvested from 5 month-old animals. 
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Figure 30 - architectural defects in the aortae of tbx18:cKO animals 

Control – a) and b) – and tbx18:cKO – c) and d)  - tissue sections were stained with and anti-
αSMA antibody and imaged on a confocal microscope demonstrating, in higher detail, the 
structural deficiencies found in mutant tissue. Lower magnification imaging of the aortic root 
revealed that the dilated area exhibits a high level of ectopic activation of tbx18 expression – a) 
and c). This area corresponds to the border between Cre+ and Cre- tissue and a significant 
percentage of the cells displaying ectopic activation from the tbx18 locus correspond to non-
mutant tissue (figure 29). No mosaicism situations occur in the ascending aorta, which is 
exclusively composed of lineage traced cells. In this segment, mutant aortae displayed foci of 
severe tissue disorganization with broken elastic laminae and poorly defined concentric rings of 
smooth muscle – b) and d). All images correspond to tissues harvested from 5 month-old 
animals. Bar corresponds to 400 µm in a) and c) and 50µm in b) and d). 
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Figure 31 - gene expression changes in the aortae of tbx18:cKO animals 

Real-time PCR data obtained from RNA extracted from the aortae of 2-month-old 
animals. When compared with control littermates, tbx18:cKO aortae displayed 
decreased levels of expression of the TGFβ ligands 2 and 3 and the TGFβ 
receptor 1. A significant decrease was also detected on the expression levels of 
critical smooth muscle specific genes.  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Figure 32 - late-onset inflammation contributes to the deterioration of the aortic wall 
structure in tbx18:cKO animals 

One week after birth presence of inflammatory cells couldn’t be detected in control or mutant 
aortae – a) and b). At five months of age, wild-type aortae displayed a compact layer of 
subendothelial connective tissue (vWF staining) – c), whereas mutant aortae exhibited 
dramatic infiltration of the subendothelial space by Mac1+ macrophages – d) and e). These 
immune cells degraded the subendothelial connective tissue and sometimes were found to 
engulf clusters of smooth muscle cells – e). Bar = 20 µm. 
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6 – Conclusion 
 

The mammalian body is a fascinating and incredibly complex network of tissues 

composed of a vast array of distinct cellular identities, each one of which exhibiting 

distinct structural and biochemical adaptations perfectly programmed to suit their 

specialized function. These cellular systems have been perfected over millions of years of 

evolutionary processes and, within every organ, besides the more abundant populations 

of terminally differentiated cells, it is possible to find, in precisely defined niches, pools of 

relatively undifferentiated progenitor cells. In his 1920 book entitled Life, A Study of the 

Means of Restoring Vital Energy and Prolonging Life, the Russian-born French transplant 

and cell aging pioneer Serge Voronoff established an interesting comparison between the 

hierarchic articulation of individuals within human societies and the mutually dependent 

functional relationships created between distinct cellular identities of a living organism. 

On this quite interesting analogy, Voronoff coined what would eventually constitute the 

first written recognition of the existence of adult progenitor cells: “Yet by the side of all 

these more or less perfected, specialized cells, by the side of all these laborious citizens, 

each of whom is exercising some particular trade, we find primitive beings, incapable of 

performing any function calling for a professional education. These cells, but slightly 

differentiated, are an approach to the primitive type, the ancestor whose life was reduced 

to capturing food and reproducing himself. (…) These conjunctive cells are the proletariat, 

a robust race, reproducing with great facility” (Voronoff, 1920). Voronoff’s words are 

almost a century old, but during the last two decades, in great part due to innovative 

technical breakthroughs, multiple research groups have recurrently revived some of the 

concepts explored in his book. In fact, under a biomedical investigation perspective, 

tissue-resident progenitor cells endowed with regenerative and rejuvenating potential 

constitute an extremely attractive research theme. On recent years, the fast growing field 

of adult stem cell research has generated detailed information regarding the specific 

location of progenitor cells as well as the mechanisms by which they contribute to the 

replenishing of aged or damaged cells in tissues as diverse as the heart, intestine, skin, 

skeletal muscle and brain. Not too surprisingly, a recurrent finding from a considerable 

number of these studies is the fact that adult stem cells exhibit genetic programs that 

closely resemble those of committed yet undifferentiated embryonic progenitors. 

Using mouse transgenic tools specifically developed for the study of the biological roles 

of a transcription factor of the Tbox family – Tbx18 – we were able to detect an embryonic 
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expression pattern almost entirely restricted to mesenchymal progenitors and their 

derivative lineages. By promoting germline ablation of the gene coding this protein, we 

were able to identify previously undescribed phenotypic manifestations arising from the 

lack of Tbx18 transcriptional regulatory activity. Our findings, together with previously 

reported phenotypes, make very clear the fact that defects caused by global ablation of 

tbx18 aren’t confined to a particular mesenchymal lineage. The broad distribution of 

phenotypical manifestations (anomalies can be found within the osteoblastic, 

chondroblastic, adipocytic, smooth muscle and dermal compartments) suggests that 

Tbx18 may play a role in the early mesenchymal progenitor. Having this hypothesis in 

mind, we decided to search for eventual domains of active tbx18 expression within the 

adult mouse body. Active gene expression was detected in cells making the membranes 

that externally protect multiple organs (examples of which are the epicardium, the pleura 

and the pia mater), differentiated smooth muscle and scattered interstitial cells that we 

identified as being pericytes. Multiple in vitro and some in vivo studies carried under non-

physiological circumstances have placed pericytes as adult mesenchymal stem cells 

(MSCs), i.e. adult progenitors with potential to convert into bone, cartilage, smooth 

muscle and fat. Employing well defined cell isolation and culture techniques we 

demonstrated that, in vitro, tbx18-expressing pericytes are endowed with MSC potential. 

For the specific case of adipose tissue we could clearly demonstrate that in vivo, under 

physiological conditions, tbx18-expressing pericytes function as a source of new 

adipocytes and are pre-determined to enter the adipogenic differentiation cascade (a 

property that is exclusively observed in fat depots). Finally, by using the cre/loxP system 

for tissue restricted gene ablation, we demonstrated that active tbx18 expression by 

mural cells is required for the structural homeostasis of the aortic artery. In the absence 

of this transcription factor, mice are born with fragile vessels, a condition that deteriorates 

with aging (at least in part due to inflammatory responses) resulting in lethality by 

eventual vessel rupture. 

The findings here presented provide new insights into the biology of mesenchymal 

populations and mechanisms regulating their specific dynamics. On the other hand, this 

same dataset raises a considerable number of new questions. On future years, together 

with the research partners who joined us on these challenging and exciting projects, our 

group will keep conducting efforts to explore these so far unaddressed aspects and, this 

way, achieve a clearer picture of the mechanisms by which Tbx18 controls such diverse 

developmental and homeostatic processes.  
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