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Summary 

 
 
 Plasmalogens are a special class of phospholipids characterized by a vinyl-

ether linkage at the sn-1 position of the glycerol backbone. These special ether-

phospholipids make up for 20% of the total phospholipid content, and are the 

main ether-phospholipid synthesized by mammals. Plasmalogens were found to 

be highly enriched in the nervous tissue, kidneys, lung, testis, and skeletal 

muscle making up for more than 50% of the ethanolamine phospholipid content 

of specialized membranes such as myelin, lipid rafts, and synaptic vesicles. 

Equally interesting, was the observation that plasmalogens levels change 

temporally, with an increase during development, a steady-state plateau during 

adulthood, and a decrease with aging. 

 As evidenced by their spatial and temporal distribution, the importance of 

plasmelogens during development can be highlighted by the severe clinical 

presentation of rhizomelic chondrodysplasia puntacta (RCDP), a severe disorder 

caused by impairment in the biosynthesis of plasmalogens. Clinically, RCDP 

patients display bone abnormalities, contractures, congenital cataracts, 

hypotonia, and profound growth and mental retardation. However, despite the 

profound understanding of the genetic and biochemical consequences of the 

disorder, we are limited in our understanding of the physiological consequences 

of a plasmalogen deficiency, and the impact these have on the clinical 

progression of the disorder. Advances in these areas of knowledge could be 

extremely relevant for a better understanding of RCDP, but also to clarify the 

physiological functions of plasmalogens, which could be important in the better 

understanding of other neurodegenerative disorders that display abnormal levels 

of plasmalogens (e.g. Alzheimer's disease, Parkinson's disease, and Gaucher 

disease). To accomplish this, we made use of different mouse models for RCDP, 

characterized by a complete impairment in the biosynthesis of plasmalogens. Our 

aim was to understand physiological consequences of a plasmalogen deficiency 

in tissues highly enriched in these phospholipids, namely, myelin, neurons and 

muscle. 

 To investigate the role of plasmalogens in myelination and in Schwann cell 

biology, we performed a histopathologic evaluation of sciatic nerves from Gnpat 

and Pex7 knockout (KO) mice and compared to sciatic nerves from wild-type (WT) 

mice. The histological characterization of sciatic nerves from plasmalogen-
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deficient mice revealed impaired radial sorting and myelination. Impaired 

myelination was also evident in vitro by the use of dorsal root ganglia mixed 

cultures, and using the paradigm of the sciatic nerve crush. In addition, the 

absence of plasmalogens also caused structural defects to myelin. Myelin devoid 

of plasmalogens was less compact and showed abnormal appositions. Myelin 

compaction in the absence of plasmalogens was partially accomplished through 

the action of myelin-basic protein (MBP), as a combined defect in plasmalogens 

and MBP severely affected myelination. Moreover, we also found that the defects 

in myelin and Schwann cell morphology culminate, during aging, in a severe 

demyelination with axonal loss.  To understand the basis and mechanisms 

behind the observed defects, we analysed several key signalling pathways and 

unravelled that a deficiency in plasmalogens impairs the AKT-mediated signalling, 

causing a dysregulation in GSK3β which modulates the defects observed in 

Schwann cell differentiation and myelination. 

 To unravel the impact of a plasmalogen-deficiency in the hypotonic state 

normally associated with RCDP and its mouse models, we investigated muscle 

innervation and synapse formation. Using different skeletal muscles from 

plasmalogen-deficient mice, we found an abnormal innervation of skeletal 

muscles. In the diaphragm of wild type (WT) mice at several development ages, 

we found a well defined and narrowed band of acetylcholine receptor (AChR) 

clusters, whereas in the diaphragms from KO mice, these AChR clusters are 

spread throughout the muscle. Moreover, the disorganization of the 

neuromuscular junctions (NMJ) innervating the KO muscles increased with 

development. The morphological and morphometric assessment of the NMJs in 

diaphragms revealed an overall increase in size and volume of the abnormally 

disorganized NMJs of KO mice. Given that we have also found increased 

sprouting and branching of motor axons from the phrenic nerve, our findings 

suggest that the NMJ disorganization could be a consequence of an abnormal 

motor axon development. Moreover, our results suggest that the muscle 

weakness and hypotonia characteristic of these KO models could be modulated 

by an abnormal innervation and NMJ formation. 

 Prompted by the results obtained during the investigation of the 

myelination defects, and skeletal muscle innervation defects, we decided to 

investigate the impact of the plasmalogen-deficiency in the ability of neurons to 

generate an action potential. The ability of a neuron to generate an action 

potential is dependent on the axon initial segment (AIS), a highly organized 
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structure enriched in voltage-gated ion channels. The investigation of this 

structure in several plasmalogen-deficient neurons revealed a more distal 

positioning of the AIS in KO neurons when compared with the WT neurons under 

basal conditions. The evaluation of different markers revealed a normal 

composition of the AIS in plasmalogen-deficient neurons, and the drug-targeting 

manipulation of the AKT-signalling pathway allowed the correct positioning of the 

AIS in plasmalogen-deficient neurons. 

In summary, our findings may contribute to a better understanding of the 

human disease and current models of muscle and nerve biology.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 16 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Sumário 

	 17 

Sumário 

 

 

 Os plasmalogénios representam uma classe especial de fosfolípidos 

caracterizados pela presença de uma ligação éter-vinilica na posição sn-1 do 

esqueleto de glicerol. Estes fosfolípidos compõem 20% do conteúdo fosfolipídico 

total, e são o principal éter-fosfolípido sintetizado em mamíferos. Os 

plasmalogénios encontram-se mais enriquecidos no tecido nervoso, rins, 

pulmões, testículos e no músculo esquelético, representando mais de 50% do 

conteúdo total em etanolamina-fosfolípidos de membranas especializadas como 

mielina, jangadas de lípidos, e vesículas sinápticas. Igualmente interessante, é a 

noção que os níveis de plasmalogénios variam temporalmente, aumentando 

durante o desenvolvimento até atingirem um plateau que perdura durante a 

idade adulta, começando a  decrescer mais tarde durante o envelhecimento. 

 Tal como evidenciado pela sua distribuição espacial e temporal, a 

importância dos plasmalogénios para o desenvolvimento é realçada pela 

apresentação clinica da condrodisplasia puntacta rizomélica (CDPR), uma doença 

extremamente severa causada por um defeito na biossíntese de plasmalogénios. 

Clinicamente, doentes com CDPR exibem anomalias na formação do osso, 

contracturas, cataratas congénitas, hipotonia, e um profundo retardo no 

desenvolvimento mental e no crescimento. No entanto, apesar do profundo 

conhecimento no que respeita às consequências genéticas e bioquímicas desta 

doença, o conhecimento relativo às consequências fisiológicas, e do impacto 

destas na progressão clinica da desordem é limitado. Avanços nesta área do 

conhecimento poderão ser extremamente relevantes para o melhor entendimento 

da CDPR, assim como das funções fisiológicas dos plasmalogénios, permitindo 

também avanços no entendimento de outras doenças neurodegenerativas que 

apresentam alterações nos níveis de plasmalogénios (ex. a doença de Alzheimer, 

a doença de Parkinson e a doença de Gaucher). Para cumprirmos esta meta 

fizemos uso de diferentes modelos de ratinho para CDPR, tendo como objectivo, 

o entendimento das consequências fisiológicas do defeito em plasmalogénios, 

em tecidos altamente enriquecidos nestes fosfolípidos, nomeadamente, na 

mielina, em neurónios e no músculo. 

 Para investigarmos o papel dos plasmalogénios durante a mielinização e 

na biologia das células de Schwann, realizamos a avaliação patológica de nervos 
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ciáticos de ratinhos com um defeito em plasmalogénios e em comparação com 

ratinhos controlo a diferentes estadios do desenvolvimento. A caracterização 

histológica dos nervos ciáticos de ratinhos com defeito a biossíntese de 

plasmalogénios revelou defeitos no sorteio radial de axónios de grande calibre e 

no processo de mielinização. Este defeito na mielinização foi também evidente in 

vitro, através do uso de culturas mistas de neurónios sensitivos e células de 

Schwann, e in vivo pelo uso do paradigma do esmagamento do nervo ciático. 

Adicionalmente, a ausência de plasmalogénios levou também a defeitos 

estruturais na mielina. A mielina sem plasmalogénios apresenta-se menos 

compactada e com aposições anormais. Podemos também dizer que a 

compactação da mielina na ausência de plasmalogénios é parcialmente alcançada 

pela ação da proteína básica da mielina (PBM), pois um defeito combinado em 

plasmalogénios e PBM afectou mais severamente a mielinização. Adicionalmente, 

verificamos também que os defeitos observados na mielina e na biologia das 

células de Schwann culminam durante o envelhecimento numa severa perda de 

mielina nos axónios. Procurando entender os mecanismos moleculares por detrás 

dos defeitos observados, realizamos a analise proteómica de vias de sinalização, 

e descobrimos que a ativação da via de sinalização mediada pela AKT é afectada 

pelo defeito em plasmalogénios, causando uma desregulação na atividade da 

GSK3β capaz de modelar os defeitos observados na diferenciação e mielinização 

pelas células de Schwann. 

 Procurando desvendar o impacto do defeito em plasmalogénios no estado 

hipotónico associado há CDPR, investigamos o processo de inervação do músculo 

esquelético e da formação sináptica. Através da avaliação de diferentes músculos 

esqueléticos de ratinhos com deficiência em plasmalogénios, descobrimos 

defeitos severos de inervação. Enquanto que nos diafragmas de ratinhos controlo 

foi possível identificar uma banda estreita e bem definida de agregados de 

receptores de acetilcolina (AChR), nos diafragmas de ratinhos com defeitos em 

plasmalogénios os agregados de AChR encontram-se espalhados por todo o 

músculo. Adicionalmente, a desorganização das junções neuromusculares 

presentes nos músculos dos ratinhos com defeitos em plasmalogénios aumenta 

em severidade com o desenvolvimento. A caracterização morfológica e 

morfométrica  das junções neuromusculares de ratinhos controlo e ratinhos com 

defeitos em plasmalogénios, revelou também um aumento geral na área e 

volume das junções neuromusculares. Devido ao aumento das ramificações dos 

axónios motores do nervo frénico, os nossos dados apontam para um 
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desenvolvimento anormal dos axónios motores como a causa provável da 

desorganizada distribuição das junções neuromusculares. Para além disso, os 

nossos resultados sugerem também que o enfraquecimento muscular o hipotonia 

característicos da CDPR poderão ser a consequência de um processo anormal de 

inervação e formação de junções neuromusculares. 

 Devido às conclusões obtidas durante o estudo dos defeitos na 

mielinização, e inervação do músculo esquelético, decidimos investigar o impacto 

de um defeito em plasmalogénios na capacidade dos neurónios para gerar 

potenciais de ação. A capacidade do neurónio para gerar um potencial de ação é 

dependente de uma estrutura altamente organizada, enriquecida em canais 

iónicos, designado segmento inicial do axónio (SIA). A caracterização desta 

estrutura em diferentes populações neuronais, revelou uma posição mais distal 

desta estrutura em neurónios provenientes de ratinhos com defeito em 

plasmalogénios, quando comparados com ratinhos controlo. 

Surpreendentemente, a caracterização desta estrutura por utilização de 

diferentes marcadores moleculares revelou uma composição normal do SIA na 

ausência de plasmalogénios. No entanto, a manipulação farmacológica da via de 

sinalização da AKT permitiu a correção da posição do SIA na ausência de 

plasmalogénios. 

   Em resumo, as nossas descobertas poderão contribuir para o melhor 

compreensão da CDPR, assim como, para o esclarecimento dos modelos atuais 

referentes há biologia do músculo e do nervo.  
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ACAA1 – Acetyl-Coenzyme A acyltransferase 1 

ACh – Acetylcholine 
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PIP3 – Phosphatidylinositol triphosphate 

PLC – Phospholipase C 

PMC – Phrenic motor column 

PNS – Peripheral nervous system 

PPD – P-phenylenediamine 

PTEN – Phosphatase and tensin homolog 

PTS – peroxisome targeting signal 

PUFA – Polyunsaturated fatty acid 

RCDP – Rhizomelic chondrosdysplasia puntacta 

RNS – Reactive nitrogen species 

ROS – Reactive oxygen species 

Shh – Sonic hedgehog 

shi – Shiverer 

SOD1 – Superoxide dismutase 1 

SV2 – Synaptic vesicle protein 2 

TBARS – Thiobarbituric acid reactive substances 

TDZD-8 – 4-benzyl-2-methyl-1,2,4-thiadiazolidine-3,5-dione  

Tid1 – Tumorous-imiginal-disks 1 protein 

TPR – tetratricopeptide repeats 

VLCFA – Very-lon-chain fatty-acids 

WT – Wild type 

ZS – Zellweger syndrome 

 



 

 24 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 25 

 

 

 

 

 

Introduction 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 



Introduction 

	 26 

Lipids and the nervous system 

 

Lipids are the most abundant organic compounds in the nervous system. 

These molecules possess a number of key functions essential for the proper cell-

cell communication and cell-function [1]. In fact, changes in the nervous system 

lipidome are associated with a wide spectrum of neurological disorders [2]. 

During embryonic development, lipid synthesis and lipid-protein interactions are 

important for axonal extension [3] and axonal guidance [4]. During myelination, 

lipids affect myelin production and transport to the membrane [5, 6]. Moreover, 

the increased concentration of lipids in the myelin sheath insulates the axons, 

allowing the saltatory propagation of action potentials to the respective targets. 

At the target level, lipids are also important for the regulation of neuron-neuron 

or neuron-muscle communication, affecting fission and fusion processes of 

synaptic vesicles, and neurotransmitter release [2]. This work was focused in the 

physiological relevance of a particular class of ether-phospholipids, called 

plasmalogens.  

 

Plasmalogens 

 

Plasmalogens are a special class of ether glycerophospholipids, 

characterized by the presence of a labile vinyl-ether linkage at the sn-1 position 

of the glycerol backbone (Figure 1A). In contrast to the most common diacyl 

phospholipids, which contain two fatty acid molecules linked to the sn-1 and -2 

positions via ester bonds (Figure 1B), the ether glycerophospholipids have one of 

two types of ether bonds at the sn-1 position of the glycerol backbone: an alkyl 

bond (present in plasmanyl-phospholipids, of which platelet activating factor is 

the most relevant one) (Figure1C) or an alkenyl-bond (present in plasmenyl-

phospholipids, also known as plasmalogens). 

Historically, plasmalogens were first identified by Feulgen et al. [7] in 

1924, as an unknown compound capable of producing aldehydes in the 

cytoplasm region of the cells after fuchsin-sulfurous acid treatment of tissue 

sections. In 1957, through the work of Marinetti et al. [8], the structure of these 

compounds was revealed as a glycerophospholipid with an acid-labile vinyl-ether 

bond. 
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Figure 1: Schematic representation of 

the structure from different phospholipids. An 

ethanolamine plasmalogen (A) highlighting the 

position R1 where a fatty alcohol is linked to the 

glycerol backbone via a vinyl-ether bond, and the 

position R2, in which a polyunsaturated fatty acid 

is linked via an ester bond. A more common (B) 

ethanolamine diacylphospholipid highlighting 

that the two fatty acids (R1 and R2) are linked to 

the glycerol backbone via ester bonds. (C) 

Schematic representation of platelet activating 

factor with a fatty alcohol (R1) linked to the sn-1 

position via an ether bond and an acetyl group 

linked to the sn-2 position of the glycerol 

backbone via an ester bond. 

 

 

 

 

The most abundant forms of plamalogens contain C16:0, C18:0 or C18:1 

aliphatic chains at the sn-1 position of the glycerol backbone. The sn-2 position 

preferentially contains a polyunsaturated fatty acid (PUFA), namely arachidonic 

acid (AA; C20:4, w-6) or docohexanoic acid (DHA; C22:6, w-3). The most frequent 

head group is ethanolamine but it can also be a choline [9]. 

In humans, plasmalogens make up to 20% of the total phospholipid 

content, reaching their highest levels in the nervous tissue [9]. More than 50% of 

the ethanolamine phospholipids in the nervous tissue are ethanolamine 

plasmalogens, being more abundant in myelin. Ethanolamine plasmalogens can 

also be found in other specialized types of membranes such as synaptic vesicles 

and lipid rafts [10], both of which are specialized in cell-to-cell signaling. Other 

tissues enriched in plasmalogens are the kidneys, lung, testis, and skeletal 

muscle. In cardiac muscle, choline plasmalogens are the predominant 

plasmalogen form. The lowest levels of plasmalogen are found in liver, which 

contains the lowest expression of peroxisomal enzymes responsible for their 

biosynthesis [11]. In addition, plasmalogens synthesized in the liver are thought 

to be transported through the bloodstream in lipoproteins to other tissues [12]. 

Equally interesting is that plasmalogen levels also change temporally with 
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increasing levels during development, a steady plateau during adulthood, and 

then a decrease with aging [12]. 

 

Peroxisomes and plasmalogen biosynthesis 

 

 Since their discovery in 1954 by Rhodin et al. [13], the physiological 

relevance of peroxisomes has evolved. Initially described has single membrane 

organelles involved in production and protection of reactive oxygen species (ROS) 

[14], peroxisomes are now considered highly relevant organelles responsible for 

many metabolic and biosynthetic processes. 

 Peroxisomes are able to perform a wide variety of enzymatic processes, 

but this requires the correct localization of the involved enzymes at the 

peroxisomal membrane or at the peroxisomal matrix. Therefore peroxisomes 

contain a complex and efficient machinery of protein import [15, 16]. More than 

100 peroxisomal matrix proteins involved in different metabolic pathways are 

known to exist in mammals [17]. These include: (A) ether-phospholipid synthesis, 

(B) β-oxidation of very long chain fatty acids, (C) α-oxidation of branched chain 

fatty acids, (D) docosahexaenoic acid synthesis, (E) glyoxylate detoxification, (F) 

bile acid synthesis, (G) amino acid metabolism, and (H) ROS/RNS metabolism. 

 The import of peroxisomal matrix proteins can be accomplished through 

three, sometimes interlinked, routes: (A) peroxisome targeting signal (PTS) type 

1-mediated import, (B) PTS2-mediated import, and (C) piggyback-mediated import 

[18]. 

 

PTS-mediated import 

 The PTS-mediated import is a four-step cycling process. It begins with the 

recognition of the PTS-sequence by an adaptor protein, transport and binding of 

the cargo/adaptor complex to the docking complex, formation of a transient 

protein-pore capable of translocation	 of folded proteins, and recycling of the 

adaptor protein to the cytoplasm for a new import cycle [19]. In mammals, the 

majority of the PTS-mediated import is accomplished through a PTS1-sequence. 

The PTS1 comprises a minimal C-terminal tripeptide sequence (S/A/C)-(K/R/H)-

(L/M), which is recognized by the seven tetratricopeptide repeats (TPR) of peroxin 

5 (Pex5) adaptor protein [17]. The formed complex is then able to interact with 

the docking-complex protein Pex14p. In mammals only four peroxisomal proteins 

are known to contain a PTS2-sequence [20]: the alkylglycerone phosphate  
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Figure 2: Peroxisomal protein import and its involvement in the biosynthesis of plasmalogens. 

Peroxisomal matrix enzymes of the plasmalogen biosynthesis can be imported in two different 

ways. Proteins bearing a PTS1-import sequence, such as, (A) glyceronephosphate O-acyltransferase 

(GNPAT) are translocated into the peroxisomal matrix via a Pex5-dependent way. (B) AGPS and other 

PTS2-bearing proteins are imported through Pex7 recognition. (C) Biosynthetic pathway involved in 

the plasmalogen biosynthesis. The two first steps of plasmalogen biosynthesis take place in 

peroxisomes through the action of GNPAT and AGPS enzymes. The third step of biosynthesis, which 
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converts the AGPS end product alkyl-DHAP into 1-0-alkyl-2- hydroxy-sn-glycerophosphate (GPA), 

may occur both in peroxisomes and in the endoplasmic reticulum (ER). Finally, all the remaining 

steps involved in the biosynthesis of plasmalogens are carried in the ER by the sequential action of: 

(1) alkyl/acyl-glycerophosphate acyltransferase, (2) phosphatidic acid phosphatase, (3) 

ethanolamine phosphotransferase, (4) plasmenylethanolamine desaturase, (5) phospholipase C, (6) 

choline phosphotransferase. 

synthase (AGPS), involved in the second step of biosynthesis of plasmalogens; 

acetyl-Coenzyme A acyltransferase 1 (ACAA1), a thiolase involved in the β-

oxidation of very-long-chain fatty-acids (VLCFA); the phytanic acid Co-A hydrolase 

(PHYH) involved in the α-oxidation of phytanic acid; and finally, the recently 

identified PTS2-bearing protein KIAA0564 (also known VWA8), whose function 

still needs to be clarified. The PTS2 is a cleavable N-terminal nonapeptide 

sequence, -(R/K)(L/V/I/Q)XX(L/V/I/H/Q)(L/S/G/A/K)X(H/Q)(L/A/F)- recognized by 

Pex7 [21, 22]. By itself, Pex7 is not capable of interacting with the docking 

complex, but its interaction with the long isoform of Pex5 (Pex5L, an alternative 

splicing isoform of Pex5 containing a 37 amino acid insertion that forms a Pex7 

binding domain), allows the Pex7-cargo complex to be targeted to the docking 

complex [23-25]. 

 

Piggyback-mediated import 

 Smaller subsets of proteins are able to be imported into the peroxisomal 

matrix without the presence of classical PTS-sequences. These proteins are co-

imported when associated with PTS-containing proteins, due to the ability of 

peroxisomes to import fully folded proteins and complexed oligomers. Presently 

only two cases of piggyback-mediated import are well documented: the co-import 

of lactate dehydrogenase (LDH) subunit A and B in association with the predicted 

PTS1-bearing LDHx [26]; and the co-import of superoxide dismutase 1 (SOD1) 

with PTS1-bearing copper chaperon of SOD1 (CCS) [27]. 

 
Plasmalogen biosynthesis 

The biosynthesis of plasmalogens results from the metabolic interplay 

between peroxisomes and the ER [17]. Despite the essential role of the ER in the 

final steps of plasmalogen biosynthesis, all documented disorders characterized 

by deficiencies in the biosynthesis of plasmalogens are caused by defects within 

the first peroxisomal steps [17]. A possible explanation for this observation is 

that mutations in the ER enzymes involved in the different steps of plasmalogen 
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biosynthesis will also affect the biosynthesis of diacyl glicerolphospholipids [28], 

which is likely not viable, as it would severely affect the formation of membranes. 

 The first step in the biosynthesis of plasmalogens (Figure 2D) is the 

acylation of dihydroxyacetone phosphate (DHAP), a reaction catalyzed by GNPAT, 

a PTS1-containing protein. The second step is catalyzed by AGPS. This enzyme is 

a PTS2-carrying protein that exchanges the acyl-group of acyl-DHAP with a fatty 

alcohol. AGPS and GNPAT are known to form a complex, with two molecules of 

AGPS and one of GNPAT. The complex is thought to be localized in close 

association with the inner surface of the peroxisomal membrane, and its 

formation is essential for the enzymatic activity of GNPAT and AGPS [29]. In fact, 

mistargeting of AGPS to the cytosol, affects GNPAT protein levels and its 

enzymatic activity [29]. With the complex, the steps performed by GNPAT and 

AGPS follow a “ping-pong” mechanism [30]: (1) recognition and binding of acyl-

DHAP by AGPS, (2) release of the acyl-group in the form of acyl-CoA, and (3) 

binding of a fatty alcohol to DHAP. The two substrates involved in these steps, 

acyl-DHAP and the fatty alcohol, are also produced in the peroxisome. The fatty 

alcohol necessary for the formation of the ether-bond, derives from the reduction 

of long-chain acyl-CoA, by fatty acyl-CoA reductase 1 and 2 (FAR1 and FAR2) 

localized in the outer surface of the peroxisomal membrane [20].  

Finally, alkyl-DHAP needs to be reduced to 1-O-alkyl-2-hydroxy-sn-

glycerophosphate (GPA), by an acyl/alkyl-DHAP reductase. Recently, the reductase 

responsible for this enzymatic step, dehydrogenase/reductase (SDR family) 

member 7B (DHRS7B), highly expressed in the intestine, kidney, liver, brain, heart 

and skeletal muscle [31], was further characterized and renamed as the 

peroxisomal reductase activating PPARϒ (PexRAP), by Lodhi et al. [32].  

The following steps in the biosynthesis of plasmalogens take place in the 

ER (see Figure 2D). 

 

Physiological relevance of plasmalogens 

 

 Due to their particular physico-chemical properties, plasmalogens are 

associated with important biological processes. Plasmalogens have been 

implicated as important scavengers of reactive oxygen species (ROS), regulators 

of fusion- and fission-events, mediators membrane-contact and membrane-

signaling, regulators of membrane fluidity, and structural organizers of 

membranes. Although it is not consensual, some studies propose that the half-
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life of plasmalogens is extremely short, e.g. 30min for plasmenyl choline-

glycerophospholipids and 3hrs for plasmenyl ethanolamine-glycerophospholipids 

[33]. This fast turnover of ether phospholipids reinforce the importance of 

plasmalogens for the proper biology of the cell, by allowing the cell to rapidly 

adapt its plasmalogen levels depending on the circumstances. 

 

Plasmalogens as antioxidants 

 A growing body of experimental evidence suggests that plasmalogens are 

important scavengers of reactive species, protecting other lipid components from 

peroxidation. Singlet oxygen species are preferentially quenched by 

plasmalogens, and 2 to 3 times faster than the most common diacyl 

phospholipids [34]. Due to their labile linkage, that works has a sacrificial trap 

against ROS, plasmalogens are able to protect other polyunsaturated fatty acid 

moieties of the lipidic membrane from oxidative attack. Mangold et al. [35] found 

that plasmalogens are more prone to oxidative attack, and Sindelar et al. 

demonstrated  measuring thiobarbituric acid reactive substances (TBARS) that 

plasmalogens participate in iron-induced peroxidation decreasing the rate of lipid 

peroxidation of the membrane [36]. However, it is also known that the oxidative 

attack of the plasmalogen double bond leads to the formation of 15:0, 17:0, and 

17:1 aldehydes, and alpha-hydroxialdehydes 16:0-OH and 18:0-OH with a very 

short half-life [37]. The generation of these very reactive aldehydes could affect 

other cellular components with negative consequences. 

 The relevance of plasmalogens in the protection against oxidative attack is 

also highlighted by the study of mouse models with a deficiency in plasmalogens. 

Brodde et al. found that plasmalogen-deficient fibroblasts are more susceptible 

for oxidative attack [38]. Moreover, induced generation of lipid peroxidation 

using copper (Cu), hydrogen peroxide, and ortho-phenanthroline revealed that 

the myelin sheath from sciatic nerves of plasmalogen-deficient animals was more 

prone to oxidative damage [39]. As such, in neurodegenerative disorders such as 

Alzheimer and Parkinson diseases, in which there is a reduction in plasmalogen 

levels, this could be a secondary defect caused by an increase in 

neuroinflammation with increased oxidative stress and damage to the cells [40]. 
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Plasmalogen structure 

 Plasmalogen enriched vesicles are known to undergo fusion 6x faster than 

membranes without plasmalogens [41, 42]. The vinyl-ether linkage at the sn-1 

position of the glycerol backbone also brings the two-acyl chains of the ether-

phospholipid close together, leading to a smaller cross-sectional area. As a 

consequence, plasmalogens decrease membrane fluidity [43]. Moreover, the lack 

of a carbonyl-oxygen group at the sn-1 position alters the hydrophobicity of the 

head group affecting the way they interact with other membrane components. It 

favors the formation of hydrogen bonds between head groups and the transition 

between lamellar liquid-crystalline to inverse hexagonal phase, important for 

membrane-fusion and -fission events [12, 42]. Given their structure and 

physicochemical properties, plasmalogens are thought to be highly relevant in 

extreme fast membrane processes, of which we highlight synaptic transmission. 

Synaptic vesicles are highly enriched in plasmalogens, which could be playing 

important roles during the synaptic vesicle cycle which involves docking, fusion 

and recycling via endocytosis [44]. 

  

Plasmalogen localization in membranes 

 Lipid rafts are membrane micro-domains, highly enriched in cholesterol 

and sphingomyelin. These less-fluid and more compacted regions of the plasma 

membrane are thought to be extremely important for mediating several 

physiological processes. They are important domains for membrane signaling, 

cell-to-cell communication, and caveolin-mediated endocytosis [45]. Despite the 

absence of composition defects in the lipid rafts of plasmalogen-deficient cells, it 

was shown that plasmenyl ethanolamine glycerophospholipids are enriched in 

these specialized micro-domains of the cellular membrane [10]. Moreover, in 

plasmalogen-deficient cells there is an increase in the concentration of 

ethanolamine phospholipids in these regions. This compensatory mechanism 

could be an attempt of the cells to maintain the important physicochemical 

properties governing these micro-domains and essential for their physiological 

functions. 

 

Storage of PUFAs 

 AA and DHA, the most frequently esterified PUFAs at the sn-2 position of 

plasmalogens, can be cleaved by phospholipase A2 or by the combined action of 

phospholipase C and diacylglycerol lipase [46, 47]. These PUFAs are known to 
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carry important physiological functions. DHA has been linked to cell survival, 

cellular differentiation and activation of ERK-signaling pathway [48]. AA is also an 

important second messenger, and some of the arachidonic acid metabolites (e.g. 

prostaglandins, prostacyclin, thromboxane, and leukotrienes) mediate several 

cellular signaling pathways linked to several cellular processes [49]. 

Lysoplasmalogen, the other product from the enzymatic cleavage of 

plasmalogens is also important mediator of membrane fluidity and permeability, 

facilitating the extracellular entry of calcium thought transmembrane channel 

[50]. 

 The proper enrichment of the membrane in PUFAs is also important for the 

normal function of a cell. It was shown that an enrichment in unsaturated fatty 

acids reduces the fluidity of endothelial cell membranes [51]. Moreover, it was 

also demonstrated that the presence of saturated and/or unsaturated fatty acids 

at the membrane is able to differently affect different types of ion channels 

located at the membrane [46]. 

 

Plasmalogens and disease 

 The only genetically inherited disorders with defects in the biosynthesis of 

plasmalogens are rhizomelic chondrosdysplasia puntacta (RCDP) and zellweger 

syndrome (ZS). ZS is a severe disorder, characterized by a generalized 

impairment in peroxisomal functions due to defects in peroxisome biogenesis. 

The clinical presentation and severity of the disorder is a consequence of the 

generalized metabolic defect [52]. However, it has been difficult to ascertain how 

the very different and diverse biochemical defects are linked to the pathology and 

modulate disease progression [53]. Conversely, the clinical presentation of RCDP 

has been directly linked to the specific defect in the biosynthesis of plasmalogens 

[54]. Nevertheless, and as outlined in this work, the singularity of a biochemical 

defect does not immediately offer easier solutions to unravel how a given 

metabolic deficiency mediates tissue pathology or disease severity and 

progression. 

 RCDP is an autosomal recessive disorder, with an incidence of 1:100000. 

Morphologically, cells from RCDP patients possess normal peroxisomes that 

either lack one or a few metabolic pathways depending on form/type of the 

disorder, i.e., which gene is mutated. Currently, 5 different forms of the disorder 

have been identified. RCDP type 1, the most frequent form of the disorder, is the 

consequence of mutations in the PEX7 gene that encodes for Pex7 [55-58]. This 



Introduction 

	 35 

form of the disorder leads to impaired PTS2-mediated import. As previously 

mentioned a block in PTS2-mediated import affects the import of 4 proteins: 

AGPS (involved in plasmalogen biosynthesis), ACAA1 (involved in β-oxidation of 

VLCFA), PHYH (involved in α-oxidation of phytanic acid), and KIAA0564 (a still 

uncharacterized protein) [17, 59]. However, in RCDP type 1 there is no 

generalized accumulation of VLCFA due to mistargeting of ACAA1. This is 

thought to be the result of enzymatic redundancy within the peroxisomal β-

oxidation system, which contains additional thiolases that allow the normal 

degradation of VLCFA [17]. The mistargeting of PHYH will cause the accumulation 

of phytanic acid in RCDP type 1, but this accumulation is dependent on the 

dietary intake of phytanic acid and thefore it can be circumvented with a 

controlled diet containing reduced amounts of phytanic acid [47, 60]. The 

mistargeting of KIAA0564 was initially discovered in tissues from the mouse 

model of RCDP type 1, i.e., the Pex7 knockout mouse [59]. Although KIAA0564 is 

imported into human peroxisomes, its mislocalization in RCDP type 1 cells has 

not been evaluated.   The mistargeting of AGPS blocks the biosynthesis of 

plasmalogens [61]. RCDP type 2 and 3 are the consequence of mutations in the 

GNPAT and AGPS genes, respectively [61, 62]. These forms of the disease are 

clinically indistinguishable from RCDP type 1, which provided direct evidence that 

the disease state and presentation are caused by a deficiency in plasmalogens. 

More recently, two other forms of the disorder have been described. RCDP type 4, 

results from mutations in the gene encoding FAR1 [63]. These patients show 

decreased levels of plasmalogens, due to the unavailability of fatty alcohols 

needed to form the ether bond. Finally, RCDP type 5 is the consequence of 

mutations in the Pex5 long isoform (PEX5L), which causes an impaired PTS2-

mediated import, identical to that of mutations in PEX7 [64]. 

  RCDP is a very heterogeneous disorder not only concerning the mutated 

genes, but also in terms of clinical presentation. Clinically, RCDP patients present 

rhizomelia, cataracts, bone ossification defects, hypotonia, congenital heart 

defects and growth and mental retardation [65, 66]. The conjugation of all these 

factors, leads to a severe disease state with a high mortality rate, being few the 

patients that live more than 5 years. It is thought that, to some extent, the 

severity of the disorder depends on the residual levels of plasmalogens. Patients 

with extreme low levels of plasmalogens present the most severe forms of the 

disorder, whereas patients with higher residual levels of plasmalogens display 

milder clinical variants that can range from absence of rhizomelia to a Refsum-
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like presentation (primary peripheral neuropathy) or even autistic-like 

presentations [12, 67]. 

 Despite the vast progress made in the understanding of genetic and 

biochemical causes of RCDP, there is relatively less knowledge on how the defect 

in plasmalogens is associated with cellular defects, tissue pathology or the 

mechanism(s) behind known defects. The following sections highlight processes 

and areas of research that have been linked to plasmalogens either indirectly 

(e.g. abundance of these phospholipids in a given tissue) or directly (e.g. a 

process known to be dysregulated in RCDP) and were, at the same time, the focus 

of this thesis. 

 

Myelination 

 

 Myelination of axons is essential for the rapid saltatory conduction of 

action potentials in the mammalian nervous system [68]. This evolutionary 

adaptation that allows axons to rapidly and efficiently transmit electrical signals 

through long distances [69], is achieved by wrapping around axons the plasma 

membrane of specialized glial cells, oligodendrocytes in the central nervous 

system (CNS), and Schwann cells in the peripheral nervous system (PNS) [68]. In 

the PNS, one Schwann cell forms a single myelin sheath around the axon, 

establishing a 1:1 relationship, and only axons with more than 1μm of diameter 

are myelinated. In contrast, oligodendrocytes, the glial cells responsible for the 

myelination of the CNS, can myelinate up to 60 different axonal segments, 

without an apparent restriction for their caliber [70]. As a result of myelination, 

the segmental axonal insulation, allows an increase in the axonal conduction 

velocity from 20 to 100 times when compared to unmyelinated axons of the 

same caliber [71]. Magnetic resonance imaging (MRI) of RCDP patients has 

emphasized defects in myelination [72, 73]. However, the nature of defect is not 

fully understood, and also lacks a detailed characterization of the changes and 

affected processes.  

 

Myelin composition 

 

The remarkable multi-layered myelin sheath is highly enriched in lipids. 

Actually, more than 80% of the myelin content is lipidic. Quantitatively some of 

the most important lipids in myelin are cholesterol [74], cerebroside [75], 
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sphingomyelin [76] and ethanolamine plasmalogen. Together, these four lipids 

comprise for around 70% of the total lipid dry weight. Moreover, the molar ratio 

of cholesterol, phospholipids and glycosphingolipids is also different in the 

myelin sheath. The molar ratios of these three different components in myelin 

are in the range of 40%:40%:20%, whereas in most of the membranes is in the 

order of 25%:65%:10% [75]. 

Whereas the lipid composition of myelin is remarkably similar between the 

CNS and PNS, the protein composition differs substantially [75]. Strikingly, only a 

small percentage of proteins make part of these membranes. The following 

sections relate to myelin proteins that aid lipids in accomplishing myelin 

compaction. 

 

Myelin basic protein 

Myelin basic protein (MBP) can be found in CNS and PNS myelin, and seems 

to be important for the spatial restriction of proteins within myelin membranes. 

Recently work supports the idea that MBP may function has a molecular sieve 

[77]. One interesting possibility is that, when bound to the membrane MBP 

polymerizes into a close network that may restrict the passage of molecules [77]. 

The classical MBP gene has seven exons that may undergo alternative splicing. In 

the mouse the two most abundant splicing forms are the 18.5KDa MBP and 

14.5KDa MBP. MBP is a protein localized to the cytoplasmic surface of the 

membrane. Moreover, it is also thought that MBP plays an important role in 

myelin compaction, probably through interaction of these positive charged 

proteins with negative charged lipids at the major dense line [78]. Although MBP 

is highly enriched in the PNS myelin, it is not required for its formation due to the 

presence of other myelin proteins such as protein zero (P0), and peripheral 

myelin protein 2 (P2), which may compensate the lack of MBP [79]. 

 

Protein zero 

P0 glycoprotein is the major protein the PNS myelin. This homophilic 

adhesion molecule accounts for more than 50% of the total peripheral myelin 

protein, and plays an important role in the compaction of the spiraling Schwann 

cell plasma membrane to form myelin. The tight regulation of this 30kDa 

glycoprotein expression levels seems to be extremely important not only for 

myelination to occur properly, but also for the maintenance of myelin. Actually, 

the importance of a precise regulation of this glycoprotein is highlighted by the 
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study of its overexpression in mice. The overexpression of P0 causes a dose-

dependent dysmyelinating neuropathy manifested by remarkably delayed nerve 

development, and defective Schwann cells that are unable to segregate axons 

[80]. In fact, P0 deficient mice, a model for De ́je ́rine-Sottas syndrome (DSS), show 

hypomyelination since post-natal day 4, followed by demyelination and impaired 

nerve conduction [81]. Heterozygous P0 deficient mice, considered for some time 

has a model for the study Charcot-Marie-Tooth type 1B (CMT1B) [82], show a late 

onset of the disorder. Carrying a loss of function mutation in one of the alleles, 

these mice develop a progressive demyelination. Crystallographic studies show 

that P0 is able to form homotetramers, capable of interacting in trans with similar 

tetramers in the opposing leaflet, contributing for the formation of the dense and 

intraperiod lines typical of mature myelin [83]. 

It was also suggested that P0 mutations do not work has a loss of function, 

but rather as a gain of function. For that a transgenic mouse line with a 

substitution of isoleucine at residue 106 to leucine was generated, to develop a 

mouse model of a severe and early onset form of CMT1B, which show a similar 

phenotype to CMT1B patients, characterized by severe muscle weakness, 

tomacula formation, and low conduction velocities, as well as retarded and 

arrested myelin development [84]. In fact, other physiological functions besides 

myelin compaction have also been given to P0. Since it was also demonstrated 

that the cytoplasmic domain of P0 can be phosphorylated on serine and tyrosine 

residues, it was hypothesized that P0 could be involved in the regulation of 

signaling transduction in Schwann cells during their development and 

myelination [75, 85]. 

 

Peripheral myelin protein 2 

P2 is a member of a family of fatty acid binding proteins (FABP). Members 

of this family are capable of solubilizing and transporting fatty acids and 

retinoids in the cytoplasm [86]. P2 expression is not restricted to the PNS, being 

also expressed in small amounts in the CNS [87]. In the PNS, P2 protein levels are 

extremely variable between species, which could be related with still undescribed 

functions of this protein. In humans P2 accounts to 5% of the total peripheral 

myelin protein content, and 1% in rodents. Moreover, the amount of P2 protein 

also varies greatly between regions of the PNS and between fibers [88]. Although 

it is completely unrelated to MBP in terms of sequence and structure, this 
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positively charged protein is also thought to be involved in the stacking of the 

two opposing cytoplasmic leaflet [89, 90]. 

 

Myelin structure 

 

The multilayered plasma membrane stacks of myelin surrounding the 

axons compose a highly compartmentalized structure. In the PNS this 

compartmentalization is a prerequisite for the proper Schwann cell-axon 

communication and their trophic/metabolic support [68]. Myelinating Schwann 

cells are highly polarized cells, both morphologically and molecularly. Myelinating 

Schwann cells enwrap a well-defined length of the axon, called internode, and the 

extent of myelination and the length of the internodes affect the action potential 

propagation [71, 91]. 

Longitudinally, Schwann cells place their nucleus at the center of the 

myelinated segment. Radially, myelinating Schwann cells possess two distinct 

plasma membrane surfaces. The inner membrane surface, called adaxonal 

membrane, is in direct contact with the axon, allowing the establishment of 

protein complex interactions between the axon and the Schwann cell. In fact, 

these interactions are important for the organization of the myelinated axon into 

distinct subdomains: node, paranode, juxtaparanode, and internode. The outer 

membrane surface, in direct contact with the basal lamina, is called of abaxonal 

membrane. Cajal bands are defined regions of uncompact myelin present in the 

abaxonal domain, thought to be important for the transport of RNA and proteins 

from the perinuclear region and also metabolic support [92]. Moreover, along the 

internode, there are also regions of uncompact myelin that extend across the 

whole radial thickness of the myelin sheath, called Schmidt-Lanterman incisures 

[93]. These cytoplasmic compartments are thought to sustain the transport of 

metabolic substances across the myelin sheath and for the metabolic 

maintenance and longitudinal growth of the sheath [94]. The Schmidt-Lanterman 

incisures contain adherens junctions that allow the transport across sheaths, 

being enriched in E-cadherins and its cytoplasmic partners the catenins and F-

actin [95]. 
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Figure 3: PNS myelin structure. Schwann cells are the glial cells responsible for myelination in the 

PNS. (A) These cells establish a 1:1 relationship with a given axon, insulating a defined stretch of 

the axon with stacks of a multilayered plasma membrane sheath enriched in lipids, called myelin. 

(B) These are polarized cells both longitudinally and radially. Longitudinally, myelinating Schwann 

cells display different subdomains, a paranodal region, made of loops of plasma membrane filled 

with cytoplasm, and an internode, the region comprising the compact myelin. Essential for the 
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metabolic support of the stacked layers of membranes, are specialized regions of un-compacted 

myelin, the Cajal bands and the Schmidt-Lanterman incisures. Cajal bands are restricted to the most 

outer region of the plasma membrane, called abaxonal domain, whereas the Schmidt-Lanterman 

incisures, spread radial through the different layers of myelin, allowing the transport of compounds 

to the most inner plasma membrane layer, called adaxonal domain. (C) The compaction of the 

multilayered stacks of membranes to form myelin is achieved in part through interactions of myelin 

proteins. MBP, P2 and P0 allow the compaction of the cytoplasmic faces of the plasma membrane 

(major dense line). P0-P0 complex interactions are important for the compaction of the extracellular 

faces of the plasma membrane (intraperiod line). 

 

Schwann cell differentiation and myelination 

 

The cross talk between the axon and the Schwann cell is extremely 

important for development and maturation of the PNS. Neurons release 

throughout their axons mitogenic and trophic cues needed for Schwann cell 

proliferation, differentiation, and maturation into myelinating or unmyelinating 

Schwann cells. Reciprocally, Schwann cells provide crucial support for the 

development of the axons, profoundly influencing the axonal structural and 

molecular organization, a requirement for efficient action potential saltatory 

propagation [96]. 

Schwann cells arise from neural crest cells in a series of development 

stages. In mouse peripheral nerves, Schwann cell precursors can be already 

detected at the embryonic day (E) 12 [97]. These cells are highly dependent of 

neuregulin (NRG) for survival. Directed by the key regulator of myelination, 

neuregulin 1 (NRG1) type III, Schwann cell precursors proliferate and differentiate 

into immature Schwann cells. This differentiation step is completed at E16 in the 

mouse. At these stage, immature Schwann cells surround bundles of axons, and 

produce a basal lamina [98]. 

The fate of the immature Schwann cells is dependent of the type of axon 

they associate with. NRG1 type III, an axonal membrane-bound form of NRG, 

triggers the Schwann cell myelination through activation of ErbB2-ErbB3 receptor 

complex [99]. Since NRG1 type III remains at the axonal extracellular surface, the 

larger the diameter of the axon, greater is the amount of NRG1 type III present at 

the membrane, reaching the threshold needed to trigger the differentiation of 

immature Schwann cells into promyelinating Schwann cells [99]. During this 

differentiation step, Schwann cells extend processes inside of the axon bundles 

to actively sort-out large caliber axons. This multistep process, called radial 
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sorting, is essential for the establishment of the characteristic 1:1 relationship 

with the axon. 

NRG1 type III also controls myelin production, allowing the myelin sheath 

to match the diameter of the axon [100]. The activation of the ErbB2-ErbB3 

receptor complex through NRG1 type III, leads to the activation of the 

phosphoinositide 3-kinase (PI3K)/protein kinase B (also known as AKT) signaling 

pathway. PI3K activation catalyzes the conversion of phosphatidylinositol (3,4)-

bisphosphate (PIP2) to phosphatidylinositol (3,4,5)-trisphosphate (PIP3), allowing 

the recruitment and activation of AKT at the membrane. On the other hand, 

activation of the ErbB2-ErbB3 receptor complex through NRG1 type III, also 

causes an increase in the phosphatase and tensin homolog (PTEN) levels, 

promoting its association with Disks large homolog 1 (Dlg1), which allows PTEN 

to avoid polyubiquitination and degradation by the proteasome [101, 102]. The 

increased levels of active PTEN, mediate the conversion of PIP3 

(phosphatidylinositol (3,4,5)-trisphosphate) to PIP2 (phosphatidylinositol (4,5)-

bisphosphate), which will negatively regulate the pathway by decreasing AKT 

activation [103]. 

The generation and increased levels of PIP3 at the plasma membrane serve 

as a docking site for proteins harboring a pleckstrin-homology (PH) domain, 

namely AKT and phosphoinositide-dependent kinase-1 (PDK1). The recruitment of 

these two proteins to the plasma membrane, allows PDK1 to phosphorylate the 

Thr308 residue in the activation loop and partially activate AKT. For the complete 

activation of AKT, mammalian target of rapamycin complex 2 (mTORC2) also 

needs to phosphorylate AKT at the Ser473 [104, 105]. Upon phosphorylation of 

AKT in the Thr308 residue, AKT is able to activate mTORC2 through 

phosphorylation of the SIN1 subunit at the Thr86 residue, leading to a positive 

feedback loop, increasing its activity levels [106]. Once phosphorylated at the two 

residues, AKT is fully active to phosphorylate its targets leading to the 

phosphorylation of other downstream elements of the pathway essential for a 

proper myelination program. The phosphorylation of mammalian target of 

rapamycin complex 1 (mTORC1) regulates cholesterol and fatty acid synthesis via 

the sterol regulatory element-binding proteins [105]. The inhibitory 

phosphorylation of GSK3β, also affects myelination. In fact, the treatment of adult 

mice after a facial nerve crush with lithium chloride, a well-known inhibitor of 

GSK3β, improves remyelination of the peripheral nerves [107]. 
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 Figure 4: PNS myelination. (A) At E9, in mice, motor neurons start extending their axons towards 

the peripheral targets, and by E12 Schwann cell precursors can be already found in the peripheral 

nerves. With time these precursor Schwann cells differentiate into immature Schwann cells and start 

surrounding bundles of axons. After E18, the NRG1-dependent process of radial sorting initiates 
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with the sorting of large caliber axons from the multi-axon bundles, which are surrounded by 

immature Schwann cells. This stage also defines the Schwann cell fate into myelinating or 

unmyelinating Schwann cells. (B) The differentiation of immature to myelinating Schwann cells, is 

dependent on the NRG1-signalling threshold (which depends on the size of the axon and the 

amount of NRG1 present at its plasma membrane). Through activation of ErbB2-ErbB3 receptors, 

there is the downstream activation of the PI3K and phospholipase c γ (PLCγ) pathways, essential for 

the myelination gene program activation.  

 

Interestingly, NRG1 type III is also involved in the arrest of myelination 

[101]. The activation of ErbB2-ErbB3 receptor complex, blocks the degradation of 

Dlg1 and PTEN in the cytoplasm by the proteasome. This leads to an increased 

concentration of PTEN-Dlg1 complex within the cytoplasm of the myelinating SC 

during the myelination program.  

However, other pathways are also important for myelination. During SC 

differentiation, several G protein-coupled receptors produce cyclic adenosine 

monophosphate (cAMP) that work together with NRG1, activating the myelin 

program [108]. Through activation of phospholipase C (PLC), NRG1 also leads to 

increased cytoplasmic levels of calcium with subsequent activation of calcineurin 

(CaN). The nuclear factor of activated T cells (NFAT) C4 is translocated to the 

nucleus, upon its dephosphorylation by CaN, and forms a complex with SOX10 to 

activate Krox20 and P0 genes [109], which are the first genes expressed during 

the myelination program. 

 

Muscle 

 

 RCDP patients display a high mortality rate at very young ages, often due 

to respiratory failure or respiratory complications related to infections [110]. This 

high mortality rate could also be the consequence of the characteristic hypotonic 

state of these patients. In fact, hypotonia is characterized by a low muscle tone, 

involving most frequently reduced muscle strength. The proper development of 

the skeletal muscle, and establishment of neuron-muscle connections, is a pre-

requisite for normal breathing and controlled movement from the moment of 

birth onward [111]. Here, we are going to focus in the formation and innervation 

of the diaphragm muscle, the most important respiratory muscle [112].  
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Muscle innervation 

 

Muscle innervation is a very complex process. It involves the concerted 

development and maturation of three different cell types, with an even more 

complex network of signaling pathways [113]. During embryonic development, 

motor neurons need to extend their axons into the developing muscle targets. 

For this, motor neuron growth cones need to correctly respond to attractive and 

repulsive molecular cues. Moreover, during this stage precursor Schwann cells 

will enwrap the motor axons contributing also for the correct targeting of the 

axons [114, 115]. 

 

Perinatal motor neuron development 

In the latter stages of a developing mouse embryo, motor neurons can be 

found organized into different motor columns along the length of the spinal cord 

[116]. These motor columns are responsible for the innervation of specific 

subsets of muscles, and their identity can be distinguished by the expression of 

defined combinations of markers, namely: LIM-homeodomain proteins, Hox 

proteins and Forkhead transcription factors [117]. Motor neurons have their 

origin in Olig2+ progenitor cells. Five different progenitor cell populations can be 

distinguished along the ventral region of the spinal cord, the result of a ventral-

high to dorsal-low gradient of sonic hedgehog (Shh) distribution [118]. These 

multipotent cells, located in the ventral region of the spinal cord, differentiate 

into motor neurons upon acquisition of Hb9, Isl1/2, and Lhx3 expression [119, 

120]. Moreover, the motor pool positioning in the spinal cord in specific motor 

columns is dependent of the overlapping activities of β- and γ-catenin, and N-

cadherin [121]. In fact, the correct clustering of motor neurons, promotes the 

establishment of gap junctions between sets of neurons innervating the same 

muscle target, enhancing the coherence of motor neuron firing, and stabilizing 

the existing neuron-muscle connections [122]. 

 

Muscle targeting 

The mouse spinal cord can be subdivided into four different regions: 

cervical (from C1-C8), thoracic (T1-T13), lumbar (L1-L6), and sacral (S1-S4). In the 

cervical region of the spinal cord, four different motor columns can be identified 

[116, 123]. The medial motor column (MMC) extends through the entire length of 

the spinal cord, and is responsible for the innervation of the axial musculature 
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[124]. The hypaxial motor column (HMC), found in the cervical, thoracic, and 

lumbar regions of the spinal cord, is responsible for the innervation of respiratory 

muscles [125].  The lateral motor column (LMC) subdivided in medial LMC, 

responsible for the innervation of ventral limb muscles, and lateral LMC, 

responsible for the innervation of dorsal limb muscles [125]. The fourth, and 

most recently discovered motor column is positive for Sox5 and Lhx3 molecular 

markers, but it still needs a more detailed characterization [123]. 

 Despite the complex network regulating the respiratory movements, the 

diaphragm contraction is solely controlled by the phrenic nerve input [126]. The 

cervical HMC portion comprised between C3-C6, also named phrenic motor 

column (PMC), is responsible for the diaphragm muscle innervation. In fact, most 

of the motor axons that form the phrenic nerve come from C4. 

 In the mouse model, motor axons from PMC arise from the spinal cord at 

E9. These ventrally growing axons join with extending motor axons from LMC 

responsible for the innervation of the forelimbs. Eventually, PMC axons will turn 

caudally, forming the phrenic nerve, and LMC axons will continue growing 

ventrally to the limbs, forming the brachial nerve. At this stage, the specific 

expression of neural cell adhesion molecule (PSA-NCAM) in phrenic axons, seems 

to be important for the segregation of the two nerves [127]. At E11, after 

crossing the rib cage, the phrenic nerve reaches the dorsoventral midpoint of the 

primordial diaphragm, the pleuroperitoneal fold [128]. 

 At E12, the phrenic nerve branches into three primary nerve trunks. Two of 

the branches extend dorsally and ventrally from the entry point along the 

diaphragm muscle, while the third nerve trunk extends dorsally and medially to 

innervate the crus of the diaphragm [128, 129]. Despite the absence of 

nerve-muscle contacts at this development stage, it is already possible to find 

some acetylcholine receptor (AChR) micro-clusters proximally to the phrenic 

nerve [128]. AChRs are an essential component of the post-synaptic apparatus of 

a neuromuscular junction (NMJ), allowing a fast and efficient neurotransmission. 

Upon acetylcholine (ACh) release from the motor nerve terminals, AChRs open 

their gates allowing the entry of sodium and potassium ions, which results in 

depolarization of the muscle fiber followed by the muscle fiber contraction. 

Currently, two different mechanisms of AChR clustering have been processed, 

and represent the myocentric and neurocentric models [128, 130]. The two 

pathways are dependent of the activation of muscle-specific receptor tyrosine 
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kinase (MuSK), and are thought to play an important role at different 

development stages. 

 The myocentric model offers an explanation for the initial aneural 

clustering of AChRs, before the establishment of the first nerve-muscle contacts 

[131, 132]. According to some lines of evidence, this initial pre-pattern clustering 

of AChRs could work as an initial docking site for the growing axons, dictating 

the innervation pattern of the muscle [130]. One possibility is that during 

embryogenesis, the wingless-related integration site (Wnt) signals released from 

the surrounding germ layers, are capable of activating MuSK in the central region 

of the myofibers [133-135]. For this initial clustering of AChRs, it is also essential 

the cytoplasmic recruitment of the downstream-of-tyrosine-kinases7 protein 

(DoK7), an adaptor protein needed for the cytoplasmic activation of the pathway 

[136]. In fact, in nerve-free Hb9 mouse knockouts (KO), the silencing of DoK7 

blocks completely the pre-patterned aneural clustering of the receptors [128]. 

Actually, mutations that impair Dok-7 are a major cause of congenital myasthenia 

in humans [137, 138]. The signaling events that occur immediately downstream 

of MuSK are poorly understood, but require the C-terminal domain of DOK7, 

which contains two conserved sites of tyrosine phosphorylation. To this 

phosphorylation sites, Dok7 recruits two members CT10 regulator of kinase (Crk) 

family, namely CrK and CrK-L [139]. Furthermore, the proteomic screening of SH3 

binding proteins of CrK/CrK-L, allowed the identification of two other proteins of 

this signaling complex essential for the recruitment of AChRs, namely Sorbs1 and 

Sorbs2 [140]. What is also known is that MuSK is also able to phosphorylate 

rapsyn and the AChR γ-subunit, and that upon phosphorylation, rapsyn is capable 

of binding to the phosphorylated AChRs, anchoring the receptors to the 

cytoskeleton, through the dystrophin/utrophin glycoprotein complex [141]. 

 E13 is the development stage at which synaptogenesis truly begins. At this 

stage, the number of AChR micro-clusters become more numerous, and some of 

these micro-clusters start fusing, giving rise to bigger clusters. Moreover, more 

branches start coming out of the main nerve trunk, and around 5% of those 

motor nerve terminals colocalize with AChR clusters [128]. These few nerve-

muscle contacts give rise to the formation of the first NMJs, a process that 

evolves the maturation of the nerve terminal into a functional pre-synaptic 

terminal [142], and the AChR cluster growth and post-synaptic apparatus 

maturation. At this newly formed nerve-muscle contacts, the neurocentric model 

starts playing an important role in both the stabilization and growth of the AChR 
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clusters. According to this model, the motor terminal contact of the muscle is 

followed by the release of agrin, a heparan sulfate proteoglycan. The interaction 

of agrin with the low-density lipoprotein receptor-related protein 4 (LRP4) leads to 

the neuronal activation of MuSK, which activates the downstream pathway already 

described for the myocentric model [143-146]. In fact, LRP4 also seems to be 

important during the aneural activation of MuSK [147]. Moreover, during the 

neuronal activation of MuSK, the tumorous-imiginal-disks 1 protein (Tid1) was 

also identified in the signaling protein complex formed [148]. This member of 

the heat shock protein-40 family is essential for the recruitment of DoK7 to the 

complex, and also for the post-synaptic cytoskeletal reorganization via activation 

of Rac1 and RhoA. 

It is at E13 that the first pattern of NMJs can be observed. The post-

synaptic program seems to be spatially restricted to the central region of the 

myotubes. In fact, all muscles display a very organized and characteristic 

innervation pattern. Actually, this competence of the myotubes to centrally form 

AChR clusters is visible even during the initial stages of aneural clustering [128, 

147]. The processes governing the myotube pre-patterning are still poorly 

understood, but are affected by dysregulation of several already identified 

signaling pathways. Wnt seems to be essential for the initial pre-patterning of the 

muscle. Blocking the expression of Dishevelled-1(Dvl1), a scaffold protein 

required for all Wnt signaling, leads to an abnormal AChR cluster distribution in 

the diaphragm muscle [149]. NRG signaling is also important for this process, 

since the gain of function or blocking of the signaling pathway during the initial 

stages of development leads to an abnormal muscle pattern, and embryonic 

lethality [150, 151]. Moreover, muscle expression of β-catenin is essential for this 

process [152]. The specific deletion of β-catenin expression in the muscle, 

through the generation of a muscle-specific conditional KO, resulted in the 

increase in size and distribution of the AChR clusters. The proper electrical 

stimulation of the muscle is also important. Blocking the expression of the L-type 

calcium channels, affects the proper stimulation of the muscle, and resulted in an 

abnormal innervation pattern [153]. Moreover, the recruitment of Schwann cells 

also seems to be extremely important for the correct targeting of the muscle. In 

fact, mouse models lacking Schwann cells show nerve defasciculation and 

aberrant innervation patterns [114, 154]. 

 Until E15, there is an increase in the number of motor nerve branches 

extending towards the muscle, the number of nerve-muscle contacts, and also 
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the size of the AChR clusters [128]. At E15, all AChR clusters are innervated by at 

least one motor nerve terminal, with many situations of poly-innervated fibers, 

[155]. By E18, only innervated AChR clusters remain and have grown in size, 

while the aneural clusters have disappeared [128]. Importantly, at this stage, the 

AChR ion channels are of fetal subtype, composed of four different subunits, 

termed α, β, γ, and δ in the stoichiometry α2βγδ [113]. Until the end of the first 

two post-natal weeks, through a mechanism of synaptic elimination a single axon 

will remain in each synapse, and the AChR fetal subtypes are converted into the 

adult subtype, due to the substitution of the γ-subunit by an ε-subunit, important 

for the maturation of the NMJs, which will eventually acquire the pretzel-like 

shape characteristic of the mature NMJ [156, 157]. 

 

Perinatal diaphragm development 

 

The development of the skeletal muscle, called myogenesis, involves two 

proliferation waves of muscle progenitor cells. In mice, the formation of the 

diaphragm muscle starts at E9. At this stage there is the proliferation and 

migration of muscle progenitor cells to the pleuroperitonial fold, where they align 

through the full extent of the pleuroperitonial fold [158].  Until E12 there is the 

fusion of the myoblasts to form the primary myotubes that will be eventually 

innervated by a motor nerve terminal [159, 160]. In fact, it is also at this stage 

that that the phrenic nerve reaches the diaphragm [128]. 

From E14 and during the first postnatal stages, there is a second wave of 

proliferation of muscle progenitor cells. This second wave is responsible for the 

growth of muscles during the embryonic development. In fact, the vast majority 

of the muscle fibers present in the adult diaphragm muscle derive from the 

second wave of formed mytotubes. The proliferation of muscle progenitor cells 

begins at the center of the early-formed primary myotubes and results in the 

alignment of myoblasts along the full extension of the diaphragm muscle [113]. 

These myoblast will eventually fuse and form secondary myotubes. Initially, these 

secondary myotubes share the basal lamina of the primary myotubes, but with 

time they start elongating and separating from the primary myotubes creating 

their own basal lamina [161]. 



Introduction 

	 50 

 
Figure 5: Diaphragm innervation. (A) The spinal cord can be divided into four different regions; 

cervical, thoracic, lumbar, and sacral regions. (B) In the cervical region of the spinal cord, three 

motor columns can be identified: the MMC, the LMC, and the HMC. (C) The HMC is responsible for 

the formation of the phrenic nerve, responsible for the innervation of the diaphragm muscle. The 
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motor axons that will form the phrenic nerve start extending at E9, from C3 to C6, cross the 

ribcage and reach the diaphragm muscle around E11. Around E12 the phrenic nerve branches into 

three different nerve trunks, responsible for the ventral and dorsal innervation of the diaphragm 

muscle, but also for the innervation of the diaphragm muscle crus. Establishing the first nerve-

muscle contacts by E13. (D) There is a complex network of signaling pathways regulating the 

formation and maintenance of a NMJ. Laminin binds to the pre-synaptic voltage-gated calcium 

channels, inducing their clustering and the organization of the active zone where synaptic vesicles 

may be released. Agrin induces the post-synaptic differentiation by activating MusK through LRP4. 

The activation of MusK leads to the phosphorylation of the AChRs through Dok7. The 

phosphorylated AChRs are now able to bind to the cytoskeleton through the dystrophin-utrophin 

complex with the help of the adaptor protein rapsyn. The ErbB receptors located on the lipid rafts, 

are activated by NRG, leading to an increased expression of the AChR subunit genes, and 

contributing to a destabilization of the AChR clusters. The carbohydrate moieties of α-dystroglycan 

(α-DG) regulate its interaction with laminin, agrin and perlecan, restricting their location in the 

synaptic cleft. Perlecan, which interacts with collagen, and ColQ, through its heparan sulfate chains, 

also binds α-DG, which thus establishes a link between the basal lamina and the post-synaptic 

cytoskeleton through the dystrophin–utrophin complex. ColQ also interacts with MuSK, probably 

though its C-terminal domain. The AChE subunits may interact directly with laminins and clear the 

ACh released to the synaptic cleft. Nidogen-2 is also located in the synaptic cleft and seems to be 

important for the maturation of the AChR cluster, leading their absence to a myasthenia phenotype. 

 

Importantly, the generation and specialization of the myotubes into the 

different subtypes of muscle fibers is strongly dependent in the subtype of motor 

neuron innervating the myotube, and the myotube electrical stimulation [162, 

163]. 

 

Synaptic elimination 

 

From E15 onwards, multiple motor axons compete for the innervation of 

the same muscle fibers. During the later stages of embryonic development, up to 

10 motor nerve terminals can be competing for the same AChR cluster. Through 

a process called synaptic elimination, the poly-innervation of muscle fibers is 

eliminated until a single muscle fiber is innervated by a single motor nerve 

terminal [113]. In mice the process of synaptic elimination is completed by the 

end of the second postnatal week. 

During elimination, the motor nerve terminals converging to the same 

muscle fiber appear to compete with one another, with the space vacated by the 

loser motor nerve terminals being slowly occupied by the winner [164]. However, 

the signals regulating the process of synaptic elimination are still controversial. 

The timing of the electrical stimulation of muscle fibers seems to play an 
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important role in this process, since the synchronous stimulation motor terminals 

competing for the same AChR cluster blocks synaptic elimination, and their 

asynchronous nature triggers synaptic elimination [165]. 

 

NMJ stabilization and maintenance 

 

With maturation, the AChRs at the NMJ become more stable transiting from 

a half-life of less than 1 day to more than 10 days [166]. In fact, the stability of 

the synaptic AChRs is not determined by the rate of their internalization. Rather, 

upon their internalization, a fraction of the synaptic AChRs is targeted to 

degradation, whereas another fraction is recycled back to the synaptic 

membrane. Thus the measured metabolic AChR half-life is determined by the net 

result of the rates of AChR internalization, the fractions of AChRs that are 

recycled versus degraded after internalization [167]. 

 During the maintenance of the post-synaptic apparatus of a NMJ, it’s the 

signaling pathways regulating the dynamic equilibrium between the AChRs being 

recycled to the membrane or degraded that dictate the size and stability of a 

NMJ. Agrin, through activation of MusK, is the most important stabilizing factor 

for AChR clustering [144-146]. However, the effect of agrin can be potentiated by 

the presence of laminin and other extracellular matrix proteins from the synaptic-

cleft [168]. Concerning to the destabilization of these clusters, two main 

signaling pathways need to be considered: the NRG signaling pathway, and the 

ACh released by the motor nerve terminal. Although, the role of NRG during the 

synaptogenesis process is controversial, it seems that activation of the ErbB 

signaling pathway by NRGs, is important for the destabilization of the AChR 

clusters [114, 130, 169]. Both, NRG and ACh seem to play an important role, 

counteracting the stabilizing effect of agrin, allowing a precise regulation of the 

NMJ size. Actually, mice deficient in ACh due to a mutation in the enzyme choline 

acetyl transferase, show abnormally large AChR clusters [170]. In fact, other 

molecules present in the NMJ can affect this process modulating the activity of 

these three important signaling pathways, including acetylcholinesterase involved 

in the degradation of the ACh released to the synaptic cleft [171, 172], and 

perlecan, essential for localization of acetylcholinesterase at the synaptic cleft 

[173]. 

 Currently, other processes involved in the modulation of the AChR cluster 

size in the NMJ have been unraveled. Agrin can also activate the AKT signaling 
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pathway. By inhibition of GSK3β, agrin modulates the CLIP-associating protein 

(CLASP2)/ CAP-GLY domain containing linker protein 170 (CLIP-170)–mediated 

microtubule capture, two plus tip microtubule plus tip proteins, that in turn direct 

the focal AChR insertion into the synaptic membrane [174]. Moreover, this 

process is also dependent of the local recruitment of LL5β and actin to the 

insertion site [175]. 

 

Neuronal excitability and the axon initial segment 

 

Neurons are the cells responsible for processing information in the 

nervous system. To accomplish this function, neurons acquired a highly 

compartmentalized structure both morphologically and molecularly. In a mature 

neuron two distinct domains can be identified. The somatodendritic compartment 

is composed by the cell body and dendrites, branched processes responsible for 

receiving and integrating all the synaptic inputs. The axonal compartment is 

responsible for transmitting all the integrated information to a given target 

through an action potential. 

 The axonal compartment can be further divided into different sub-

compartments essential for the axon to carry on properly its function: the pre-

axonal exclusion zone (PAEZ), the axonal initial segment (AIS), the nodes of 

Ranvier (NR), and the axon terminals [176, 177]. The PAEZ is delimited proximally 

by the cell body and distally by the AIS. This structure forms the boundary 

between the two main neuronal compartments, and works as a molecular sieve, 

restricting the cytoplasmic passage of somatodendritic components into the 

axonal compartment [176, 178]. Despite the efficiency of the PAEZ in the 

restriction of somatodendritic organelles and proteins from trespassing to the 

axonal compartment, somatodendritic transmembrane proteins can be found in 

the membrane surface of this axonal hillock region [179]. The AIS is a highly 

organized structure enriched in voltage-gated ion channels that works has a 

second exclusion barrier, restricting not only the cross of somatodendritic 

organelles, but also, the membrane diffusion of somatodendritic transmembrane 

proteins and lipids to the axonal membrane compartment [176]. Moreover, the 

AIS also functions as an anatomical and molecular bridge between the input and 

output domains of the neurons, being the structure responsible for generation of 

the action potentials [180]. As already described, in a myelinated axon there is 

the saltatory conduction of the action potentials, through periodic naked regions 
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of the axon enriched voltage-gated ion channels. These periodic regions of the 

axon are the nodes of Ranvier and they allow a more efficient and rapid 

conduction of the action potentials. With the propagation of the depolarization 

wave to the nerve terminals, there is the release of neurotransmitters into the 

synaptic clefts, and the stimulation of the nerve targets, reaching this process its 

final goal [181]. 

 

AIS structure 

 

Despite the enrichment in the AIS of microtubules, actin, voltage-gated ion 

channels, cell adhesion molecules, and extracellular matrix proteins, the key 

protein essential for its assembly is ankyrinG (AnkG). This cytoskeleton scaffold 

protein is one of the first molecules to accumulate in the AIS region, and due to 

its several binding domains, is also responsible for the recruitment and 

anchoring of several cell adhesion molecules and voltage-gated ion channels to 

the actin subcortical region through binding to βIV-spectrin [182, 183]. In fact, 

AnkG is one of the few AIS proteins, that when silenced in hippocampal neurons 

leads to a dismantlement of the AIS structure [184, 185]. Moreover, recent data 

also showed that AnkG is also responsible for anchoring the AIS scaffold to the 

microtubule cytoskeleton through binding to the plus tip proteins, end binding 

protein 1 (EB1) and 3 (EB3) [186, 187]. 

 

AIS function 

 

Two main functions can be attributed to the AIS: its relevance in the 

maintenance of neuronal polarity, and its role in the generation of action 

potentials [188]. The maintenance of the axonal compartment identity through 

spatial restriction of organelles, proteins and lipids, is essential to maintain 

neuronal polarization. The AIS assembly does not contribute for the polarization 

of the neuron, but seems to play an important role in the maintenance of that 

polarization. The in vivo deletion of AnkG in cortical neurons since the early 

stages of neuronal differentiation, blocks the formation of the AIS, but does not 

affect the polarization of the cells [189]. However, after neuronal polarization the 

deletion of AnkG affects the axonal identity, leading to the dedifferentiation of 

the axon to a dendrite [184]. NDLE1, an activator of dynein, seems to play an 

important role in the selective transport of cargos to the axon, since its deletion 
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leads to a complete loss of axonal identity [190]. In fact, the local accumulation 

of NDLE1 in the AIS seems to potentiate the activation of dynein. This results in 

the redirection of somatodendritic organelles back to the cell body through 

highly organized bundles of microtubules [191]. 

The other main function of the AIS is the integration of the 

somatodendritic inputs into the generation of action potentials [188]. The AIS 

was already identified in different neuronal populations, and its voltage-gated ion 

channel composition varies considerably, depending on the unique 

electrophysiological properties of a given neuron. For instance, different neurons 

possess different types, distributions and combination of Na+, K+ and Ca2+ 

channels, depending on their functions. The sodium channels at the AIS are 

needed for the initial reversion of the membrane potential of each newly 

generated action potential [192]. Three different subtypes of sodium channels 

can be identified in the AIS. The sodium channel Nav1.6 is the predominant 

subtype of sodium channels in the AIS, displaying a distal localization [180]. 

Nav1.2 is mainly expressed in the proximal region of the AIS during 

development, although it can also be found in the AIS of adult cortical and 

hippocampal pyramidal neurons [193]. Finally, Nav1.1 is the sodium channel 

subtype present in the majority of the AIS in adult neurons, replacing the 

embryonic expression of Nav1.2 [194, 195]. The potassium channels are 

important for repolarization of the AIS region after the initial reversion of the 

membrane potential. Most neuronal cell populations present low threshold 

subtypes of potassium channels in their AIS, namely Kv1.1 and Kv1.2 [194]. 

However, depending on the electrophysiological proprieties of a given neuronal 

population, the AIS composition can change. For instance, spontaneously firing 

neurons, like cerebellar Purkinje cells, do not show Kv1 expression in the AIS 

[194]. Moreover, slow firing neurons such as pyramidal neurons also present in 

their distal region of the AIS a high density of Kv7.2 and Kv7.3 channels [196, 

197]. The presence of calcium channels in the AIS region also seems to be 

essential for the proper electrophysiological behavior of the neuron [198]. 

However, their function in the AIS is still not completely understood. Cerebellar 

Purkinje neurons contain P/Q-type Ca2+ channels, whereas neocortical pyramidal 

neurons contain P/Q-type Ca2+ channels and N-type Ca2+ channels. In addition, it 

has been shown that GABAergic interneurons from the dorsal cochlear nucleus 

also contain R- and T-type Ca2+ channels [199-201]. 
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Regulation of the AIS 

Since the entire AIS scaffold is anchored to the actin- and tubulin-

cytoskeleton, and since most of the AIS proteins have a long half-life, the 

prevailed idea was that the AIS was a very rigid and stable structure [202]. 

However, the AIS is very plastic and dynamic. The length and positioning of the 

AIS can rapidly change in response to neuronal activity and disease states. For 

instance, in a mouse model of Angelman syndrome where the resting membrane 

potential is more hyperpolarized, the AIS is longer, and these length changes can 

be reversed by restoring the membrane potential [203, 204]. In fact, if in vitro 

cultured neurons are exposed to chronic depolarization conditions (e.g. 15mM 

KCl), this causes a distal reposition and shortening of the AIS [205]. The AIS 

relocation upon KCl treatment is dependent on L-type Ca2+ channel activation, 

with the subsequent downstream activation of CaN [206]. However, it is still 

unclear how other signaling pathways could be affecting the positioning and 

length of the AIS, and how the length and density of the voltage-gated ion 

channels in the AIS could affect its function. For instance, it was recently found 

that fibroblast growth factor 14 (FGF14) is essential for the sodium channel 

location in the AIS; moreover, through interaction with the C-terminal domain of 

Nav1.2 and Nav1.6, FGF14 affects the channel proprieties regulating the neuronal 

excitability [207, 208]. 
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Aims of the work 

 
 
RCDP is a very severe disorder with a high mortality rate. From the several 

features associated with the pathological progression of the disorder, the 

impaired development of the nervous system and the hypotonic state found in 

these patients are extremely relevant for the RCDP, but often neglected. Despite 

the good understanding of biochemical basis of the disorder, relatively little is 

known on the biological consequences of lacking plasmalogens. Importantly, a 

better understanding of the physiological functions of plasmalogens, and the 

mechanisms behind the pathology, could enable the development of much 

needed therapies for RCDP. 

This work had three main objectives: (1) Understand the function of 

plasmalogens in PNS development and myelination; an objective supported by the 

already known enrichment of plasmalogens in myelin and the MRI of RCDP 

patients; (2) Characterize the consequences of plasmalogen loss towards muscle 

innervation and skeletal muscle development; an objective supported by the 

enrichment of plasmalogens in muscle and neurons and the severe hypotonia 

present in RCDP and its mouse models; (3) Determine the possible role of 

plasmalogens in regulating neuronal excitability; an objective supported by the 

hypothesis that a lack of plasmalogens at the neuronal membrane may hinder the 

relocation of the AIS and the observation that RCDP patients are characterized 

either with seizures and epilepsy or with autistic-like presentations. 
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Rhizomelic chondrodysplasia punctata (RCDP) is a developmental disorder characterized by hypotonia, cat-
aracts, abnormal ossification, impaired motor development, and intellectual disability. The underlying etiol-
ogy of RCDP is a deficiency in the biosynthesis of ether phospholipids, of which plasmalogens are the most 
abundant form in nervous tissue and myelin; however, the role of plasmalogens in the peripheral nervous 
system is poorly defined. Here, we used mouse models of RCDP and analyzed the consequence of plasmalogen 
deficiency in peripheral nerves. We determined that plasmalogens are crucial for Schwann cell development 
and differentiation and that plasmalogen defects impaired radial sorting, myelination, and myelin structure. 
Plasmalogen insufficiency resulted in defective protein kinase B (AKT) phosphorylation and subsequent sig-
naling, causing overt activation of glycogen synthase kinase 3` (GSK3`) in nerves of mutant mice. Treatment 
with GSK3` inhibitors, lithium, or 4-benzyl-2-methyl-1,2,4-thiadiazolidine-3,5-dione (TDZD-8) restored 
Schwann cell defects, effectively bypassing plasmalogen deficiency. Our results demonstrate the requirement 
of plasmalogens for the correct and timely differentiation of Schwann cells and for the process of myelination. 
In addition, these studies identify a mechanism by which the lack of a membrane phospholipid causes neuro-
pathology, implicating plasmalogens as regulators of membrane and cell signaling.

Introduction
Plasmalogens, glycerophospholipids with a 1-O-alkenyl ether 
bond at the sn-1 position of the glycerol backbone, represent the 
most abundant form of ether phospholipids. In vitro studies 
have highlighted the role of plasmalogens as mediators of the 
physical properties of membranes, as antioxidants, and as pools 
of lipid mediators (1). The biosynthesis of ether phospholipids 
is initiated in peroxisomes by the activity of glyceronephosphate 
O-acyltransferase (GNPAT) and alkylglyceronephosphate syn-
thase (AGPS) (2). Mutations in GNPAT, AGPS, or in PEX7, which 
targets AGPS in peroxisomes, lead to extremely reduced levels 
of plasmalogens and to rhizomelic chondrodysplasia punctata 
(RCDP) (3–5). RCDP is a peroxisomal disorder characterized by 
multiple tissue defects, ranging from bone, eye, and heart, to ner-
vous tissue involvement (6, 7). Nevertheless, the pathophysiology 
behind defective plasmalogens is poorly understood. The pheno-
type of mouse models for RCDP has supported the etiology of 
the disease (8). Pex7- and Gnpat-KO mice, lacking plasmalogens 
in all tissues, are characterized by a severe phenotype, with early 
postnatal death and hypotonia in a subset of mice, whereas KO 
mice surviving past the first 2 weeks display impaired growth, 
cataracts, and infertility (9, 10). Decreased transcript levels of 
Pex7 and Agps impair ether phospholipid synthesis in Pex7 and 

Agps hypomorphic mice, respectively, causing partial decreases 
in plasmalogen levels. In these mutants, the residual levels of 
plasmalogens are thought to prevent the hypotonia and early 
lethality observed in KO mice (11, 12). Nevertheless, bone, lens, 
and testicular defects in the hypomorphic mice mirror those of 
KO mice. Pex7- and Gnpat-KO mice, models of RCDP type 1 and 
type 2, respectively, share a defect in ether phospholipid biosyn-
thesis, although Pex7-KO mice also have defects in fatty acid 
`- and _-oxidation (9, 13). As in the human RCDP variants, the 
phenotype and tissue pathology of Pex7- and Gnpat-KO mice are 
extremely similar, highlighting that the defect in plasmalogens is 
the major player in disease presentation and progression.

Plasmalogens are enriched in nervous tissue, especially in white 
matter, where they localize to the cytoplasmic apposition of mye-
lin (14, 15). Brain imaging of classical RCDP patients indicates 
impaired myelination, with hypointensity on T1-weighted images 
and reduced levels of choline, with increased mobile lipids and 
myo-inositol on MR spectroscopy (6, 16). A plasmalogen defi-
ciency in mice contributes to astrocytosis, microgliosis, and mye-
lin loss in the CNS (13). Impaired peripheral nerve conduction in 
Pex7-KO mice (13) and the description of peripheral neuropathy 
in a subset of RCDP patients lacking the rhizomelia and ossifica-
tion defects (17) prompted us to determine the role of plasmal-
ogens and the consequences of their deficiency in the peripheral 
nervous system (PNS). In the PNS, Schwann cells are the glia 
responsible for maintaining axonal health and myelination (18). 
Prior to myelination and concomitant with Schwann cell differ-
entiation, large-caliber axons destined for myelination are seg-
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regated from axon bundles by Schwann cells in a process called 
radial sorting (19). Differentiated, promyelinating Schwann cells 
then undergo transcriptional, biochemical, and morphologic 
changes as they initiate axonal wrapping with a myelin sheath 
(20, 21). In the PNS, the extent of myelin deposition around indi-
vidual axons is driven by the axonal expression of neuregulin 1 
(NRG1) and by the signaling cascade initiated in Schwann cells 
expressing the ErbB receptors (22). In the adult PNS, Remak bun-
dles are composed of immature, nonmyelinating Schwann cells 
that continue to associate with bundles of small-caliber axons 
that did not undergo radial sorting (23).

Here, we investigated the role of plasmalogens in myelination 
of the PNS. Our results demonstrate that plasmalogens are cru-
cial for Schwann cell differentiation, as their absence impairs 
axonal sorting and myelination. Moreover, we found that plas-
malogens and myelin basic protein (MBP) are two crucial play-
ers that coordinate myelination in the PNS. Mechanistically, 
we demonstrate that plasmalogens are essential for the correct 
phosphorylation and activation of protein kinase B (AKT). In 
mutant sciatic nerves, reduced AKT activity resulted in overt 
activation of glycogen synthase kinase 3` (GSK3`). Finally, we 
found that the exogenous inhibition of GSK3` with lithium or 

Figure 1
Plasmalogen deficiency causes defects in axonal sorting and myelination. (A) Electron microscopic analysis of sciatic nerves from P5 and 
P15 WT and Gnpat-KO mice. Bundles in P5 Gnpat-KO nerves contained large axons (asterisks), whereas in WT nerves these axons had 
been sorted (arrowhead), and the bundles contained very small-caliber axons (arrow). At P15, sciatic nerves from Gnpat-KO mice had 
Remak bundles with only 1 axon (arrowheads). Scale bars: 2 μm. (B) Composition of axon bundles in sciatic nerves from P5 WT, Pex7-KO, 
and Gnpat-KO mice. *P = 0.031; **P = 0.011. (C) Density of sorted axons in sciatic nerves from P5 WT, Pex7-KO, and Gnpat-KO mice.  
*P = 0.003. (D) Composition of Remak bundles in nerves from adult WT and Pex7-KO mice. *P = 0.013. (E) Density of unmyelinated fibers 
(UMF) in Remak bundles of nerves from adult WT and Pex7-KO mice. (F) Quantification of myelin thickness by g ratio in sciatic nerves at 
P15. Results are graphed as boxes with a line at the mean and whiskers from the minimal to maximal values. *P = 0.005. (G) DRG cocultures 
of neurons and Schwann cells from WT and Gnpat-KO mice stained for neuronal `II-tubulin (green) and for the myelin protein MBP (red). 
Scale bars: 200 μm. (H) Density of myelin segments in DRG cocultures from WT and Gnpat-KO mice. *P = 0.001. (I) Length of individual 
myelin segments in myelinating cocultures. *P = 0.001.
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4-benzyl-2-methyl-1,2,4-thiadiazolidine-3,5-dione (TDZD-8)  
rescued the impairment in Schwann cell differentiation and 
axonal sorting of plasmalogen-deficient mice. Together, our 
novel findings reveal the neuropathology behind a deficiency 
in plasmalogens and elucidate the mechanism by which a mem-
brane phospholipid is essential for Schwann cell differentiation 
and function, implicating plasmalogens as regulators of mem-
brane and cell signaling.

Results
Plasmalogen deficiency causes defects in radial sorting and myelination. 
To assess whether Pex7- and Gnpat-KO mice had defects in PNS 
development, sciatic nerves from 5- and 15-day-old (P5 and P15, 
respectively) mice were analyzed by electron microscopy. In nerves 
from P5 WT mice, we observed axon bundles composed of small-
caliber axons (Figure 1A, arrow) and sorted axons (Figure 1A, 
arrowhead) that displayed a 1:1 relationship with Schwann cells. 
However, in sciatic nerves from P5 Gnpat-KO mice, the bundles 
contained small- and large-caliber axons (Figure 1A, asterisks). 

Consistent with a failure in the process of radial sorting, we 
observed an increased number of axons per bundle (Figure 1B) and 
a decreased number of sorted, promyelinating fibers (Figure 1C)  
in nerves from P5 Pex7- and Gnpat-KO mice. Two main conse-
quences of impaired radial sorting were observed in nerves from 
Gnpat-KO mice. In what seemed to be an attempt by Schwann cells 
to rescue the impaired radial sorting, we observed an increase in 
Schwann cells engulfing single, small-caliber axons in nerves from 
P15 Gnpat-KO mice (Figure 1A, white arrowheads). Ultrastructural 
analysis of sciatic nerves from adult Pex7-KO mice revealed a reor-
ganization of Remak bundles, since we observed a reduction in the 
number of axons in these bundles (Figure 1D), without changes 
in the density of these unmyelinated fibers (Figure 1E). Addition-
ally, the presence of large-caliber axons in Remak bundles caused 
Schwann cells to myelinate these structures (Supplemental Fig-
ure 1A; supplemental material available online with this article; 
doi:10.1172/JCI72063DS1). Surprisingly, this abnormal myelina-
tion of Remak bundles was not temporary. In sciatic nerves from 
1.5-year-old Gnpat-KO mice, we continued to observe myelina-

Figure 2
Plasmalogens and MBP coordinate myelination. (A) Quantification of myelin thickness by g ratio in sciatic nerves from 3-month-old WT and 
Pex7-KO mice. Results are the mean ± SEM. (B) X-ray diffraction analysis of sciatic nerves from WT and Pex7-KO mice. Results are graphed 
as the mean ± SEM. P = 0.01. (C) Immunofluorescence analysis of teased fibers from adult WT and Gnpat-KO nerves stained with F-actin (red). 
Arrows point to Schmidt-Lanterman incisures. Scale bars: 10 +m. (D) Immunofluorescence analysis of sciatic nerve teased fibers stained with 
an antibody against DRP2 (green) showing abnormal apposition in mutant nerves. Scale bars: 10 +m. (E) PPD-stained cross sections of sciatic 
nerves from P30 mice. Scale bars: 25 +m. (F) Quantification of the degree of myelination by g ratio in sciatic nerves from P30 mice. Results are 
graphed as boxes with a line at the mean and whiskers from the minimal to maximal values. *P < 0.001. (G) Calculated motor nerve conduction 
velocities (MNCV) in 3-month-old WT, shi, Pex7-KO, Pex7:shi DM, Gnpat-KO, and Gnpat:shi DM mice. *P < 0.0001; #P = 0.001.
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tion of Remak bundles that contained a few large-caliber axons  
(Supplemental Figure 1B).

During postnatal development, from P5 to P20, nerves from 
Pex7 and Gnpat-KO mice displayed a generalized state of hypomy-
elination (Supplemental Figure 2). Determination of the g ratio 
revealed a defect in myelination with decreased myelin thickness 
in Pex7- and Gnpat-KO–derived nerves (Figure 1F). In vitro analy-
sis of myelination using cocultures of dorsal root ganglia (DRG) 
neurons and Schwann cells (Figure 1G) revealed that Schwann 
cells from Gnpat-KO mice produced fewer and smaller myelin seg-
ments when compared with those in WT Schwann cells (Figure 1, 
H and I). These findings demonstrate that deficiency in plasmal-
ogens impairs Schwann cell function, affecting radial sorting and 
myelination and leading to PNS hypomyelination.

Plasmalogens and MBP coordinate myelination in the PNS. To further 
address the role of plasmalogens in myelination, we analyzed myelin 
content in sciatic nerves from adult Pex7-KO mice. Surprisingly, we 
observed normal myelin thickness in mutant nerves (Figure 2A), sug-
gesting a rescue of the defective myelination during postnatal devel-
opment. However, x-ray diffraction of fixed sciatic nerves showed an 
increase in myelin period of Pex7-KO nerves (Figure 2B), suggesting 
less compaction or reduced stability of myelin in the absence of plas-
malogens. The overall organization of myelinating Schwann cells in 
teased fiber preparations from Gnpat-KO nerves was abnormal, with 
an increase in noncompact myelin due to the increased number of 
Schmidt-Lanterman incisures (WT 1.7 ± 0.4 incisures/100 +m, Gnpat 
KO 4.7 ± 1.4 incisures/100 +m; P = 0.0028; Figure 2C) and with frag-
mented and dispersed DRP2-labeled appositions (Figure 2D).

We hypothesized that the achievement of myelination in the 
absence of plasmalogens could be mediated by the action of other 
myelin components. Studies of PNS myelin of shiverer (shi) mice, 

which lack MBP, a major con-
stituent of PNS myelin, showed 
that other myelin components, 
namely, P0 and P2, are com-
pensatory, allowing shi mice to 
attain normal myelination and 
compaction (24). To further 
investigate whether plasmal-
ogens were crucial for myeli-
nation, we generated Pex7:shi 
and Gnpat:shi double-mutant 
(DM) mice. Phenotypically, 
the DMs shared the features 
of Pex7- and Gnpat-KO mice 
and the characteristic shiver-
ing caused by MBP deficiency 
(data not shown). When com-
pared with single mutants and 
WT mice, nerves from Pex7:shi 
DM mice were characterized 
by a severe hypomyelination 
(Figure 2E) without axonal 
loss (WT 248,704 ± 15,639  
axons/mm2; DM 243,884 ± 
15,851 axons/mm2; P = 0.434). 
Myelin thickness was reduced 
in Pex7-KO nerves, but the dou-
ble deficiency of plasmalogens 
and MBP in Pex7:shi DM mice 

caused a pronounced defect in myelination as judged by the high  
g ratio values (Figure 2F). At the functional level, the single 
mutants had defects in nerve conduction, but in DM mice, the 
combined deficiency of MBP and plasmalogens affected nerve 
conduction by less than half the normal values (Figure 2G). These 
findings indicate that in the absence of plasmalogens, the presence 
of normal amounts of MBP (Supplemental Figure 2B) is sufficient 
to achieve normal amounts of myelin. Our results highlight the 
possible coordination between membrane phospholipids and 
myelin components to attain normal myelination and show that 
plasmalogen deficiency impairs the organization of myelin and 
myelinating Schwann cells.

Defects in plasmalogens impair regeneration and preservation of axons 
and myelin. To further investigate the role of plasmalogens in 
Schwann cells and myelin, we performed sciatic nerve crush in 
adult mice. Histological and morphometric analyses performed 
15 days after crush in the distal segment of crushed nerves from 
WT and Pex7-KO mice revealed reduced density of remyelinated 
axons in mutant nerves (Figure 3, A and B). In addition, the extent 
of remyelination was reduced, showing a higher g ratio in mutant 
nerves (Figure 3C). Our ultrastructural analysis highlighted 
that the defect in remyelination was not due to impaired axonal 
regeneration, as crushed nerves from Pex7-KO mice had a 3-fold 
increase in the density of demyelinated fibers (Figures 3, D and E), 
i.e., large-caliber axons surrounded by a Schwann cell but lacking 
myelin sheaths (Figure 3D, asterisks). These results indicate that 
plasmalogen deficiency primarily affects the ability of Schwann 
cells to remyelinate regenerating axons.

Analysis of sciatic nerves from aged Pex7- and Gnpat-KO mice 
(mean age 17 ± 3.3 months) revealed axonal loss and demyelina-
tion (Figure 4A), with decreased numbers of myelinated axons 

Figure 3
Plasmalogens are important players during remyelination of the PNS. (A) PPD-stained cross sections of 
the distal segment of sciatic nerves 15 days after nerve crush. Scale bars: 10 +m. (B) Degree of regenera-
tion as measured by the density of myelinated axons in the distal segment 15 days after sciatic nerve crush. 
*P = 0.014. (C) Extent of impaired regeneration as measured by g ratio determination. Results are graphed 
as boxes with a line at the mean and whiskers from the minimal to maximal values. *P = 0.029. (D) Electron 
microscopic analysis of the distal segment of crushed sciatic nerves from WT and Pex7-KO mice. In WT 
nerves, remyelination of regenerating axons was evident (arrowheads), whereas Pex7-KO axons of a sim-
ilar caliber were devoid of myelin (asterisks). Scale bars: 5 +m. (E) Density of axons lacking myelin (demy-
elinated axons) in the distal segment following sciatic nerve crush. Error bars represent SEM. *P = 0.012.
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(Figure 4B) and myelin loss in medium- and large-caliber axons 
(Figure 4C). Ultrastructural analysis showed axons enwrapped by 
Schwann cells but lacking myelin (Figure 4D, asterisk) and pro-
duction of redundant basal lamina by mutant Schwann cells (Fig-
ure 4D, arrowheads). The endoneurium of plasmalogen-deficient 
mice was filled with Schwann cell processes, and normal-appearing 
myelinating Schwann cells also extended processes in an apparent 
attempt to engulf and enwrap demyelinated and normally myeli-
nated axons (Supplemental Figure 3). In aged Pex7- and Gnpat-KO 
mice, attempts at remyelination by mutant Schwann cells were evi-
dent by the identification of myelinating images (Figure 4E) that 
are characteristic of the initial stages of myelination in newborn 
mice. However, the process of remyelination seemed to be ineffec-
tive and abortive, with the formation of onion bulb–like structures 
(Figure 4F) and axonal loss. Together, our results reveal that dur-
ing normal development and following nerve regeneration, plas-
malogens are crucial for Schwann cells to sort axons, myelinate, 
and to sustain axons and myelin levels in the PNS.

Plasmalogens regulate AKT activation at the plasma membrane. To 
elucidate the mechanisms underlying the effects of plasmalogen 
deficiency in Schwann cells, we analyzed key kinases in sciatic 
nerves from P15 WT and Gnpat-KO mice. Levels of phosphorylated 
c-Jun N-terminal kinase (JNK), signal transducer and activator of 
transcription 3 (STAT3), extracellular signal–regulated kinase 1/2 
(ERK1/2), and downstream targets of the GTP-binding proteins of 
the Rho family (namely, N-WASP, myosin light chain, and cofilin) 
were normal in Gnpat-KO nerves (data not shown). However, we 
observed a 3-fold decrease in AKT phosphorylation (Figure 5A) and 
in the phosphorylation of two of its targets, GSK3` (Figure 5B) 
and c-RAF (Figure 5C). The defective phosphorylation of AKT was 
unrelated to altered levels of phosphorylated PDK1 (Figure 5D) or 

PTEN (Figure 5E), two upstream regulators of AKT activation. The 
levels of phosphorylated AKT and GSK3` at Ser9 were reduced in 
nerve lysates from Gnpat-KO mice at P4 (Supplemental Figure 4,  
A and B), but were normal in lysates from Gnpat-KO mice at  
3 months of age (Supplemental Figure 4C). During the active 
period of axonal sorting, we also observed a decrease in the prolif-
eration rate of Schwann cells. Pulse-chase in vivo experiments with 
BrdU showed reduced BrdU incorporation in sciatic nerves from 
Gnpat-KO mice at P4 (Figure 5F).

Phosphorylation of AKT was also impaired in serum-starved 
mouse embryonic fibroblasts (MEFs) from Gnpat-KO mice after 
stimulation with 10% FBS (Figure 5G and Supplemental Fig-
ure 4D). However, FBS stimulation was able to normally acti-
vate ERK1/2 in serum-starved MEFs from KO mice (Figure 5G 
and Supplemental Figure 4E). We next investigated whether the 
NRG1/ErbB signaling pathway would also be affected by the 
plasmalogen deficiency. We measured the levels of AKT phos-
phorylation in primary Schwann cells from WT and Gnpat-KO 
mice after stimulation with NRG1, the endogenous axonal sig-
nal that regulates Schwann cell differentiation and myelination 
(18). We detected decreased levels of phosphorylation, indicative 
of impaired AKT activation in Schwann cells from Gnpat-KO 
mice (Figure 5, H and I). The recruitment of AKT to the plasma 
membrane plays a critical role in its activation by PDK1 and by 
the mammalian TOR complex 2 (25, 26). Compared with WT 
MEFs, the plasmalogen deficiency in Gnpat-KO MEFs impaired 
the FBS-induced phosphorylation of AKT at the membrane (Fig-
ure 5J and Supplemental Figure 4F), despite normal levels and 
localization of PDK1 (Supplemental Figure 4G). Failure to acti-
vate AKT at the membrane was also evident by the decreased levels 
of phosphorylated AKT in the cytosolic fraction (Figure 5J). To 

Figure 4
Deficiency in plasmalogens impairs the ability of Schwann cells to sustain myelinated axons. (A) PPD-stained cross sections of sciatic nerves 
from 1.5-year-old WT and Pex7-KO mice revealing demyelination and loss of axons in mutant nerves. Scale bars: 10 +m. (B) Density of myeli-
nated axons in sciatic nerves from WT and Pex7-KO mice. Error bars represent SEM. *P = 0.012. (C) Quantification of the degree of myelination 
by g ratio in sciatic nerves from 1.5-year-old WT and Pex7-KO mice. *P = 0.026. Error bars represent SEM. (D) Electron microscopic analysis of 
sciatic nerves from representative 1.5-year-old WT and Pex7-KO mice showing an axon devoid of myelin (asterisk), severely demyelinated axons 
(arrows), and the presence of extended Schwann cell processes (arrowheads) throughout the perineurium. Scale bars: 2 +m. (E) Schwann cell 
from an aged Gnpat-KO mouse undergoing remyelination of a demyelinated axon. Scale bar: 2 +m. (F) Engulfment of a demyelinated axon by 
2 Schwann cells, generating concentric deposition of membrane processes, similar to the formation of onion bulbs. Scale bar: 2 +m.
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Figure 5
Defects in plasmalogens result in impaired AKT activation and signaling. (A) Western blot analysis and quantification of AKT phosphorylation (p-AKT) 
in sciatic nerve lysates of P15 WT and Gnpat-KO mice. *P = 0.018; **P = 0.006. (B–E) Quantification of phosphorylated forms of GSK3` at Ser9 
(B), c-RAF at Ser259 (C), PDK1 at Ser241 (D), and PTEN at Ser380 (E) in sciatic nerves from WT and Gnpat-KO mice. *P < 0.02. (F) Density of 
BrdU-positive cells in nerves from P4 WT and Gnpat-KO mice. *P = 0.020. (G) Western blot analyses of p-AKT and p-ERK1/2 in serum-starved 
MEFs from WT and Gnpat-KO mice stimulated with 10% FBS. (H and I) Quantification of p-AKT at Ser473 (H) and Thr308 (I) in primary WT and 
Gnpat-KO Schwann cells after stimulation with NRG1. (J) Western blot analysis of total and p-AKT in cytosolic and membrane fractions of serum-
starved MEFs from WT and Gnpat-KO mice stimulated with 10% FBS. Western blot analysis of caveolin 1 (CAV1), GAPDH, and peroxisomal thiolase 
(ACAA1) used to control membrane fractions and cytosolic fractions and to monitor lack of solubilized organelles in cytosolic fractions, respectively. 
(K) DRG cocultures from WT and Gnpat-KO mice treated with DMSO (control) or with SC79, stained for neuronal ̀ III-tubulin (green) and MBP (red). 
Scale bars: 100 μm. (L) Density of myelin segments in DRG cocultures from WT and Gnpat-KO mice after DMSO and SC79 treatment. *P < 0.002.  
(M) Length of individual myelin segments in myelinating cocultures. *P < 0.01. Error bars represent SEM in all graphs.
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determine whether the defect in AKT activation plays a critical 
role in the impaired myelination observed in DRG cocultures, we 
performed in vitro myelination assays in the presence of SC79. 
This small compound was shown to allow AKT activation in the 
cytosol, bypassing the need for AKT to be targeted to the mem-
brane (27). Treatment of DRG cocultures from Gnpat-KO mice 
with SC79 (Figure 5K) increased the number and length of myelin 
segments (Figure 5, L and M), indicating the rescue in myelina-

tion. These results highlight that plasmalogens are important for 
the correct recruitment and activation of AKT at the membrane 
and that their absence causes a signaling defect independently of 
ligand-receptor activation.

Defective differentiation of Schwann cells in plasmalogen-deficient 
mice is rescued by treatment with GSK3` inhibitors. AKT promotes 
Schwann cell differentiation and myelination in part through 
the inhibitory phosphorylation of GSK3` at Ser9 (28). We there-

Figure 6
Treatment with GSK3` inhibitors restores Schwann cell differentiation and radial sorting defects. (A) In vitro myelination after treatment with NaCl 
(control) or LiCl. *P = 0.001. (B) Strategy for in vivo treatments. For the assessment of LiCl on the phosphorylation of AKT and GSK3`, mice were 
injected with LiCl on alternating days from P7 to P15 (upper diagram). For the assessment of LiCl on nerve pathology, mice were injected daily 
with LiCl from P1 to P6 (lower diagram). (C and D) Quantification of p-GSK3` at Tyr216 (*P = 0.04) (C) and Ser9 (*P = 0.017) (D) in nerves from 
P15 mice. (E and F) Quantification of p-AKT at Ser473 (E) and Thr308 (F) in nerves from P15 mice. *P = 0.01. (G and H) Quantification of SOX2 
(G) and OCT6 (H) levels in nerves from P6 WT and Gnpat-KO mice. *P = 0.03 (G); P = 0.038 (H). (I) Ultrastructural analysis of sciatic nerves from 
P6 Gnpat-KO mice treated with NaCl and LiCl. Lines and asterisks indicate axon bundles on control and lithium-treated nerves, respectively. Scale 
bars: 5 μm. (J) Number of axons in bundles of sciatic nerves from P6 mice treated with NaCl and LiCl. *P = 0.0013. (K) Density of sorted axons 
(promyelinating stage) in sciatic nerves from P6 mice treated with NaCl and LiCl. *P = 0.0022. (L) Number of axons in bundles of sciatic nerves 
from P4 mice treated with DMSO and TDZD-8. *P < 0.007. (M) Density of sorted axons in sciatic nerves from P4 WT and Gnpat-KO mice treated 
with DMSO and TDZD-8. *P < 0.03.
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fore tested whether treatment with LiCl, a GSK3` inhibitor (29), 
would rescue the Schwann cell defects observed in Gnpat-KO  
mice. The addition of LiCl to the culture medium rescued the 
myelination defect of DRG mixed cultures from Gnpat-KO mice 
(Figure 6A). Therefore, we treated WT and Gnpat-KO mice with 
LiCl or NaCl in two treatment schemes (Figure 6B). Follow-
ing LiCl treatment for 1 week from P7, analysis of nerves from 
Gnpat-KO mice revealed decreased phosphorylation of GSK3` at 
Tyr216 (Figure 6C) and increased phosphorylation of GSK3` at 
Ser9 (Figure 6D). We found that higher levels of GSK3` phos-
phorylation at Ser9 were due to increased phosphorylation 
of AKT (Figure 6, E and F), since lithium dissociates the pro-
tein phosphatase 2A–containing (PP2A-containing) complex, 
decreasing the dephosphorylation of AKT (30).

Lithium treatment during the first 6 days of life induced 
Schwann cell differentiation in Gnpat-KO nerves, as levels of 
SOX2, a marker of immature Schwann cells, were decreased 
(Figure 6G), and levels of OCT6, a marker of differentiated 
Schwann cells, were increased (Figure 6H). Ultrastructural 
analysis of sciatic nerves from LiCl-treated Gnpat-KO nerves 
showed improved myelination (Figure 6I) and rescue in 
axonal sorting, with normal numbers of axons in bundles 
(Figure 6J) and normal density of sorted promyelinating 
Schwann cells containing a single axon (Figure 6K). Simi-
lar results were obtained when newborn WT and Gnpat-KO 
mice were treated for 4 days with TDZD-8, a highly specific 
inhibitor of GSK3` (31). In sciatic nerves from P4 Gnpat-
KO mice treated with TDZD-8, we observed a decrease in 
the number of axons per bundle (Figure 6L) and an increase 
in the number of sorted axons (Figure 6M). Taken together, 
our results indicate that plasmalogen deficiency affects 
Schwann cell differentiation and function, causing defects 
in axonal sorting, myelination, assembly of myelin, and 
nerve conduction through the impairment of AKT activa-
tion at the plasma membrane and via GSK3`.

Discussion
In this study, we report that a plasmalogen defect in the PNS 
primarily affects Schwann cells and that plasmalogens are 
crucial for Schwann cells at two developmental time points. 
During the early postnatal period, plasmalogens are important 
for axon-glia interaction and the myelination process. The rec-
ognition of axons by Schwann cells or the ability to actively 
segregate axons destined for myelination is impaired by the 
deficiency in plasmalogens. The presence of unsorted axons 
caused abnormal myelination of the Remak bundles and reor-
ganization of these structures. Additionally, impaired myelina-
tion, increased regions of noncompact myelin, and defective 
compartmentalization of Schwann cells in mutant nerves 
highlight the role of plasmalogens in the correct assembly of 
myelin and the organization of Schwann cells. Surprisingly, the 
extent of myelin thickness was normal in adult mutant mice, 
which led us to hypothesize, that like a deficiency in MBP, 
which has minimal effects in the PNS despite the complete lack 
of myelin in the CNS, other myelin components may contrib-
ute to achieving normal myelination (24, 32). MBP, known to 
modulate the apposition of the cytoplasmic leaflets of myelin 
membranes through electrostatic interactions, is also involved 
in the partition of myelin into compact and noncompact mye-
lin (33). To further investigate the role of plasmalogens during 
myelination, we asked whether depleting myelin of plasmalo-

gens and MBP, two major constituents of myelin at the cytoplas-
mic apposition, would impair myelination. In DM mice, we found a 
major impairment in myelination and nerve conduction, indicating 
that plasmalogens are important regulators of myelination. In addi-
tion, we found that upon Wallerian degeneration, injury-induced 
remyelination was also affected by the deficiency in plasmalogens, 
although axonal regeneration seemed to be unaffected. Failure to 
maintain myelin levels was also evident in sciatic nerves from aged 
mutant mice, in which we observed extensive demyelination, axonal 
loss, and failed attempts to remyelinate the PNS.

Our results highlight that in mice, a deficiency in plasmalogens 
is sufficient to impair PNS myelination and to cause age-depen-
dent peripheral neuropathy. As such, the evaluation of the PNS 

Figure 7
Schematic representation of a proposed model depicting the conse-
quences of plasmalogen deficiency in the PNS. The deficiency in plasmal-
ogens at the plasma membrane of Schwann cells causes reduced phos-
phorylation of AKT, leading to an overt activation of GSK3` by reducing 
the inhibitory phosphorylation at Ser9. Active GSK3` inhibits Schwann cell 
differentiation, impairing axonal sorting and myelination. Lithium admin-
istration to inhibit GSK3` is able to rescue Schwann cell differentiation 
and maturation in the absence of plasmalogens. During aging, lack of 
plasmalogens causes demyelination and axonal loss, and Schwann cells 
extend processes in failed attempts to remyelinate existing axons. Plasmal-
ogens are depicted by gray-colored phospholipids; , impaired signaling;  
A, induction; Ŏ, inhibition.
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on restoring plasmalogen levels in nervous tissue (39). As such, 
improving the defective AKT/GSK3` signaling pathway may have 
clinical potential in combined therapeutic interventions with 
alkyl-glycerol during the active period of PNS myelination and in 
mildly affected patients displaying signs of peripheral neuropathy.

In summary, our data reveal the role of plasmalogens in the neu-
ropathic course of two models of RCDP (see proposed model in 
Figure 7), showing that plasmalogen deficiency severely impairs 
the ability of Schwann cells to differentiate and mature, thus caus-
ing defects in myelination and nerve conduction. Through the 
identification of the mechanism by which a defect in plasmalogens 
mediates the pathology, we unraveled that ether phospholipids are 
crucial for the activation of the AKT pathways and identified a 
candidate therapeutic intervention that overcomes the plasmal-
ogen deficiency and rescues the signaling pathway and Schwann 
cell differentiation.

Methods
Mouse strains, procedures, and treatments. WT, Pex7, and Gnpat mice have been 
previously described (9, 10). KO and WT littermates of both sexes were 
obtained from mating of heterozygous mice. Shiverer mice (shi; Mbpshi/J) 
were obtained from The Jackson Laboratory. Pex7:shi and Gnpat:shi DM 
mice were obtained from F2 mice after crossing heterozygous Pex7 or Gnpat 
mice with homozygous shi mice.

For nerve crush, 2-month-old WT (n = 4) and Pex7-KO (n = 6) mice were 
anesthetized (i.p. 100 mg/kg ketamine and 1 mg/kg medetomidine), and 
the exposed right sciatic nerve was injured (15-second crush 2 times) at the 
level of the notch with a fine hemostat. The contralateral nerve was used as 
a control. Postsurgical analgesia (1 mg/kg butorphanol s.c.) was performed 
twice a day for 3 days. Nerve conduction (WT, n = 6; shi, n = 4; Pex7-KO, n = 3; 
Pex7:shi DM, n = 4; Gnpat-KO, n = 5; Gnpat:shi DM, n = 3) was determined as 
previously described (44).

For the BrdU incorporation assay, BrdU in 0.9% NaCl and 7 mM NaOH 
were injected i.p. at a dosage of 50 mg/kg in WT and Gnpat-KO mice (n = 4  
for each genotype) 4 and 20 hours before the collection of sciatic nerves.

LiCl or NaCl at a dosage of 50 mg/kg was injected s.c. daily from P0.5 to 
P6 (control WT, n = 6; Gnpat-KO, n = 6; lithium WT, n = 7; Gnpat-KO, n = 6) 
or on alternating days from P7 to P15 (control WT, n = 7; Gnpat-KO, n = 7; 
lithium WT, n = 7; Gnpat-KO, n = 7). TDZD-8 (Sigma-Aldrich) at 5 mg/kg or 
DMSO at 20% (v/v) was injected s.c. daily from P0.5 to P4 (control WT, n= 4; 
Gnpat-KO, n = 4; TDZD-8 WT, n = 5; Gnpat-KO, n = 5). Mice were used under 
standard conditions and had free access to food and water. Experiments 
and mouse manipulations were performed in compliance with the institu-
tional guidelines and recommendations of the Federation for Laboratory 
Animal Science Association (FELASA) and were approved by the National 
Authority for Animal Health (DGAV; Lisbon, Portugal).

Histological and morphological analyses. Sciatic nerves were dissected and 
fixed by immersion on 4% glutaraldehyde in 0.1 M cacodylate buffer (pH 
7.4) for 1 week. After postfixation with 1% OsO4 in 0.1 M cacodylate buffer 
(pH 7.4) for 2 hours, nerves were dehydrated and embedded in Epon (Elec-
tron Microscopy Sciences). Sections (1-+m-thick) were stained for 10 min-
utes with 1% p-phenylenediamine (PPD) in absolute methanol, dried, and 
mounted on a drop of DPX (Merk). The entire area of the nerve was pho-
tographed on an Olympus optical microscope equipped with an Olympus 
DP 25 camera and Cell B software, and images were imported into Photo-
shop (Adobe). For g ratio analyses, the Photoshop recording measurement 
tool was used to determine the area of the axon and the entire myelinated 
fiber (axon plus myelin). Derived diameters were used to calculate the g 
ratio in 200 to 300 individual fibers per genotype and age (P5 mice: WT,  
n = 7; Pex7-KO, n = 4; Gnpat-KO, n = 4; P15 mice: WT, n = 5; Pex7-KO, n = 4;  

in RCDP type 2 and type 3 patients should be informative. In Ref-
sum’s disease, the single defect in _–oxidation of phytanic acid is 
known to cause peripheral neuropathy (34). Previously, we identi-
fied a group of atypical RCDP type 1 patients with mild mutations 
in PEX7 and a Refsum-like presentation, which included retinitis 
pigmentosa and nerve hypertrophy (17). In addition to the accu-
mulation of phytanic acid, these patients also had a defect in plas-
malogen synthesis. Based on our current findings, we propose that 
RCDP type 1 patients should also be investigated for defects in 
nerve conduction and pathology. In these patients, the peripheral 
neuropathy can be aggravated by the combined defect in plasmal-
ogen synthesis and phytanic acid accumulation.

In the present study, we analyzed the phosphorylation levels of 
several kinases involved in PNS development to understand how 
a defect in plasmalogens impairs Schwann cell differentiation and 
Schwann cell–mediated myelination. The results obtained in nerves 
of Gnpat-KO mice during the active period of myelination in the 
PNS revealed an impairment of AKT activation. Our observations 
of impaired activation of the AKT pathway following induction 
with FBS or NRG1, which was not mediated by defects in upstream 
regulators, suggested a more direct role of plasmalogens in AKT 
activation rather than of multiple defects in several ligand-receptor 
interactions and activations. AKT activation by phosphorylation at 
the plasma membrane was impaired in plasmalogen-deficient cells. 
In mutant cells, AKT was found in membrane fractions, but upon 
FBS stimulation, AKT was not phosphorylated despite the correct 
localization and phosphorylation of PDK1. The requirement of 
AKT to associate with raft microdomains for efficient activation 
and signal transduction, combined with the enrichment of plas-
malogens in lipid rafts, suggests that the defect in plasmalogens 
affects the correct compartmentalization of AKT, and thus its 
activation by phosphorylation (25, 34). The AKT signaling path-
way is important for lens fiber differentiation, chondrocyte dif-
ferentiation and maturation, adipogenesis, and spermatogenesis 
(35–38). Based on our results showing that a plasmalogen defect 
impairs AKT activation in Schwann cells, we hypothesize that in 
tissues affected by a plasmalogen defect (e.g., lens, cartilage, adipo-
cytes, and testis), impaired AKT signaling  modulates the observed 
pathology, namely, cataracts, impaired ossification, lipodystrophy, 
and loss of spermatocytes (39).

In sciatic nerves from Gnpat-KO mice, we found that impaired 
AKT activation resulted in dysregulated phosphorylation of 
GSK3`. GSK3` activity and its role in the regulation of transcrip-
tion are known to modulate Schwann cell differentiation and 
myelination (28, 40). Active GSK3`, phosphorylated at Tyr216, 
is inhibited by AKT phosphorylation at Ser9 (41). In nerves from 
Gnpat-KO mice, we observed increased levels of Tyr216 phospho-
rylation and decreased levels of Ser9 phosphorylation, which, 
combined, indicate overtly active GSK3` (41). Lithium, a known 
inhibitor of GSK3`, can directly inhibit the kinase through Mg2+ 
competition and can indirectly inhibit GSK3` by promoting fur-
ther inhibition through Ser9 phosphorylation (42, 43). Lithium 
administration to Gnpat-KO mice was able to normalize GSK3` 
phosphorylation status, induced the stimulation of Schwann cell 
differentiation, rescued the radial sorting defect, and improved 
myelination independently of the plasmalogen defect. Similar 
findings were obtained when Gnpat-KO mice were treated with 
TDZD-8, a highly specific inhibitor of GSK3`. Treatment of plas-
malogen-deficient mice with alkyl-glycerol rescues the biochemi-
cal defect and pathology in several tissues, but has minimal effects 
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lyzed by epifluorescence on a Zeiss Axio Imager Z1 microscope equipped 
with an Axiocam MR3.0 camera and Axiovision 4.7 software.

For teased fiber preparations, sciatic nerves from 9-month-old WT 
and Gnpat-KO mice (n = 3 for each genotype) were dissected and fixed 
by immersion with 4% PFA in PBS for 30 minutes. Under a dissection 
microscope, the perineurium was removed, and small nerve bundles were 
separated using 30-gauge needles. Nerve bundles were blocked and per-
meabilized by incubation for 1 hour at RT in blocking buffer containing 
0.1% Triton X-100. Bundles were incubated with rhodamine-conjugated 
phalloidin (1:400; Invitrogen) or with rabbit anti-DRP2 (46) for 16 hours 
at 4°C. After washing with PBS, bundles were incubated for 2 hours at RT 
with secondary antibodies. Nerve bundles were then washed in PBS and 
placed in a drop of Vectashield containing DAPI. Single teased fibers were 
prepared using 30-gauge needles, sealed, and viewed by confocal micros-
copy on a Leica TCS SP5 II.

Biochemical analyses. For Western blot analysis, lysates of sciatic nerves 
were prepared by sonication in lysis buffer, and 25 +g protein was run on 
12% SDS-PAGE gels. Blots were developed with ECL (Pierce) and exposed 
to Hyperfilm (Amersham). Films were scanned on a Molecular Imager 
GS800, and Quantity One (Bio-Rad) was used for quantifications. The Pro-
teoExtract subcellular proteome extraction kit (Calbiochem) was used to 
obtain membrane and cytosolic fractions of cultured MEFs from WT and 
Gnpat-KO mice. Three independent experiments were performed.

X-ray diffraction. Sciatic nerves from WT (n = 6) and Pex7-KO (n = 7) mice 
were fixed by immersion on 2% glutaraldehyde in 0.12 M phosphate buf-
fer (pH 7.4). Diffraction experiments and data analysis were carried out as 
detailed previously (47). For the determination of the relative amount of 
myelin by x-ray diffraction, the quotient M/M+B was used, in which the 
denominator includes the total x-ray scatter coming from the volume of 
nerve subtended by the x-ray beam (consisting of the multilamellar myelin, 
M, and background, B), and the numerator is the total intensity coming 
from the multilamellar myelin (the peak intensities above background), as 
previously described (47).

Statistics. Results were expressed as the mean ± SEM, and data were ana-
lyzed with Prism software (GraphPad Software). To compare 2 groups, 
nonparametric Mann-Whitney U tests were used, and P < 0.05 was consid-
ered a significant difference. For comparison of more than 2 groups, 1-way 
ANOVA tests were used, followed by Tukey’s multiple comparison tests.
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Gnpat-KO, n = 4; P30 and P90, n = 4 for all genotypes; 1.5-year-old: WT,  
n = 6; Pex7-KO, n = 6; Gnpat-KO, n = 5). For the determination of the density 
of myelinated fibers (MFs), the total number of MFs was divided by the 
area of the entire cross section of the sciatic nerve.

Ultrathin sections (60-nm) prepared on a Leica ultramicrotome were placed 
on 200-mesh copper grids (Electron Microscopy Sciences) and were coun-
terstained, first with alcoholic uranyl acetate solution (2% w/v; 10 minutes), 
then by aqueous uranyl acetate solution (2% w/v; 10 minutes) and lead citrate 
(4% w/v; 10 minutes). Grids were observed on a JEOL JEM-1400 transmission 
electron microscope equipped with an Orious Sc1000 digital camera. Ten to 
15 nonoverlapping images were obtained and used for all determinations.

Cell culture and in vitro myelination. MEFs were prepared from E12 
embryos and cultured in high-glucose DMEM with 10% FBS and anti-
biotics. Primary Schwann cells were isolated from sciatic nerves of 4-day-
old WT and Gnpat-KO mice and cultured in high-glucose DMEM with 
10% normal horse serum (NHS) and antibiotics. Schwann cells were 
serum starved for 12 hours before stimulation with 30 ng/ml recombi-
nant human neuregulin 1 ` EGF-like domain (R&D Systems). The lysates 
were prepared after 0, 7, and 15 minutes at 37°C. Serum-starved MEFs 
were stimulated with 10% FBS for 0, 1, 3, and 5 minutes. The lysates 
were prepared in PBS containing 0.3% Triton X-100, protease inhibitors  
(cOmplete, Mini; Roche), and 2 mM orthovanadate.

In vitro myelination was performed as described (45). Mixed cultures 
of DRG neurons and Schwann cells from WT (n = 7) and Gnpat-KO  
(n = 4) embryos were maintained in high-glucose MEM with 2 mM  
L-glutamine, 10% FBS, 50 ng/ml nerve growth factor (NGF) (2.5S; Millipore), 
and 1% penicillin-streptomycin, and were then plated onto 13-mm-diameter  
Matrigel-coated coverslides (1:10 in DMEM). After 24 hours at 37°C, 
cells were cultured for 10 days in neurobasal medium supplemented with 
4 g/l glucose, 2 mM L-glutamine, 50 ng/ml NGF, and 1= B27 (Gibco). 
Myelination was induced at 10 days in vitro (div) by the daily addition of  
50 +g/ml ascorbic acid to high-glucose MEM medium supplemented with 
2 mM L-glutamine, 10% FBS, and 50 ng/ml NGF. For lithium treatment 
in myelination assays, medium was supplemented with 3 +M forskolin and  
16 mM NaCl (control) or 16 mM LiCl starting at div 7. For treatment with 
SC79, medium was supplemented with 0.0008% v/v DMSO or with 0.4 +g/ml  
SC79 (Millipore) in DMSO starting at div 7. In both treatment schemes, 
cells were fixed and processed for immunofluorescence at 20 div.

Antibodies. The antibodies used were: anti–`III-tubulin (1:600; 1967-1;  
Epitomics); anti-MBP (1:250; MAB386; Millipore); anti-DRP2 
(1:1,000; ref. 46); anti–Ser473-AKT; anti–Thr308-AKT; anti–pan-AKT;  
anti–Ser259-c-RAF; anti–Ser9-GSK3` (all at 1:1,000; catalog 9916; Cell Sig-
naling Technology); anti–`-tubulin (1:1,000; catalog 5142; Cell Signaling 
Technology); anti–caveolin 1 (1:5,000; C13630; BD Transduction Labora-
tories); anti-ACAA1 (1:1,000; HPA007244; Sigma-Aldrich); anti-GAPDH 
(1:1,000; catalog 5174; Cell Signaling Technology); and anti-BrdU (1:2,000; 
Ab6326; Abcam). For immunofluorescence, Alexa Fluor 488– and Alexa 
Fluor 568–conjugated secondary antibodies were used (1:500; Invitrogen). 
For detection of BrdU, nerves from P4 WT and Gnpat-KO mice were fixed 
in carnoys and processed for immunofluorescence in paraffin sections pre-
treated with 2N HCl. For Western blotting, horseradish peroxidase–conju-
gated secondary antibodies were used (1:5,000; Jackson ImmunoResearch).

Immunofluorescence. In the in vitro myelination assays, fixed and perme-
abilized cells were incubated for 1 hour at room temperature (RT) with 
blocking buffer (5% normal donkey serum [NDS] in PBS). Primary anti-
bodies (rabbit anti–`III-tubulin and rat anti-MBP) were diluted in block-
ing buffer and incubated for 16 hours at 4°C. After washing with PBS, 
secondary antibodies were diluted in blocking buffer and incubated for  
1 hour at RT. After washing, coverslides were mounted on microscope 
slides with Vectashield containing DAPI (Vector Labs). Slides were ana-
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Supplementary data 
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Supplementary Figure 1 – Impaired axonal sorting leads to the re-organization 
and myelination of Remak bundles from plasmalogen-deficient mice. 
Ultrastructural analysis of nerves from WT and Gnpat KO mice at P15 (A) and 17-
months of age (B) revealed the presence of myelinated bundles of small and large 
(asterisks) caliber axons in mutant nerves. Scale bar is 2µm in A, and 1µm in B. 
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Supplementary Figure 2 –Histological assessment of sciatic nerves from WT, 
Pex7 KO  and Gnpat KO mice. (A) Sciatic nerves were isolated from 5, 10, 15 
and 20 days old (P5, P10, P15, and P20, respectively) WT and plasmalogen-
deficient mice, and stained with PPD to visualize myelin lipids. At all ages, 
nerves from Pex7 and Gnpat KO mice showed thinner myelin sheaths. In 
nerves from Pex7 and Gnpat KO at P5, the impairment in myelination can also 
be seen by the reduction in the number of myelinated fibers. Scale bar is 
12µm. (B) Levels of myelin basic protein (MBP) in sciatic nerves from P10 
and P90 WT and Gnpat KO mice.  
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Supplementary Figure 3– Ultrastructural analyses of sciatic nerves from aged 
WT and plasmalogen-deficient mice. Compared to WT nerves (A), sciatic nerves 
of 1.5 years old Pex7 KO (B) and Gnpat KO mice (C) showed generalized 
axonal loss and demyelination was evident by the thinning of myelin sheaths 
(asterisks; (B)). Attempts of  re-myelination were also detected (arrows in B). 
Schwann cells from plasmalogen-deficient mice extended multiple processes to 
enwrap demyelinated axons but surprisingly also myelinated axons (C). In 
mutant mice, we observed that myelinating Schwann cells could also extend 
processes (pseudo-colored in yellow in B and C) in attempts to engulf itself 
(cardinal (#) and arrowheads in B) or other myelinating fibers (C). Scale bar in A 
and B is 2µm and in C is 1µm 
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Supplementary Figure 4– Plasmalogen deficiency specifically impairs AKT phosphorylation. 
(A) Quantification of phosphorylated AKT at Ser473 and Thr308 in sciatic nerves from WT and 
Gnpat KO at P4; *** P<0.003. (B) Quantification of phosphorylated GSK3ȕ at Ser9 in sciatic 
nerves from WT and Gnpat KO at P4; * P=0.04. (C) Quantification of phosphorylated AKT at 
Ser473 and GSK3ȕ at Ser9 in sciatic nerves from 3 months old WT and Gnpat KO. (D) 
Quantification of phosphorylated AKT at Ser473 and Thr308 in lysates from WT and Gnpat KO 
MEFs 0, 1, 3 and 5min after stimulation with 10% FBS. Mean values of three independent 
experiments. (E) Quantification of phosphorylated ERK1/2 in lysates from WT and Gnpat KO 
MEFs 0, 1, 3 and 5min after stimulation with 10% FBS. Mean values of three independent 
experiments; *P<0.01. (F) Quantification of phosphorylated AKT at Ser473 and Thr308, in 
cytosolic and membrane fractions of MEFs from WT and Gnpat KO mice treated with 10% FBS 
for 0, 3 and 5 min. Mean values of three independent experiments. * P<0.01. (G) Western blot 
analysis and quantification of PDK1 levels in cytosolic and membrane fractions of MEFs from 
WT and Gnpat KO mice revealed normal levels of active PDK1. 
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Introduction 

 

Skeletal muscle innervation relies in a very complex network of signaling 

pathways [1]. It depends on the concerted development and maturation of motor 

neurons, Schwann cells, and muscle fibers, and is highly sensible to physiological 

alterations. This intricate process initiates with the extension of the motor neuron 

axon from the spinal cord towards specific muscle targets [2, 3]. The process is 

sensible to defects in axonal extension [4, 5], defects in the ability of 

surrounding tissues to secret molecular guidance cues to the extracellular space, 

and defects in the ability of motor neuron growth cones to sense and interpret 

those molecular cue gradients [6, 7]. Previous studies also highlighted that 

Schwann cells are also relevant for the motor axon pathfinding. Proliferation and 

migration of Schwann cell precursors, differentiation into immature Schwann 

cells, and their interaction with motor neuron axons, were shown to be all 

neuregulin 1 (NRG1)-dependent processes [8-10]. In fact, mouse models lacking 

Schwann cells due to manipulation of the NRG1 pathway show nerve 

defasciculation and aberrant muscle innervation patterns [11-13].  

A critical step during muscle innervation is the formation of the synapse, 

the essential unit needed for the nerve-muscle chemical communication [14]. 

Synaptogenesis begins with the arrival of the motor neuron axons to the muscle, 

and is highly dependent of the crosstalk between the motor terminals and muscle 

fibers [15]. From the myriad of signaling pathways already described as relevant 
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for synapse formation, the neuronal-induced clustering of acetylcholine receptors 

(AChRs) was shown to rely primarily in the activation of the low-density 

lipoprotein receptor-related protein 4 (LRP4)/ muscle-specific kinase (MuSK)/ 

docking protein 7 (DoK7) signaling pathway by the neuronal secreted agrin [16-

21]. In fact, this heparan sulfate proteoglycan is not only important for the 

anchoring of AChRs to the cytoskeleton, but it is also essential for the 

cytoskeleton reorganization needed during the maturation of the post-synaptic 

apparatus through activation of Rac1 and RhoA signaling pathways [22]. It also 

became evident that muscle fibers participate actively in this process, affecting 

motor neuron survival [23], pre-synaptic differentiation [15], and the innervation 

pre-pattern [24]. A good example is the muscle-specific deletion of β-catenin, 

responsible for an increase in the size and distribution area of the AChR clusters, 

affecting the innervation pattern of the muscle [25]. 

Nervous tissue and skeletal muscle are highly enriched in plasmalogens, a 

class of ether-phospholipids that accounts for more than 20% of the total 

phospholipid content in membranes [26]. In fact, 50% of ethanolamine 

phospholipids in the nervous tissue are plasmalogens, that are highly enriched in 

specialized types of membranes such as synaptic vesicles [27], lipid rafts [28], 

and myelin [26]. As a result of their physico-chemical properties, plasmalogens 

are thought to be relevant for several physiological processes within cells and 

tissues [29, 30]. The relevance of plasmalogens is epitomized by the study of 

rhizomelic chondrodysplasia puntacta (RCDP) [31], a peroxisomal disorder caused 

by extremely reduced levels of plasmalogens [32, 33]. Clinically, RCDP patients 

display bone abnormalities, contractures, congenital cataracts and heart defects, 

hypotonia, and growth and mental retardation [29, 30, 34]. It is postulated that 

the amount of residual levels of plasmalogens in RCDP patients modulates the 

severity of the disorder. Patients with higher residual levels of plasmalogens have 

a less severe presentation of the disorder, whereas patients with extremely 

reduced levels of plasmalogens display the severe and classical form of the 

disorder associated to a high mortality rate [35]. However, the pathological 

relevance of these ether-phospholipids for the clinical progression of the disorder 

it is still unclear. 

Here we investigated the role of plasmalogens in the skeletal muscle 

innervation. Given the hypotonic state clinically associated with RCDP patients, 

plasmalogens could play an important role in the mediation of the processes 

needed for the proper skeletal muscle innervation, or in the actual development 
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of the muscle. Changes in the composition of membranes may affect a wide 

variety of processes needed for the correct innervation of muscle. These 

processes include: (A) regulation of the physical properties that govern 

membrane fluidity and events of fusion and fission; (B) establishment of 

membrane domains needed for activation of cell signaling; and (C) the growth of 

membranes [15]. Previous studies highlighted that plasmalogen-deficient 

terminals have an impaired capability to release neurotransmitters [27], and 

depletion of cholesterol from lipid rafts, another plasmalogen-enriched 

compartment [28] is known to cause a dispersal of the AChR clusters [36, 37]. By 

making use of two different mouse models for RCDP, the Pex7 and Gnpat 

knockout (KO) mice, we investigated the impact of a complete plasmalogen-

deficiency in the skeletal muscle innervation. We found that a plasmalogen-

deficiency is characterized by a deficient skeletal muscle innervation. In mice, the 

lack of plasmalogens caused an abnormally large and irregular innervation 

pattern of muscle fibers due to an aberrant branching and sprouting of the motor 

axons extending from the phrenic nerve. The quantification of the number of 

AChR clusters also revealed increased number of nerve-muscle contacts in adult 

plasmalogen-deficient mice, pointing to defects in synaptic elimination. 

Moreover, it was also demonstrated that plasmalogen-deficient synapses show 

morphological and functional defects. Combined, our work highlights the 

importance of plasmalogens in a wide variety of processes that not only support 

the presentation of hypotonia and muscle weakness but also unravel the 

mechanism behind the disease state. 

 

 

Results 

 

Plasmalogen-deficiency causes defects in skeletal muscle innervation 

 

 To determine the impact of a plasmalogen-deficiency in muscle 

development and innervation, diaphragm muscles from wild type (WT) and 

plasmalogen-deficient embryos were dissected and characterized at different 

development stages. The isolated diaphragm muscles were stained with a 

cocktail of antibodies against neurofilament medium (NeuM) and synaptic vesicle 

protein 2 (SV2), which labels motor axons and motor terminals respectively, 



Chapter 2 

 94 

 
Figure 1: Evaluation of diaphragm muscles from WT and plasmalogen-deficient mice reveals 

abnormal innervation and neuromuscular junction (NMJ) distribution. (A) Assessment of phrenic 

nerve axonal terminals at different development ages using a cocktail of antibodies against axonal 

and synaptic markers revealed an abnormal axonal sprouting and branching since E12. (B) 

Diaphragm muscles from WT and plasmalogen-deficient mice were stained with fluorescent labeled- 

BGTx, a marker of the post-synaptic apparatus of the NMJ. The NMJs in the diaphragm muscles from 

WT mice form a narrow pattern of innervation, whereas the NMJs from plasmalogen-deficient mice 

show an abnormal distribution resulting in a widening of the innervation area. (C) Quantification of 

the AChR cluster distribution confirmed the widening of the innervation area, (D) but no differences 

were found in number of AChR clusters. *P<0,05; Scale bar = 200 μm. 
 

allowing the characterization of the innervation pattern during embryonic 

development using a widefield microscope (Figure 1A). The analysis of diaphragm 

muscles from WT embryos at the different development stages revealed the 
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narrow band of motor axon processes extending from the main nerve trunk into 

the central region of the developing diaphragm, most probably a consequence of 

the skeletal muscle pre-patterning that spatially restricts the formation of nerve-

muscle contacts to the muscle central region. However, the analysis of the 

diaphragm muscle from plasmalogen-deficient mice revealed an increased 

sprouting and branching of the motor axons coming out of the main nerve trunk. 

Plasmalogen-deficient motor axons covered a wider area of the diaphragm 

muscle (Figure 1A), which may be caused by increased sprouting and branching 

of terminal nerve segments or abnormal pathfinding of motor neuron axons. 

To investigate the impact of the plasmalogen deficiency during 

synaptogenesis, diaphragm muscles were isolated from WT and Gnpat KO 

embryos at two different development stages, embryonic day (E) 16 and the post-

natal day (P) 0, and the muscles were stained with fluorescent labeled-

bungarotoxin (BGTx). BGTx binds competitively and irreversibly to the AChRs 

concentrated in the post-synaptic region of NMJs, allowing the study of the nerve-

muscle contacts formed at these stages (Figure 1B). Consistent with the defect 

observed at the level of the nerve fibers, plasmalogen-deficient embryos showed 

an increased distribution area of AChR clusters in the diaphragm muscle when 

compared with the WT (Figure 1C). Moreover, the abnormal AChR cluster 

distribution area in plasmalogen-deficient diaphragm muscles increased with 

development (Figure 1C). However, despite the aberrant branching of 

plasmalogen-deficient nerve terminals, no differences were observed in the 

density of synapses until P0 (Figure 1D). 

These findings demonstrate that a deficiency in plasmalogens affects the 

motor innervation of the diaphragm muscle, without impairing the 

synaptogenesis process. 

 

Innervation defects due to a plasmalogen-deficiency increase in severity until 

adulthood 

 

To better understand if the plasmalogen-deficient diaphragm muscle 

innervation defects persist to adulthood, plasmalogen-deficient mice were 

crossed with Thy1-YFP mice. The specific expression of YFP under the control of 

the neuronal Thy1 promoter enables the direct visualization of axons to allow an 

easy assessment of skeletal muscle innervation in adult mice (Figure 2A). At the 

selected ages, the isolated diaphragm muscles were also stained with fluorescent 
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labeled-BGTx to allow the evaluation of both pre- and post-synaptic regions of the 

NMJ. 

 

Figure 2: Plasmalogen-deficient muscles from adult mice show increased number of 

NMJs abnormally distributed through the muscle. (A) Evaluation of diaphragm muscles 

from WT and plasmalogen-deficient mice expressing YFP under the control of the 

neuronal Thy1 promoter at 15 days and 3-month-old, revealed the persistence of the 

abnormal branching and sprouting of the motor axons. Scale bar = 1mm. The staining of 
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the endplates with fluorescently labeled-BGTx, and the quantification of the dashed line 

box *, showed an abnormal distribution of the NMJs (B), and a larger number of NMJs 

innervating plasmalogen-deficient muscles (C). (D) The evaluation of the tibialis muscle 

also revealed that the observed defects extend to other skeletal muscles, (E) showing in 

the amplified dashed line regions* an abnormal innervation and increased number of 

AChR clusters. *P<0,05; Scale bar = 1mm and 0,5 mm. 

 

Consistent with the observed defects during embryonic development, 

diaphragm muscles from adult Gnpat KO mice showed an aberrant extension of 

motor terminals (Figure 2A). Moreover, the quantification of the innervated 

region in WT and plasmalogen-deficient mice, revealed an increased 

disorganization of the synapses. The distribution area of the NMJs in the 

diaphragm muscles of KO mice covered approximately 50% of the total area of 

the muscle, whereas in WT diaphragm muscles a narrow innervated region 

occupied up to 30% of the muscle area (Figure 2B). The quantification of the 

number of BGTx-labeled endplates also revealed an increased number of NMJs in 

the plasmalogen-deficient muscles when compared with WT muscles (Figure 2C). 

Since no differences where noticeable in the NMJ number during the embryonic 

development stages, these results could be indicative of synaptic elimination 

defects during the synaptic pruning process.  

The evaluation of other skeletal muscles revealed that the defect in 

innervation caused by a plasmalogen deficiency is generalized and affects all 

skeletal muscles, since the evaluation of tibialis muscle (Figure 2D, E) and 

triangularis sterni (data not shown) also revealed an abnormal innervation pattern 

and increased density of NMJs. 

 Together, our results show that a deficiency in plasmalogens affects the 

distribution and number of NMJs in the skeletal muscle. The increased number of 

NMJs could be the result of an impaired process of synaptic elimination during 

the first two post-natal weeks, whereas the abnormal pattern of innervation could 

be the result of abnormal axon growth or guidance. 

 

Plasmalogen-deficient mice show impaired synaptic pruning 

 

 The larger number of NMJs in plasmalogen-deficient adult muscles could 

be indicative of defects in synaptic elimination and/or in the programed cell 

death of motor neurons during development. 
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 During the first stages of the vertebrate nervous system development, 

there is the formation of superfluous numbers of motor neurons [31, 38]. 

Through programed cell death the excess number of motor neurons is 

normalized via a process that includes competition for limited amounts of 

survival cues secreted by the target cells [39, 40]. To determine if the increased 

number of NMJs observed in muscles from plasmalogen-deficient mice was due to 

an impaired pruning of the excessive motor neurons, we analyzed phrenic nerves 

from 2-month-old WT and plasmalogen-deficient mice (Figure 3A). Given that 

each motor neuron only extends a single axon, the quantification of the number 

of myelinated fibers within the phrenic nerve is a direct assessment of the 

number of motor neurons present in the spinal cord. The quantification of 

myelinated axons in phrenic nerves of Gnpat KO mice revealed normal densities 

(Figure 3B), which indicate that the increased number of NMJs is not due to 

increased number of motor neurons in the spinal cord. 

Figure 3: Adult plasmalogen-deficient muscles revealed a larger incidence of poly-

innervated fibers. (A) The evaluation of p-phenylenediamine (PPD) stained semi-thin 

sections of phrenic nerves from 2-month-old WT and plasmalogen-deficient mice revealed 

no differences in the density of myelinated fibers (B). Scale bar = 20μm. Analysis of NMJs 

in teased muscle fibers of WT and Gnpat KO neurons (D) revealed increased number of 

poly-inervation (C, D). *P<0,05; scale bar = 50μm. 
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 The embryonic period of muscle innervation is characterized by the 

presence of many poly-innervated fibers, which are eliminated during the first 

two post-natal weeks. The quantification of the percentage of poly-innervated 

fibers in the adult diaphragm muscle would allow us to determine if the bigger 

number of NMJs present in plasmalogen-deficient muscles is the consequence of 

defects in synaptic elimination. Fresh muscles from 9-month-old mice were 

teased into single muscle fibers, and the AChR clusters assessed by staining with 

fluorescence labeled-BGTx. The quantification of the number of endplates in each 

muscle fiber revealed a larger incidence of poly-innervated fibers in plasmalogen-

deficient muscles (Figure 3C and 3D). 

 Combined, these results indicate that the increased number of NMJs 

present in plasmalogen-deficient muscles is the consequence of impaired 

synaptic elimination during the first two post-natal weeks. 

 

Plasmalogen-deficient endplates display morphological abnormalities 

 

 To further elucidate the pathology found in the skeletal muscle, a 

morphometric analysis of NMJs from adult diaphragm and gastrocnemius 

muscles from WT and plasmalogen-deficient mice was performed. For this, whole 

mounts of diaphragm muscles or teased muscle fibers from gastrocnemius were 

stained with fluorescent labeled-BGTx, and the morphology of AChR clusters was 

evaluated using the Huygens Pro software (SVI). The deconvolution and 3D 

rendering of the AChR clusters from teased muscle fibers, revealed that besides 

being abnormally distributed, the BGTx-labeled endplates have an abnormal 

shape and size (Figure 4A). In fact, the plasmalogen-deficient endplates were 

found to occupy a larger area (Figure 4B), and display a more disorganized 

arrangement with increased number of fragmented regions (Figure 4C). Similar 

results were observed in diaphragm muscles from adult plasmalogen-deficient 

mice (data not shown), which highlights that a plasmalogen-deficiency, in 

addition of causing abnormal targeting of motor terminals also causes structural 

defects to the neuron-muscle synapse. 
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Figure 4: Endplates are larger and more complex in the absence of plasmalogens. (A) 

The morphometric characterization of NMJs from WT and plasmalogen-deficient mice 

revealed an increase in the NMJ area (B), and NMJ fragmentation (C). *P<0,05; scale bar = 

10μm. 
 

C2C12 cells deficient in plasmalogens have normal differentiation and 

clustering of AChR 

 

 The proper innervation of skeletal muscle requires the concerted 

development of muscle fibers, Schwann cells, and motor neurons. The ablation of 

plasmalogens from one of these cellular populations could be responsible for the 

skeletal muscle defects. To uncover the cell type responsible for the abnormal 

innervation, we selectively evaluated the impact of a deficiency in plasmalogens 

in the different target cells. To characterize the impact of a plasmalogen-

deficiency in skeletal muscle, C2C12 cells were used as a model. C2C12 cells are 

a myoblast cell line that forms AChR clusters when plated into poly-L-

ornithine/laminin coated coverslips, and is capable of differentiation onto 

contractile myotubes. C2C12 cells were transduced with a lentivirus containing a 

shRNA against AGPS (shAGPS), to induce a knockdown of AGPS and consequently  
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Figure 5: Plasmalogen-deficient C2C12 cells show no differences in their capacity to 

fuse in myotubes and form AChR clusters. (A) C2C12 cells were transduced with a 

lentivirus to express a control shRNA or an shRNA against AGPS. (B) Characterization of 

AGPS levels by western blot revealed a 96% reduction of AGPS levels, pointing to an 

efficient depletion of plasmalogens from these cells. (C) The plating of plasmalogen-

depleted C2C12 cells onto a laminin-coated substrate revealed no differences in their 

ability to fuse into myotubes, or to (D) cluster and (E) concentrate the AChRs. *P<0,05; 

scale bar = 20μm. 
 

a plasmalogen deficiency. The shAGPS decreased the protein levels of AGPS to 

less than 96% (Figure 5A, B), and the impact of a deficiency in plasmalogens was 

evaluated in the ability of the transduced C2C12 cells to differentiate, fuse in 

myotubes, and form AChR clusters. When at 70% confluence and after serum 

deprivation, control C2C12 myoblasts (transduced with control shRNA lentivirus) 

were able to fuse into myotubes, and because they are plated onto a laminin-
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coated substrate, these myotubes were able form AChR clusters that become 

visible using fluorescent labeled-BGTx after 3 days in vitro (data not shown). 

Moreover, these AChR clusters grew and acquired the pretzel-like shape 

characteristic of mature NMJs after 6 days in culture, allowing a complete in vitro 

characterization of the synaptogenesis (Figure 5C). No differences were observed 

between the control and shAGPS-transduced cells, either in their capacity to 

differentiate and fuse, or in their ability to cluster AChRs (Figure 5D). In addition, 

the concentration of AChRs in these clusters was normal upon depletion of 

plasmalogens (Figure 5E). Combined, our results support the hypothesis that the 

lack of plasmalogens in muscle fibers does not impair their intrinsic ability to 

assemble AChR clusters. 

 

Plasmalogen-deficient motor neurons reveal physiological defects 

 

Given that a plasmalogen deficiency did not seem to affect the ability of 

myofibers to correctly assemble AChR clusters, we hypothesized that 

impairments in motor neurons could explain the observed defects in muscle 

innervation and formation of NMJs. To initiate the characterization of motor 

neurons we assessed the functionality of the abnormally structured NMJ (Figure 

4A). In a functional NMJ, endocytosis is responsible for the uptake of a variety of 

chemicals, protein factors, viruses and toxins [41]. We assessed endocytosis at 

the NMJ by injection of cholera toxin B-subunit (CTB) in the pleura of WT and 

plasmalogen-deficient mice (Figure 6A). CTB injected in the pleura was 

endocytosed at the NMJ and retrogradely transported to the cell body of cervical 

motor neurons. In our setup, we isolated the cervical spinal cord of WT and 

plasmalogen-deficient mice 24hrs after CTB injection and processed the tissues 

for immunofluorescence using an antibody against CTB (Figure 6B). The 

quantification of CTB-positive motor neurons between the C3 and C5 portion of 

the spinal cord revealed fewer CTB-positive motor neurons in the spinal cords 

from the plasmalogen-deficient mice (Figure 6C) when compared to WT mice. 

These results highlight a dysfunctional NMJ in mutant mice, which can impair 

neuron-muscle communication, muscle contraction and sustained motor neuron 

survival. 
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Figure 6: A deficiency in plasmalogens affects neuronal function. (A) Schematic 

representation of CTB injection in pleura. CTB is taken by motor terminals and 

retrogradely transported to the cell body of motor neurons located in the cervical spinal 

cord. (B) 24 hours after injection, the cervical region of the spinal cord was isolated, and 

the presence of CTB assessed by immunofluorescence in paraffin longitudinal sections. 

Scale bar = 50μm. (C) The quantification revealed a decreased number of CTB-positive 
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motor neurons in the spinal cords of plasmalogen-deficient mice. (D) Kymograph of 

mitochondria in DRG neurons from WT and Gnpat KO neurons. Quantification of 

mitochondria transport velocity in retrograde (E) or anterograde (F) fashion. (G) Analysis 

of transport dynamics of mitochondria showing the number of moving or stopped 

mitochondria. (H) Kymograph of endosome movement in DRG neurons from WT and KO 

neurons. Quantification of endosome retrograde transport velocity (I). Density of 

endosomes in WT and Gnpat KO neurons. *P<0,05. 

 

However, the decreased density of CTB-positive motor neurons in 

plasmalogen-deficient spinal cords could also be explained by a defective 

retrograde transport of CTB-containing vesicles to the cell body. To validate a 

specific defect in uptake of factors at the NMJ rather than a defect in transport, 

we evaluated organelle transport in WT and plasmalogen-deficient neurons. We 

used dorsal root ganglia (DRG) neurons as a model given that, contrarily to motor 

neurons, DRG neurons can be isolated and cultured from adult mice. The usage 

of DRG neuron cultures allowed us to evaluate the impact of a plasmalogen 

deficiency in adult neurons, the stage at which the CTB uptake and/or transport 

defect was identified. Transport of mitochondria was evaluated (Figure 6D) after 

the incubation of WT and plasmalogen-deficient neurons with mitotracker, a stain 

for mitochondria in living cells.  The quantification of mitochondria transport in 

plasmalogen-deficient neurons revealed normal transport velocities in either the 

retrograde or anterograde movement (Figure 6E, F). Surprisingly, the evaluation 

of transport dynamics revealed an increase in the number of moving 

mitochondria with a concomitant decrease in the number of arrested 

mitochondria (Figure 6G). Combined these results do not support the hypothesis 

that the reduced number of CTB-positive motor neurons is caused by defects in 

transport from the NMJ to the cell body. Therefore, we next evaluated the 

formation and transport of endosomes in DRG neurons from WT and 

plasmalogen-deficient mice transduced with a baculovirus containing an 

expression cassette of an early endosome marker, namely Rab5-fused to GFP 

(Figure 6H). Similarly to the results obtained with the mitotracker, we did not 

observe a defect in the rate of transport of Rab5-vesicles (Figure 6I). However, 

plasmalogen-deficient neurons were characterized with a decrease in the number 

of Rab5-vesicles (Figure 6J). These results not only indicate a defect in 

endocytosis but also explain the reduced levels of CTB-positive neurons in spinal 

cords of mutant mice. 
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Combined, our results highlight that a deficiency in plasmalogens initially 

impairs the ability of motor neurons to correctly innervate skeletal muscles, and 

affects the processes of synaptic elimination and formation of end plates. In 

mature NMJs, a plasmalogen deficiency causes a reduction in the endocytic 

process, which can have a crucial and detrimental role in axon and neuron 

function and survival. 

 

Plasmalogens impact AKT activation in motor neurons 

 

 Recently, we identified that plasmalogen-deficient fibroblasts and Schwann 

cells are unable to correctly activate the AKT signaling pathway [42]. In order to 

determine if impaired AKT signaling was behind the observed defects, we 

analyzed the levels of phosphorylated AKT in muscles and spinal cords from WT 

and Gnpat KO mice (Figure 7).  

 

Figure 7: Plasmalogen-deficient neurons show an impaired activation of the AKT 

pathway. (A) Western blot analysis of AKT phosphorylation in diaphragm muscles from 

embryonic WT and Gnpat KO mice. (B, C) Quantification of AKT phosphorylation at Thr308 

(B) and Ser473 (C) when normalized to total AKT levels. (D) Western blot analysis of AKT 

phosphorylation in spinal cord samples of E16 WT and Gnpat KO mice. (E, F) 

Quantification of AKT phosphorylation at Thr308 (E) and Ser473 (F), normalized to total 

AKT levels in spinal cords. *P<0,05.  
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 Levels of AKT phosphorylation at Ser473 and Thr308 were normal in 

diaphragm muscle lysates from E13 Gnpat KO embryos when compared to WT 

embryos (Figure 7A, B, C). These results corroborate our previous findings that a 

plasmalogen deficiency in myofibers does not cause major defects that can 

mediate the observed pathology (Figure 5). Importantly, and in support that the 

primary targeted cell of a plasmalogen deficiency are motor neurons, we were 

able to observe a defect in AKT activation in spinal cords from E16 Gnpat KO 

mice, as judged by the reduced levels of AKT phosphorylated at Ser473 and 

Thr308 (Figure 7D, E, F). 

 Combined our results, highlight that the inability of motor neurons to 

correctly innervate their target muscle cells may be a consequence of impaired 

signaling cascade mediated by AKT phosphorylation, which is modulated by the 

membrane levels of plasmalogens.  

 

Discussion 

 

 In this study we wanted to understand the causes behind the hypotonic 

state normally associated with the most severe forms of RCDP, which is 

phenocopied in the two mouse models of RCDP, namely the Pex7 and Gnpat KO 

[27, 43] Using these mouse models for the disorder we found that a deficiency in 

plasmalogens results in a defective innervation of skeletal muscles. In fact, both 

muscle innervation, and endplate organization were affected by the absence of 

plasmalogens. 

 Plasmalogen-deficient skeletal muscles revealed an abnormal branching 

and sprouting of the motor axons extending from the main nerve trunk, which 

led to a widening of the innervated region, when compared to the narrowed 

innervation presented by WT skeletal muscles. Actually, the observed muscle 

innervation defects were already visible at E12, when the first steps of skeletal 

muscle innervation take place [14]. Since the phrenic nerve entry point in the 

diaphragm muscle, and the ventral and dorsal extension of the main nerve trunk 

were not majorly affected in mutant mice, we hypothesize that a plasmalogen 

deficiency does not cause defasciculation of the terminal nerve. Instead, and after 

reaching the diaphragm muscle, motor axons from plasmalogen-deficient mice 

extend abnormally long processes towards the muscle covering, in the most 

severe cases, 2/3 of the total area of the muscle. The depletion of plasmalogens 

from the membrane could result in specific signaling defects that result in 
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aberrant growth or in abnormal axonal pathfinding after reaching the skeletal 

muscle. 

 Due to the complexity involved in the process of skeletal muscle 

innervation, any defect in motor neuron, Schwann cell, or skeletal muscle fiber 

development, could give rise to generalized muscle innervation defects, which 

are mechanistically difficult to dissect and clarify. To further investigate the 

plasmalogen relevance during innervation, we determined if the specific 

depletion of plasmalogens from neurons or myotubes could have a physiological 

impact in muscle innervation. We did not evaluate the possible role of Schwann 

cells as the complexity of their contribution to the process of muscle innervation 

precludes the usage of reliable in vitro assays. Nevertheless, and in the near 

future, we will investigate the possible role of Schwann cells in the abnormal 

innervation of skeletal muscle by performing in vivo studies with a specific 

depletion of plasmalogens from Schwann cells. We are in the process of 

generating a Gnpat floxed line that will allow the generation of cell type-specific 

defects in plasmalogens. These will be achieved by crossing the floxed Gnpat 

mice with mice expressing cre-recombinase in immature Schwann cells (i.e. Dhh-

cre) and in motor neurons (Hb9-cre). 

The usage a myoblast cell line allowed us to evaluate the plasmalogen 

relevance in muscle fiber development. Our results reveal that the absence of 

plasmalogens has no major impact in the ability of myoblasts to differentiate and 

fuse into myotubes. In fact, the analysis of muscle fiber density, muscle fiber 

diameter, and muscle fiber type composition in Gnpat KO mice did not reveal any 

differences in the development of plasmalogen-deficient muscles (data not 

shown). In addition, in vitro differentiated plasmalogen-deficient myotubes were 

able to normally cluster AChRs in a laminin-dependent manner [44], and mature 

those clusters into a pretzel-like shape very similar to the AChR clusters observed 

in muscle fibers from WT mice. Combined, our observations support the 

hypothesis that a plasmalogen deficiency in muscle cells does not contribute to 

the observed abnormal innervation. 

However, the functional characterization of plasmalogen-deficient neurons 

revealed several important defects. After CTB injection into the pleura, 

plasmalogen-deficient motor neurons failed to uptake and assemble CTB-

containing vesicles to be transported to the cell body. In vitro experiments using 

adult sensory neurons with a deficiency in plasmalogens revealed no differences 

in the velocity of organelle transport but highlighted the decrease in the 
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formation of endosome vesicles. Such a defect in endocytosis can have a strong 

impact in e.g., the neuronal clearing of neurotransmitters and uptake of trophic 

factors, both of which are important for normal synaptic function [45, 46].  

 In plasmalogen-deficient mice we also identified a failure in synaptic 

elimination. During the first two postnatal weeks, through a process still not 

completely understood, there is the active elimination of the extra synapses and 

motor terminals normally present in embryonic muscles, ending up with each 

muscle fiber innervated by a single motor nerve terminal. However, in 9-month-

old plasmalogen-deficient mice we were able to identify an increased number of 

NMJs, and the presence of poly-innervated fibers, indicating defects in the 

process of synaptic elimination. This could be the consequence of defects in 

plasmalogen-deficient neurons to generate action potentials rhythmically, 

thought to be essential for synaptic elimination during development [1, 47]. 

Alternatively, the wide dispersion of terminal axonal branches (which may occupy 

up to 2/3 of the diaphragm width) may impose physical constrains that hinder 

the correct sensing of poly-innervation events and therefore the initiation of the 

mechanisms to eliminate synaptic duplications. 

 The analysis of adult muscles also revealed that a plasmalogen deficiency 

causes larger and more fragmented NMJs. The synaptic maintenance is dictated 

by the equilibrium between stabilizing and destabilizing factors secreted by the 

motor nerve terminal to the synaptic cleft [48]. Any defect in the processes 

regulating synaptic vesicle fusion, and endocytic clearance from the synaptic 

cleft, could affect the concentration of stabilizing and destabilizing factors in the 

synapse, and ultimately impact on synapse structure.  Previous studies pointed to 

a deficient neurotransmitter release, as synaptosomes isolated from Gnpat KO 

mice displayed a ~30% decrease in calcium-dependent release of acetylcholine 

and 13% decrease in glutamate release [27]. Similarly, in vitro studies highlighted 

the requirement of a MuSK-dependent activation of the AKT pathway for the 

recruitment, clustering, and anchoring of the AChRs at the endplate [49, 50].  

Nevertheless, our findings of impaired activation of the AKT pathway in 

spinal cords of plasmalogen-deficient neurons reinforces the relevance of 

plasmalogen defects in motor neurons, which can explain most of the innervation 

defects observed. Previous studies highlight that AKT plays an important role in 

neurite outgrowth and guidance [51]. Using different neuronal populations it was 

shown that the in vitro supplementation with different neurotrophic factors (such 

as the hepatocyte growth factor (HGF) [52], brain-derived neurotrophic factor 
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(BDNF) [53], and nerve growth factor (NGF) [54]), or the neuronal overexpression 

of AKT regulators (such as activating transcription factor 3 (ATF3) [55]), which 

culminate in an increased AKT activation, lead to increased neurite outgrowth. It 

was also shown that the asymmetric activation of AKT in the growth cone, as a 

consequence of asymmetric accumulations of PIP3 in the growth cone due to 

chemotaxis signaling, comprise one of the first steps in growth cone turning [56]. 

Impaired activation of AKT could result in a time-dependent defect, in which 

plasmalogen-deficient neurons do not extend their axons at a rate needed to 

reach their targets in a timely fashion. With programmed and coordinated events, 

a late arrival at the muscle targets could mean a new set of signaling clues, which 

would result in disorganized innervation. Alternatively, the predicted role of AKT 

in growth cone turning, may suggest that neurons with defects in AKT signaling 

are unable to sense external cues and mount a correct and corresponding growth 

plan. In support of this, it has been shown that agrin, an AKT activating cue [49], 

when released by the skeletal muscle also seems to work as a stop signal for 

motor terminals leading to the morphological transformation of the terminal into 

a presynaptic terminal [57-59]. 

Combining our findings, we hypothesize that the hypotonia normally 

associated with RCDP, may highlight the presence of defects in skeletal muscle 

innervation. Although in mice, no defects were observed in the development and 

maturation of plasmalogen-deficient skeletal muscles, the effects of plasmalogen 

depletion to neurons causes several functional defects that culminate in 

abnormal muscle innervation and synaptic function. Our findings warrant the 

investigation if in muscle biopsies from RCDP patients we can also observe 

defects in innervation and NMJ structure. Lastly, it would be challenging but also 

interesting to evaluate if rescuing AKT-mediated signaling or rescuing 

plasmalogen levels (using alternative precursors, e.g. batyl alcohol; [60]) is able 

to restore or improve the abnormalities observed.  
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Materials and methods 

 

Animals 

Mice were handled according to the European Communities Council Directive 

(86/609/EEC), as well as, the National rules, and the Portuguese General 

Veterinarian Board approved all studies performed. WT, Pex7, and Gnpat KO mice 

have been previously described [42]. Mice used in all experiments were obtained 

from heterozygous breeding pairs and maintained at 24±1oC under a 12hr 

dark/light cycle and fed regular show and tap water ab libitum. 

To generate the embryos needed for motor neuron cultures and the embryonic 

evaluation of skeletal muscle innervation, heterozygous mating pairs were time 

mated. For time mattings, males and females were kept in the same cage for 

16hrs. The day when the vaginal plug first appeared was designated as E0. 

Embryos were collected by cesarean and their stage was confirmed by 

morphological analysis. 

 

Primary DRG neuron cultures 

DRGs were dissected aseptically from WT and plasmalogen-deficient embryos, 

freed from roots and treated with 0.125% collagenase (Sigma) in DMEM:F12 

medium containing penicillin/streptomycin (P/S) for 2hrs at 37oC. After enzymatic 

treatment, a single cell suspension was obtained by passing the DRGs thru fire-

polished Pasteur pipettes of decreasing size. The cell suspension was layered on 

top of a 15% (w/v) albumin cushion (Sigma), and centrifuged for 10min at 

1000rpm. The obtained pellet was resuspended in DMEM:F12 with 1x B27, 1x 

P/S, 2mM of L-glutamine (all from Invitrogen) and 50ng/ml of nerve growth factor 

(NGF, Millipore). Cells were counted and plated onto 13mm coverslides with 

20μg/ml poly-L-lysine (PLL, Sigma) and 5μg/ml laminin (Sigma) and maintained at 

37oC. 

 

Lentivirus production 

Human embryonic kidney (HEK) 293T cells plated in 10cm plates, and at a 

confluence of 90%, were transfected with a mixture of DNA in a 6μg:3μg:3μg 

ratio of AGPS-shRNA plasmid (Sigma) or pLKO control plasmid (Sigma), pPAX 

packaging plasmid, and VSVG envelop plasmid, respectively (a kind gift from Dr. 

João Relvas) using polyjet (SignaGen Laboratories) at a ratio of 12:1 polyjet to 

15μg of plasmid DNA. After an O/N incubation the medium was replaced with 
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DMEM (Sigma) with glutamax, 15% fetal bovine serum (FBS, Sigma), and 1% P/S 

being collected 48hrs after. The virus, collected in the supernatant, were 

concentrated by ultracentrifugation, resuspended in HBSS, and stored at -80oC 

until use. 

For titration, HEK 293T cells plated into 6-well plates at a confluence of 25%, were 

infected by graded dilution of the virus (ranging from 1:100 and 1:10000). After 

an O/N the infection medium was replaced by freshly prepared medium, and at 

the third day started the selection of the infected cells with daily increases of 

puromycin concentration (from 0.5μg/ml to 2.0μg/ml, Millipore). After selection, 

the puromycin resistant colonies formed were counted, and the number of 

infection units assessed (IU). 

 

C2C12 cell cultures 

The C2C12 cell line was obtained American Type Culture Collection (ATCC). For 

maintenance, C2C12 cells were kept in T25 flasks in DMEM medium 

supplemented with 10% FBS and 1% P/S (all from Sigma). Before reaching a 

confluence of 70%, C2C12 cells were trypsinized with 0.05% trypsin:EDTA 

(Sigma), and plated at 25% confluence in new T25 flasks. 

C2C12 cells were transduced using 10000IU/ml, and selected with increased 

concentrations of puromycin added daily. After selection and expansion of the 

transduced cultures, C2C12 cells were trypsinized and plated onto 13mm 

coverslides coated with 5μg/ml of Poly-L-ornithine (PORN, Sigma) and 10μg/ml of 

laminin has described elsewhere [44]. When reaching 90% confluence, cells were 

changed to DMEM supplemented with 2% FBS and 1% P/S to induced 

differentiation, and fusion of myoblasts into myotubes.  

 
DRG neuron in vivo imaging 

For the transduction assays, after 42hrs in culture, DRG neuron cells were 

transduced with Organelle LightsTM Early Endosomes-GFP *BacMan 2.0* 

(Invitrogen) according to the manufacturer’s protocol. 18hrs after transduction, 

cells were subjected to live cell imaging using a Leica TCS SP5 microscope with 

temperature control. For mitochondria staining, DRG neurons were incubated 

with Mitotracker (Thermo Fisher Scientific) according to the manufacturer’s 

protocol, and subjected to live cell imaging using a Leica TCS SP5 microscope 

with temperature control.  
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The videos acquired for individual cells with duration of 5min and an acquisition 

rate of 2s per frame, with a total of 150 frames/video, were analyzed using Fiji 

software. 

 

Whole mount tissue immunofluorescence 

Muscles at the selected ages were dissected in phosphate-buffered saline (PBS) 

under a Motic stereomicroscope, fixed with 4% paraformaldehyde (PFA, Sigma) for 

6hrs at RT, and then storage at 4oC in PBS containing 0.1M sodium azide (Sigma) 

until use. For teased muscle fibers, dissected gastrocnemius muscles were 

incubated for 30min with 0.2% collagenase IA in DMEM:F12 at 37oC. After 

incubation the digested muscles were rinsed in PBS 3 times, fixed for 30min with 

4% PFA, and storage at 4oC in PBS containing 0.1M sodium azide until use. 

The isolated muscles were incubated O/N with 0.1M glycine (Sigma) at 4oC to 

block free aldehydes. In the next day tissues were permeabilized for 30min with 

0.5% triton X-100  (Sigma) at RT, and the tissue auto-fluorescence further 

quenched by successive 5min incubations of the tissue with 0.2M NH
4
Cl (Merck) 

and 0.1% sodium borohydride (Sigma) at RT. After a 1hr blocking of the tissue 

with 1mg/ml albumin and 0.2% triton X-100 diluted in PBS at RT, the tissues were 

incubated for 48hrs at 4oC with primary antibodies diluted in the blocking buffer, 

and further incubated with secondary antibodies diluted in blocking buffer for 

another 48hrs. The primary antibody cocktail used was: mouse anti-

neurofilament medium (2H3, Developmental Studies Hybridoma Bank; 1:250) and 

mouse anti-synaptic protein 2 (SV2, Developmental Studies Hybridoma Bank; 

1:250). 

To stain the endplates with fluorescent labeled-BGTx (Molecular Probes), the 

tissues were further incubated for 1hr at RT with BGTx diluted 1:250 in PBS for 

whole mounted muscles, or diluted 1:5000 in the case of teased muscle fibers 

and C2C12 cells. 

 

Quantification of AChR clusters 

The number of AChR clusters was quantified using Fiji software in montages of 

maximal projections from Z-stacks taken with the fluorescence microscope 

AxioImager Z1 (Carl Zeiss, Germany) at the central region of the right hemi-

diaphragm. The ages evaluated were E16, P0, P15, and 3month, and all the 

results were normalized for the total area evaluated. Using the same montages, 

the quantification of the AChR cluster area for the selected evaluated area was 
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performed using the crop and magic hand tools from Adobe Photoshop CS3 

software. 

 

NMJ morphometric analysis 

The NMJ morphometric analysis was carried out in Z-stacks taken at 40X 

magnification and using a 0.5μm Z-step. Each NMJ was cropped and individually 

deconvolved using the quick maximum likelihood estimation (QMLE) algorithm 

from Huygens Professional software (Scientific Volume Imaging, SVI). The 

deconvolved Z-stacks were 3D-rendered and analyzed for volume, surface, length, 

and number of fragments, with the object analyzer function of the Huygens Pro 

software (SVI). The parameters were calculated by quantification of all the voxels 

contained in each Z-stack (the voxel has the x, y dimensions of the pixel and the 

z dimension of the Z-stack step). 

For the evaluation of AChR clusters from C2C12 cells, 40x magnification 

snapshots taken with the fluorescence microscope AxioImager Z1 were quantified 

for the BGTx-positive area and mean intensity using Fiji software. 

 

CTB retrograde transport assays 

After the animals had been anesthetized with ketamine and medetomidine 

(100mg/Kg and 1mg/Kg respectively) and analgesia implemented with Astinibsa, 

a small incision was made in the skin above the chest to have a clear view of the 

thorax. Next, a Hamilton syringe with a 33G needle were used to inject bilaterally 

10μl of a 0.4% solution of CTB in the pleura at the level of the fourth and fifth 

intercostal space. After a post-operative period of 24hrs the mice were re-

anaesthetized with medatomidine and ketamine the mice were euthanized. The 

spinal cord from C1 to C7 was dissected and immersed in modified Carnoy’s 

fixative (60% ethanol, 30% methanol, and 10% acetic acid) for up to 3hrs at RT. 

After dehydration and clearing in toluene, the spinal cords were embedded in 

paraffin horizontally. Longitudinal sections with 4μm were cut and processed for 

immunohistochemistry. For determination of density of phrenic CTB-positive 

motor neurons on longitudinal spinal cord sections, images were taken on an 

AxioImager Z1 microscope with a 20x magnification objective. All images were 

mounted using Adobe Photoshop CS3 software and the CTB-positive motor 

neurons were counted with the region encompassing C3 to C5. 
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Biochemical analysis 

For Western blot analysis, lysates of tissues and cell cultures were prepared in 

lysis buffer, and 25μg protein was run on 12% SDS-PAGE gels. Nitrocellulose blots 

were incubated with primary antibodies against phosphorylated residues of AKT 

(Cell signaling), and after incubation with HRP-labeled secondary antibodies, the 

blots were developed with ECL (Pierce) and exposed to Hyperfilm (Amersham). 

Films were scanned on a Molecular Imager GS800, and Quantity One (Bio-Rad) 

was used for quantifications. 

 

Statistical analysis 

Results were expressed as mean ± standard error of the mean. Comparison data 

between groups was performed using Student’s t-test. P<0.05 was considered 

statistical significant. 
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Introduction 

 

 Neurons are highly polarized cells that rely in the existence of the axon 

initial segment (AIS) to maintain their polarity and translate the received 

information into action potentials [1, 2]. The AIS has the ability to work has a 

molecular sieve against the free diffusion of somatodendritic-specific organelles 

and proteins to the axonal compartment, allowing the maintenance of the 

somatodendritic and axonal identity [3]. Depletion of ankyrin G (AnkG), a key 

protein essential for AIS assembly, leads to AIS disassembly and acquisition of a 

dendritic identity by the axon [4, 5]. The molecular sieve properties of the AIS 

seem to be dependent on the peculiar AIS cytoskeletal organization [1]. In the AIS 

region, microtubules are organized into fascicles of parallel aligned microtubules 

that can be cross-linked into bundles [6], through a process that appears to be 

dependent on the tripartite motif containing (TRIM) protein 46 (TRIM46). In fact, 

the TRIM46 knockdown affects the early assembly of the AIS and the normal 

trafficking of vesicles [7]. It was also demonstrated that microtubule end binding 

(EB) proteins accumulate in the AIS and are responsible for anchoring the AIS 

scaffold to the cytoskeleton [8, 9]. This complex structure is also highly enriched 

in voltage-gated sodium and potassium channel proteins. The voltage-gated ion 

channel proteins are tethered to the plasma membrane by their interaction with 
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cytoskeleton-bound AnkG [10, 11] or postsynaptic density (PSD) protein 93 

(PSD93) [12], and are essential for the generation of action potentials [2, 12, 13].  

The AIS is a highly plastic domain of the axon. Neurons can change the 

positioning and/or the length of AIS to modulate excitability. The in vitro 

exposure of neurons to depolarizing conditions leads both to a modulation of the 

AIS length and position [14, 15]. The modulation of the AIS length represents the 

first and quicker form of AIS modulation, detectable after 3hrs of neuron-induced 

acute depolarization [14]. With time, there is also modulation of the AIS 

positioning, a process detectable 48hrs after neuron-induced chronic 

depolarization [15]. The known mechanism by which neurons can accommodate 

changes in AIS positioning and length in response to depolarization involves the 

activation of L-type voltage-gated calcium channels, causing the entry of calcium 

and the activation of calcineurin (CaN) [15].  However, the role played by the 

downstream players of CaN activation is not fully understood. Following CaN 

activation, there is dephosphorylation of nuclear factor of activated T-cells (NFAT) 

but it is unclear which genes, modulated by this transcription factor, play a role 

in repositioning of the AIS, or if other targets of CaN play more fundamental 

roles. [15]. Nevertheless, it is feasible that neurons possess other mechanisms to 

regulate AIS positioning or length outside the context of depolarization.  

Interestingly, in the recent years, the in vivo relevance of the AIS plasticity also 

became evident. It was demonstrated that the sensory deprivation of visual or 

auditory inputs leads to the in vivo increase of the AIS length [16, 17]. Induction 

of traumatic brain injury leads to the in vivo decrease of the AIS length [18]. This 

suggests that in vivo, the modulation of the AIS could also be relevant for 

maintenance of neuronal homeostasis. 

The lipidic composition of the neuronal membrane can impact in the 

gating properties of voltage-gated ion channel proteins [19]. Previous studies 

showed that enrichment of the neuronal membrane with positively or negatively 

charged lipids can decrease or increase the membrane potential shift needed to 

open the ion channel gates, thus affecting neuronal excitability [20]. It was also 

shown that a membrane enrichment in non-phospholipids (e.g. cholesterol) in the 

vicinity of voltage-gated potassium channels affects the gating proteins of the ion 

channel proteins [21]. The lipidic nature of the membrane can also be relevant for 

the structural positioning of the AIS scaffold. The AIS is not only anchored to the 

microtubule cytoskeleton, but also to the actin cytoskeleton by the interaction of 

AnkG with β-IV spectrin [22], an actin crosslinking and scaffold protein thought to 
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localize to lipid rafts by its interaction with neural cell adhesion molecules 

(NCAMs) [23-25]. As such a disorganization of lipids and/or altered lipid 

composition may affect the ability of neurons to regulate their excitability 

through modulation of the length and/or positioning of the AIS.  

 Plasmalogens are a special class of ether phospholipids, known to be 

enriched in lipid raft domains. These phospholipids are also able to modulate 

several physico-chemical properties of membranes, including fluidity and 

regulation of membrane channels [26-29]. As such it is possible that 

plasmalogens can influence the assembly of the AIS and/or modulate the intricate 

adjustments of length and positioning needed to regulate neuronal excitability.  

Of interest is the observation that a deficiency in plasmalogens is associated with 

abnormal neuronal excitability and function. Rhizomelic chondrodysplasia 

punctata (RCDP) is a rare peroxisomal disorder caused by impaired biosynthesis 

of plasmalogens [30]. RCDP is a very complex disorder with a myriad of distinct 

presentations that include: shortening of proximal bones, congenital cataracts 

and heart defects with growth and mental retardation [26, 31]. The impact of a 

plasmalogen deficiency in neuron function is highlighted by the development of 

seizures and epilepsy in RCDP patients [32], and the discovery of genetic forms of 

the disorder in patients with autistic-like presentations [33, 34]. Using the Gnpat 

knockout (KO) mouse as a model of RCDP [35], we set out to investigate the 

relevance of plasmalogen defects in the assembly and function of the AIS. Our 

results show that plasmalogens are not essential for the formation or 

composition of the AIS in a wide variety of neurons. However, we unraveled that a 

deficiency in plasmalogens affects the positioning of the AIS. Under basal culture 

conditions neurons from Gnpat KO neurons had their AIS located at more distal 

positions from the cell body. In order to characterize the mechanism behind the 

observed changes, we discovered that the repositioning of the AIS caused by the 

lack of plasmalogens is not mediated by the established mechanism of L-type 

voltage-gated calcium channels activation. Instead, we unraveled that the 

positioning of the AIS is regulated by a signaling cascade involving protein kinase 

B (AKT). Our results contribute not only for the understanding of mechanisms by 

which neurons regulate changes in their excitability but also provide important 

aspects of neuron function in RCDP. 
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RESULTS 

 

Plasmalogen deficiency causes shift in AIS positioning 

 

 Hippocampal neuron cultures from WT and Gnpat KO embryos were used 

to evaluate the impact of a plasmalogen deficiency in the neuronal ability to 

assemble a functional AIS. When in culture, hippocampal neurons begin to show 

signs of polarization after 1.5 days in vitro (DIV) and a well-differentiated axon 

can be visualized after 3DIV [36]. A well-defined AIS can be detected in cultures 

of hippocampal neurons after 7DIV, and we performed all our studies in cultures 

of hippocampal neurons at 9DIV. To induce chronic depolarization we added 

10mM KCl (final concentration of KCl was 15mM) to WT and KO neurons from 

7DIV to 9DIV. In control-treated neurons we added 15mM NaCl. In control-treated 

WT neurons, immunofluorescence analysis of the AIS (with an antibody against 

AnkG) revealed its proximal localization close to the cell body (Figure 1A, B). 

Chronic depolarization of WT neurons with 15mM KCl was able to induce a distal 

repositioning of the AIS (Figure 1A, B). Surprisingly, control-treated neurons from 

Gnpat KO mice displayed an abnormal position of the AIS (Figure 1A, B). In 

plasmalogen-deficient neurons although the AIS seemed to be normally 

assembled it was mislocalized at more distant positions from the cell body. 

Chronic depolarization of Gnpat KO neurons was ineffective at inducing further 

movements or shifts in AIS positioning (Figure 1A, B). The abnormal starting 

position of the AIS observed in Gnpat KO neurons was accompanied by changes 

in AIS length (Figure 1C) and end-positioning of the AIS (Figure 1D). By analyzing 

the global distribution of AIS positioning (Figure 1E), it is evident that in Gnpat 

KO mice there is a decrease in the frequency of neurons that contain the AIS 

close to the cell body, with a concomitant and widespread increase in neurons 

that place the AIS at longer distances from the soma. 
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Figure 1: Plasmalogen-deficient hippocampal neurons show a shift in the AIS 

position. (A) Hippocampal neurons from WT and Gnpat KO mice were cultured for 9DIV, 

and the AIS was visualized by immunofluorescence using an antibody against AnkG. 

Neurons from WT and Gnpat KO mice were either control-treated (15mM NaCl) or treated 

with 15mM KCl from 7DIV to 9DIV to induce chronic depolarization. Quantifications of the 

start (B) and end (D) positions of the AIS (demarked with arrowheads in (A)), and the AIS 

length (C). Global distribution of the frequency of AIS starting positions in WT and Gnpat 

KO neurons (E). ***P<0,001. Scale bar = 20μm. 

 

 To confirm that the abnormal AIS positioning in Gnpat KO neurons was 

caused by the lack of plasmalogens we rescued plasmalogen levels using alkyl-

glycerols. Alkyl-glycerols can function as alternative substrates in the 

biosynthesis of plasmalogens, as they enter the biosynthetic pathway after the 

first peroxisomal steps. Previous studies showed that treatment with alkyl-

glycerols can rescue the levels of plasmalogens in plasmalogen-deficient cells or 
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mice [37]. Hippocampal neurons from WT and Gnpat KO mice were treated with a 

mixture of chimyl alcohol (CA) and batyl alcohol (BA) from 3DIV to 9DIV, and the 

AIS position was determined after immunodetection of AnkG expression (Figure 

2). In WT neurons, the treatment with the mixture of BA+CA had no effects on AIS 

positioning (Figure 2A, B). However, the BA+CA treatment was able to revert the 

defects in Gnpat KO neurons (Figure 2A, B) allowing the reposition of the AIS to a 

more proximal position from the soma. 

 Combined, our results show that plasmalogens are not essential for the 

normal assembly of the AIS but are important for the correct localization of the 

AIS along the axon. 

 

 

Figure 2: The plasmalogen-deficient hippocampal neuron treatment with a cocktail of 

CA and BA corrects the AIS position. (A) Hippocampal neurons from WT and Gnpat KO 

mice were either control-treated (DMSO) or treated with a mixture of chimyl- and batyl-

alcohol (CA+BA) from 2DIV to 9DIV. The AIS was visualized by immunofluorescence using 

an antibody against AnkG. (B) Quantification of the AIS starting position in control- and 

CA+BA-treated neurons. ***P<0,001. Scale bar = 20μm. 

 

Cortical and motor neurons from Gnpat KO mice also display abnormal AIS 

positioning 

 

 To determine if the defect in AIS positioning observed in hippocampal 

neurons from Gnpat KO mice was specific to this neuronal population, we studied 

the localization of the AIS in cortical and motor neurons.  

 To analyze the AIS position in motor neurons, we isolated and cultured 

these neurons from spinal cords of E12 WT and Gnpat KO neurons. When in 

culture motor neurons also undergo a process of differentiation, with the 

establishment of a long and well-defined axon. We analyzed the positioning of 
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the AIS in motor neurons after 6DIV (Figure 3A) [38]. Similarly to hippocampal 

neurons, we observed that the deficiency in plasmalogens causes a distal shift in 

the starting position of the AIS (Figure 3B), with decreases in the average length 

of the AIS (Figure 3C), and more distant end positions (Figure 3D). By analyzing 

the global distribution of AIS positioning in motor neurons (Figure 3E), it is 

evident that in the Gnpat KO mice there is a decrease in the frequency of neurons 

that contain the AIS close to the cell body, with a concomitant and widespread 

increase in neurons that place the AIS at longer distances from the soma. 

 

 

Figure 3: The AIS defects found in plasmalogen-deficient hippocampal neurons are 

present in other neuronal populations. (A) Motor neurons from WT and Gnpat KO mice 

were cultured for 6DIV, and the AIS was visualized by immunofluorescence using an 

antibody against AnkG. Quantifications of the start (B) and end (D) positions of the AIS 

(demarked with arrowheads in (A)), and the AIS length (C). Global distribution of the 
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frequency of AIS starting positions in WT and Gnpat KO neurons (E). Quantifications of AIS 

positions (F, H) and length (G) in cortical neurons from WT and Gnpat KO mice following 

immunofluorescence using an antibody against AnkG. ***P<0,001. Scale bar = 20μm. 

 

 To analyze the AIS position in cortical neurons, we isolated and cultured 

these neurons from the cortical plate of E17 WT and Gnpat KO neurons. When in 

culture, cortical neurons have a differentiation process very similar to that of 

hippocampal neurons, and are able to form synapses and generate action 

potentials. Similarly to the characterization of hippocampal neurons, the 

localization of the AIS was evaluated in neurons cultured for 9DIV and after the 

immunodetection of AnkG.  At 7DIV cortical neurons from WT and Gnpat KO mice 

were either treated with 15mM NaCl (control) or with 15mM KCl to induce chronic 

depolarization. The results obtained show that a plasmalogen deficiency also 

impairs the ability of cortical neurons to correctly position the AIS, since the start 

(Figure 3F) and the end (Figure 3H) positions of the AIS are located more distally 

along the axon. There was a slight reduction in AIS length of Gnpat KO neurons 

(Figure 3G). Under chronic depolarization WT neurons were able to move the AIS 

to a distal position, but the depolarization of Gnpat KO neurons had no further 

effect on AIS positioning (Figure 3F-H). 

Combined our results demonstrate that a deficiency in plasmalogens 

affects the ability of neurons to correctly place the AIS, as defects in AIS 

localization were observed in 3 different types of neurons.  

 

Normal composition of the AIS in Gnpat KO neurons 

 

To characterize the AIS organization and composition we analyzed by 

immunofluorescence the presence of additional components of the AIS. The 

fibroblast growth factor protein 14 (FGF14) is localized to the AIS and is relevant 

for the concentration of voltage-gated sodium channels within the AIS [39, 40].  
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Figure 4: Plasmalogen-deficient neurons reveal an abnormal position of the AIS, but 

its molecular organization is normal. The assessment to the AIS structure using 

different molecular markers, revealed that despite the abnormal location of the AIS, the 

molecular composition of their components seems to be normal. (A) The 

immunofluorescence characterization of FGF14 distribution in 9DIV hippocampal neuron 

cultures, revealed the advancement of the AIS (B). The evaluation of the voltage-gated 

sodium channel distribution in hippocampal neurons (C) showed the same defects, with 

an advancement of the AIS. Moreover, (E) the labeling of the AIS structure using ADAM22, 

revealed the same defect in the AIS position (F), showing that the observed defect is not 

structural. ***P<0,001. Scale bar = 20μm. 

 

The assessment of FGF14 expression and distribution within the AIS, revealed no 

differences between WT and Gnpat KO neurons supporting the inexistence of 

FGF14 structural defects in the AIS (Figure 4A). The analysis of AIS positioning 
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using FGF14 as a marker, confirmed the previous results obtained with AnkG, 

revealing that in plasmalogen-deficient neurons the AIS is located at more distal 

positions along the axon (Figure 4B). Similar results were obtained when we 

evaluated the expression and localization of sodium channels (Nav) (Figure 4C) 

and the disintegrin and metalloproteinase 22 (ADAM22) (Figure 4E). Both Nav and 

ADAM22 were unaffected by the defect in plasmalogens, and in both cases the 

analysis of AIS positioning revealed more distal AIS in Gnpat KO neurons (Figure 

4D, and F). 

Combined our results show that the AIS in plasmalogen-deficient neurons 

undergoes normal assembly and has normal composition. 

 

The activation of L-type calcium channels is not involved in the AIS relocation 

of Gnpat KO neurons 

 

 Under chronic depolarization with 15mM KCl WT neurons are able to 

relocate the AIS through a mechanism that involves the activation of L-type 

calcium channels, the rise of intracellular calcium, and the activation of CaN [15]. 

To determine if the distal relocation of the AIS observed in control treated Gnpat 

KO neurons was mediated by this mechanism we treated WT and Gnpat KO 

neurons with nifedipine (NIFE), a calcium channel blocker that prevents the 

movement of the AIS under depolarization conditions [15]. Under control 

conditions, NIFE did not affect the AIS position in WT neurons, but was effective 

in blocking the relocation induced by the treatment with 15mM KCl (Figure 5A). 

Surprisingly, under control conditions NIFE was not able to normalize the position 

of the AIS in Gnpat KO neurons (Figure 5A), and under chronic depolarization 

with KCl we could only observe a small decrease in the starting position of the 

AIS (Figure 5A). 
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Figure 5: The AIS misallocation found in plasmalogen-deficient neurons is not the 

consequence of an abnormal CaN activation. To evaluate the CaN-mediated regulation 

of the AIS position, WT and plasmalogen-deficient hippocampal neurons were initially 

treated with 1μM NIFE to specifically block the L-type calcium channels, known to be 

responsible for the AIS distal relocation. (A) The quantification revealed that the NIFE 

treatment didn’t lead to the correction of the AIS position in plasmalogen-deficient 

hippocampal neurons. However, (B) the downstream inhibition of CaN with 1μM CsA, lead 

to the readjustment of the AIS position. Despite the clear correction of the AIS defect 

displayed by plasmalogen-deficient hippocampal neurons, the direct evaluation of calcium 

intracellular levels through the twitch-3 FRET probe (C and D), or CaN activity levels 

through the use of the CaNAR2 FRET probe (E and F) didn’t revealed any defect in 

plasmalogen-deficient hippocampal neurons. *P<0,05; ***P<0,001. 
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 To determine if CaN was playing a role in the relocation of the AIS, we 

treated WT and Gnpat KO neurons with cyclosporine A (CsA), a CaN-inhibitory 

drug. Treatment with CsA was also capable of preventing the AIS relocation in WT 

neurons treated with 15mM KCl (Figure 5B). Surprisingly, treatment of Gnpat KO 

neurons with CsA was able to normalize the AIS positioning in 15mM NaCl 

control-treated neurons and prevent relocation upon depolarization with 15mM 

KCl (Figure 5B). These results suggest that in Gnpat KO neurons overtly active 

CaN is responsible for the distal localization of the AIS. However, we were 

puzzled by this possibility since calcineurin usually targets transcription factors, 

and our unpublished microarray data did not reveal a bias towards a CaN-

mediated pathway (Brites et al unpublished results). To confirm the hypothesis of 

overtly active CaN we set out to measure, using fluorescence resonance energy 

transfer (FRET), the levels of calcium and CaN in neurons from WT and Gnpat KO 

mice.  

For the measurement of calcium we used the Twitch-3 probe that contains 

the high affinity calcium binding site of troponin C (TnC) between the cerulian 

and a citrine fluorophores [41]. When excited with a 405nm laser and upon its 

biding to calcium, this probe with an emission at 470nm, changes its 

conformation and shifts its emission to 520nm, thus allowing the evaluation with 

great precision of the intracellular levels of calcium. Surprisingly, the levels of 

calcium were normal in Gnpat KO neurons (Figure 5C, D). For the measurement of 

CaN activity, we used the CaNAR2 probe that contains the N-terminal domain of 

NFATc1, between the cerulean and venus fluorophores [42]. Upon 

dephosphorylation by CaN, the probe switches its emission spectra from 470nm 

to 528nm. Surprisingly, the measurement also indicated normal activity of CaN in 

Gnpat KO neurons (Figure 5E, F). 

Combined our results clearly show that the relocation of the AIS in Gnpat 

KO neurons is not mediated by activation of L-type calcium channels. Despite the 

normalization with CsA, the levels of calcium and CaN activity mitigate against a 

direct role of CaN in the mechanism responsible for the relocation of the AIS. CaN 

is a phosphatase that can dephosphorylate a wide range of substrates, and we 

hypothesized that the treatment of Gnpat KO neurons with the CaN inhibitor 

increased the phosphorylation level of a secondary CaN substrate, which was able 

to revert the defect in AIS positioning. 
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The AKT pathway is involved in positioning of the AIS 

 

 Recently we unraveled that a deficiency in plasmalogens impairs the 

activation of AKT in a ligand-receptor independent manner [43]. To determine if 

impaired AKT signaling was involved in the abnormal localization of the AIS we 

evaluated the phosphorylation levels of AKT in neuronal cultures. Lysates from 

WT and Gnpat KO neurons were analyzed for the levels of AKT phosphorylated at  

 

Figure 7: AKT mediates the proximal position of the AIS. (A) Western blot analysis of 

AKT phosphorylation at Thr308 and Ser473 in lysates of hippocampal neurons from WT 

and KO mice. (B, C) Quantification of AKT phosphorylation, normalized to total levels of 
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AKT. (D) WT and Gnpat KO neurons under normal and KCl-induced depolarization were 

treated with SC79 to induce AKT activation. The position of the AIS was determined after 

immunodetection of AnkG. (E) WT and Gnpat KO neurons were treated with LiCl and the 

location of the AIS was determined after immunodetection of AnkG. Doted lines denote 

the cell soma, and arrowheads the start and end positions of the AIS. Measurement of the 

starting position of the AIS in WT and Gnpat KO neurons treated with LiCl (F) and treated 

with TDZD-8 (a specific inhibitor of GSK3β). *P<0,05; ***P<0,001. Scale bar = 20μm. 

 

Thr308 and Ser473 (Figure 6A). Similarly to other cells [43], Gnpat KO neurons 

showed reduced levels of AKT phosphorylated at both residues (Figure 6B, C), 

indicative of reduced activity. To prove that the defective AKT activation was 

behind the observed defect in AIS positioning, we treated WT and Gnpat KO 

neurons with SC79 [44]. This small compound is able to activate AKT in the 

cytosol bypassing PIP3 requirements, and the need of AKT to be located at the 

membrane. Upon treatment of Gnpat KO neurons with SC79 there was a 

normalization of AIS localization to axonal regions closer to the cell body (Figure 

6D). Treatment with SC79 had no major impact on WT neurons, and did not affect 

AIS relocation upon chronic depolarization of WT and Gnpat KO neurons (Figure 

6D). 

 AKT has been connected to many cellular processes as it can 

phosphorylate a wide variety of substrates. Our previous work on Schwann cell 

development revealed that glycogen synthase kinase 3β (GSK3β) was a primary 

AKT target responsible for defects in myelination [43]. Impaired AKT activity 

causes overtly active GSK3β to phosphorylate its downstream targets. To 

determine if GSK3β was involved in the regulation of AIS positioning, WT and 

Gnpat KO neurons were treated with LiCl, a known inhibitor of GSK3β [43]. Upon 

treatment with lithium (Figure 6E), Gnpat KO neurons displayed normal AIS 

positioning (Figure 6F). Because lithium is not a specific inhibitor of GSK3β, we 

also treated WT and Gnpat KO neurons with TDZD-8, a more potent and specific 

inhibitor [45]. Surprisingly, treatment of Gnpat KO neurons with TDZD-8 had no 

effect on the abnormal positioning of the AIS (Figure 6G). These results lessen a 

possible role of GSK3β in the mechanisms behind relocation of the AIS in 

plasmalogen-deficient neurons. 

 Combined our results demonstrate that a plasmalogen deficiency in 

neurons also impairs AKT activation through phosphorylation and that reduced 

levels of AKT cause the relocation of the AIS to more distal positions along the 
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length of the axon. As such, our results also provide initial evidence that neuronal 

excitability can be regulated by a signaling cascade so far not linked with AIS 

repositioning. 

 To validate our hypothesis that AKT activity is responsible for the distal 

relocation of the AIS in plasmalogen-deficient neurons, we assessed the AIS 

assembly and position in WT neurons treated with an AKT inhibitor [46]. 

Treatment of WT neurons with MK-2206 was able to block AKT activation as 

evident by the reduced levels of AKT phosphorylation at Thr308 and Ser473 

(Figure 7A). Moreover, treatment with MK-2206 was able to induce a distal shift in 

AIS positioning (Figure 7B,C) similarly to what is observed in Gnpat KO neurons. 

Likewise, we also observed a reduction in AIS length (Figure 7D) without changes 

in the AIS end position (Figure 7E). 

  

Figure 6: AKT inhibition leads to a distal relocation of the AIS. WT hippocampal 

neurons were treated since 3 DIV with 1µM of MK-2206, a specific inhibitor for AKT, which 

lead to the complete blockage of AKT phosphorylation, as confirmed by western blot for 

both AKT phosphorylated residues, the Thr308 and Ser473 (A). After 9 days in culture, 

hippocampal neurons were fixed, and the AIS position was assessed after AnkG 

immunofluorescence (B). The quantification of the AIS position revealed a distal shift of 

the AIS, displaying an increased distance from the cell body to the AIS (C), and a reduced 
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length of the AIS structure (D). However, no differences were observed in the distance 

from the cell body to the AIS end (E). ***P<0,001. Scale bar = 20μm. 

 

 Combined our results unraveled the AKT activation is needed for the 

correct positioning of the AIS, and that in plasmalogen-deficient neurons reduced 

AKT activity is responsible for the distal relocation of the AIS. 

 

Discussion 

  

 RCDP is a multisystem disorder with a wide range of affected tissues and 

organs. The pathology and/or presentation of the disease includes defects in eye 

development (with the formation of cataracts), chondrocyte development (with 

defects in growth of long bones and ossification), heart development (with 

Tetralogy of Fallot) and nervous system defects (myelination defects seen in MRI). 

The reason for these and other defects resides in the inability of RCDP cells to 

synthesize plasmalogens, a special class of ether-phospholipids. However, there 

is insufficient knowledge to fully understand the pathology, the mechanisms 

behind the cellular defects, and the physiologic role of these phospholipids, 

which seem to be crucial for a myriad of processes. 

 Given the severity and clinical implications of some aspects of the RCDP 

pathology, it might be understandable that little is known on the impact that a 

plasmalogen deficiency has on nervous tissue [32]. However nervous tissue is 

highly enriched in these phospholipids, which can be primarily found in neurons 

and in myelin [47]. Additionally, recent reports highlight the importance of 

plasmalogens in neurons and neuron function as it was discovered that an 

autistic-like presentation could be caused by mutations in the genes necessary 

for the biosynthesis of plasmalogens [33, 34]. In autism-spectrum disorders it is 

generally accepted that an imbalance of excitatory versus inhibitory regulation of 

neuronal excitability mediates the mechanism regulating the observed deficits in 

learning, memory and cognition [48, 49]. Interestingly, classical RCDP patients 

are also known to develop seizures and epilepsy [32], which further supports a 

role of plasmalogens in neuronal function. However, and as mentioned above, 

there is limited available knowledge or means to study these processes. 

 The generation of mouse models for RCDP [31], originated from the need 

to have the necessary means and tools to understand the pathology behind 

RCDP, determine the mechanisms behind the disorder and evaluate candidate 
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therapies. Pex7 and/or Gnpat KO mice are known to model a complete lack of 

plasmalogens and very faithfully mimic all the hallmark pathologies associated 

with RCDP [31]. By making usage of these mouse models we recently unraveled 

the role played by plasmalogens in Schwann cell development and myelination 

([43], Chapter 1), which also allowed us to discover and propose that 

plasmalogens have a central and fundamental role in cell signaling by regulating 

the activation of AKT. Using Gnpat KO mice we set out to investigate the 

consequences of a plasmalogen deficiency to neurons. 

The study of the AIS was a perfect paradigm to initiate our studies onto a 

possible role of plasmalogens in regulating neuronal excitability, which could 

explain some of the observed presentations in RCDP patients. The AIS comprises 

a highly plastic region of the axon in which the action potential is generated. The 

plasticity of AIS refers to the observation that neurons can change the location 

and size of AIS is response to hyper- or hypo-excitations in order to maintain 

their excitability in balance. Under chronic depolarization conditions, which are 

neurotoxic, neurons are able decrease excitability by moving the AIS towards 

more distal regions of the axon [15]. Currently it is not known how the neuron 

accomplishes the repositioning of the AIS. The entire structure can be moved “en-

bloc” or alternatively it can be dismantled and reassembled at a more distal 

location. Initially we hypothesized that the lack of plasmalogens could impair the 

ability of the AIS to move “en-bloc” given their role in modulating membrane 

fluidity [50]. Surprisingly, the analysis of AIS positioning in neurons from Gnpat 

KO mice revealed that under basal conditions, the AIS is already placed at very 

distal positions along the length of the axon. Whereas WT neurons can relocate 

the AIS under chronic depolarization states, the already very distally placed AIS in 

Gnpat KO neurons prevents further movements when plasmalogen-deficient 

neurons are treated with 15mM KCl. Blocking of L-type voltage-gated calcium 

channels with NIFE was not able to normalize the abnormal positioning of the AIS 

in Gnpat KO neurons. This observation suggests that the mechanism responsible 

for the movement of the AIS in plasmalogen-deficient neurons is different from 

that of depolarization with KCl. Chronic depolarization is known to activate L-type 

voltage-gated calcium channels causing a rise in calcium levels, which activate 

CaN. We observed normal levels of intracellular calcium and normal activity of 

CaN in Gnpat KO neurons, which corroborates the results obtained with NIFE.  

Recently we unraveled that the mechanism by which a defect in 

plasmalogens mediates impaired Schwann cell development and myelination 
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resides in the inability of plasmalogen-deficient cells to correctly activate the AKT-

mediated signaling pathway [43]. Here, we provide further evidences that 

neurons lacking plasmalogens are also characterized by reduced levels of 

phosphorylated AKT, which is known to hamper AKT’s ability to phosphorylate its 

targets [43]. Our results demonstrate that the defective positioning of the AIS in 

Gnpat KO neurons is caused by a plasmalogen defect, as treatment with 

alternative substrates capable of rescuing the biosynthetic pathway [37] 

normalize AIS positioning. In addition, we could also rescue the AIS defect by 

rescuing AKT activity with SC79. Combined, our results highlight the existence of 

a novel signaling mechanism capable of regulating the proximal positioning of 

the AIS. In light of the discovery that increasing AKT phosphorylation in Gnpat KO 

neurons is able to rescue the positioning of the AIS, we are able to substantiate 

the results obtained with CsA-mediated inhibition of CaN and lithium-mediated 

inhibition of GSK3β. CaN is a phosphatase known to dephosphorylate a wide 

variety of substrates [51]. In addition to its “primary” targets, CaN is also able to 

dephosphorylate AKT, and CaN inhibitors increase the phosphorylation levels of 

AKT [52, 53]. Lithium is an inhibitor of GSK3β as it blocks the GSK3β binding site 

to Mg2+. However, lithium is capable of inhibiting other proteins via the same 

competitive mechanism [54]. Lithium is known to increase the phosphorylation 

levels of AKT by inhibiting the complex β-arrestin-2/PP2A/AKT, thereby reducing 

the dephosphorylation of AKT by PP2A. Combined these observations support the 

hypothesis that rescuing phosphorylation levels of AKT in Gnpat KO mice is able 

to rescue the abnormal positioning of the AIS. To demonstrate that the AKT 

pathway is capable of regulating the positioning of the AIS, we inhibited the 

pathway in WT neurons. Blocking AKT phosphorylation in WT neurons with MK-

2206, a well-established inhibitor [46], was sufficient to cause a distal relocation 

of the AIS, and fully mimicked the abnormalities found in Gnpat KO neurons. 

Therefore, we propose a model in which the modulation of the AIS position is the 

result of a tug of war between two signaling pathways. Whereas the activation of 

the AKT pathway mediates the proximal relocation of the AIS, the calcium-

mediated activation of CaN via L-type voltage-gated calcium channels, mediates 

the distal relocation of the AIS. 

Having established a novel consequence of a plasmalogen defect, which 

may unravel new functions of plasmalogens in regulating neuronal excitability, 

ongoing and future work should focus on a detailed electrophysiological 

characterization of Gnpat KO mice and the further characterization of the 
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involved players. As previously mentioned, AKT is able to phosphorylate a wide 

range of proteins involved in a myriad of cellular processes. Our ongoing and 

preliminary data identified mTORC1 as a possible AKT effector in mediating the 

AIS relocation. Additionally, and from a limited number of mTORC1 targets 

assessed, we also identified ULK1 as a candidate effector, whose inhibition is able 

to rescue the defect observed in Gnpat KO neurons.  
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Materials and methods 

 

Animals 

Mice were handled according to the European Communities Council Directive 

(86/609/EEC) as well as the National rules, and the Portuguese General 

Veterinarian Board approved all studies performed. WT and Gnpat KO mice have 

been previously described. The mice used in all experiments were obtained from 

heterozygous breeding pairs and maintained at 24±1oC under 12hrs dark/light 

cycle and fed regular show and tap water ab libitum. 

To generate the embryos needed for hippocampal-, cortical-, and motor neuron 

cultures, heterozygous mating pairs were time mated. For time mattings, males 

and females were kept in the same cage for 12hrs. The when the vaginal plug 

first appeared was designated as E0. Embryos were collected by cesarean and 

their stage confirmed by morphological analysis. 

 

Hippocampal neuron cultures 

The hippocampal neuron culture protocol was adapted from a protocol described 

elsewhere [55]. Briefly, E17 embryos were individually dissected and genotyped. 

The individually isolated hippocampi were digested at 37oC for 10min with 0.06% 

porcine trypsin solution (Sigma, T4799), the digestion was stopped with serum, 

and the tissue dissociated into single cells. Hippocampal neurons were plated 

into 24-well plates with 20μg/ml poly-L-lysine coated coverslips at a cell density 

of 25000 cells/well, and maintained in Neurobasal medium (Invitrogen) 

supplemented with 1x B27 (Gibco), 1% penicillin/streptomycin (Gibco) and 2 mM 

L-glutamine (Gibco). 

All in vitro treatments were performed according to the experimental setup: for 

batyl and chimyl alcohols, hippocampal neurons were treated since 7μM of each 

compound since 2DIV, and then every second day until 9DIV; for NIFE, 

hippocampal neurons were treated every day since the 6DIV and until the 9DIV, 

with 1μM of the drug; for SC79, hippocampal neurons were treated with 0,8μg/ml 

of the compound since the first 16hrs and every second day until 9DIV; for 

TDZD-8, hippocampal neurons were treated since 5DIV and until 9DIV, with 

10μM of the compound; for LiCl, hippocampal neurons were treated since 5DIV 

until 9DIV, with 16μM of the compound; and to CsA, hippocampal neurons were 

treated since 3DIV and every second day until 9DIV, with 1μM of the compound.  
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At the 7 day in culture the medium was also supplemented with 10mM KCl to 

chronically depolarize the neurons, or with 10mM NaCl as a control. 

 

Cortical neuron cultures 

Cortical neuron cultures were performed as described elsewhere [56]. Briefly, E17 

embryos were individually dissected and genotyped. The individually isolated 

cortices were digested at 37oC for 8min with 0.05% trypsin-EDTA (Invitrogen), the 

digestion was stopped with serum, and the tissue dissociated into single cells. 

After passing the cellular suspension through a 70μm strainer, cortical neurons 

were plated into 24-well plates with 20μg/ml poly-L-lysine and 0.4μg/ml laminin 

coated coverslips at a cell density of 50000 cells/well, and maintained in 

Neurobasal medium (Invitrogen) supplemented with 2x B27 (Gibco), 1% 

penicillin/streptomycin (Gibco) and 2 mM L-glutamine (Gibco). 

At day 7 of culture, the medium was also supplemented with 10mM KCl to 

chronically depolarize the neurons, or with 15mM NaCl as a control. 

 

Motor neuron cultures 

Motor neuron cultures were performed as described [57]. In brief, the thoracic 

and lumbar portion of the spinal cord was individually isolated from E12 

embryos, and the embryos genotyped. The individually isolated spinal cords were 

digested at 37oC for 8min in 0.25mg/ml of trypsin (Worthington Biochemical), 

and the digestion stopped with 10X trypsin-inhibitor (Sigma). After dissociation 

the cell suspension was pre-plated into 10 μg/ml lectin coated 6-well plates for 

1hr at RT. After the detachment of the lectin-bounded cells with a 30mM KCl, 

0.8% (w/v) NaCl depolarization-solution, cells were counted and plated at 15000 

cells/well in 24-well plates with coverslips coated with 0.5mg/ml Poly-DL-

ornithine hydrobromide (Sigma) and 2.5μg/ml laminin, and maintained in 

Neurobasal medium (Invitrogen) supplemented with 1x B27 (Gibco), 2 mM L-

glutamine (Gibco), 10μg/ml CNTF (Peprotech), and 2.5% horse serum (Sigma). 

 

Immunofluorescence 

At the selected in vitro time points neurons were fixed under different conditions 

and following also a different immunofluorescence protocol depending on the 

assessed protein. 

To assess to AnkG in the AIS, neurons were fixed in methanol at -20oC for 10min. 

After quenching of the endogenous auto-fluorescence with 5min incubations with 
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200mM NH
4
Cl and 0.1% sodium borohydride, coverslips were blocked for 1hr with 

a blocking solution containing 2% BSA, 2% FBS, and 0.2% fish gelatin, followed by 

overnight incubation at 4oC of the primary antibodies diluted in 1:10 of the 

blocking solution. In the next day the coverslips were incubated in the secondary 

antibodies diluted in 1:10 of the blocking solution for 1hr at RT. 

To assess to Nav in the AIS, neurons were fixed in 2% paraformaldehyde at RT for 

10min. After quenching of the endogenous auto-fluorescence with 5min 

incubations with 200mM NH
4
Cl and 0.1% sodium borohydride, coverslips were 

blocked for 1hr with a blocking solution containing 2% BSA, 2% FBS, and 0.2% fish 

gelatin, followed by overnight incubation at 4oC of the primary antibodies diluted 

in 1:10 of the blocking solution. In the next day the coverslips were incubated in 

the secondary antibodies diluted in 1:10 of the blocking solution for 1hr at RT. 

To assess FGF14 in the AIS, neurons were fixed in 2% paraformaldehyde at RT for 

20min. Coverslips were blocked and permeabilized for 30min at RT with PBS 

containing 5% fish gelatin (Sigma) and 0.1% Triton X-100 (Sigma), followed by the 

incubation of the primary antibodies diluted in the blocking solution for 2hrs at 

RT, and secondary antibody incubation also in the blocking solution for 45min at 

RT. 

To assess to ADAM22 in the AIS, neurons were fixed in 1% paraformaldehyde at 

4oC for 15min. Coverslips were blocked and permeabilized for 30min at RT with 

PBS containing 5% fish gelatin (Sigma) and 0.1% Triton X-100 (Sigma), followed by 

the incubation of the primary antibodies diluted in the blocking solution for 2hrs 

at RT, and secondary antibody incubation also in the blocking solution for 45min 

at RT. 

Dilutions of the antibodies used: anti-pan-Nav1 (1:1000; NeuroMab), anti-FGF14 

(1:500; NeuroMab); anti-ADAM22 (1:200; NeuroMab), anti-AnkG (1:200; Santa 

Cruz), anti-βIII-tubulin monoclonal (1:5000; Promega), anti-βIII-tubulin polyclonal 

(1:5000; Synpatic Systems). 

 

AIS evaluation 

For the evaluation of the AIS, 60x magnification snapshots taken with the 

fluorescence microscope AxioImager Z1 (Carl Zeiss, Germany) were quantified for 

the distance from the cell body to the start of the AIS, and the length of the AIS 

using the NeuronJ plugin from the Fiji software. 
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Biochemical analysis 

For Western blot analysis, lysates of the cell cultures were prepared in lysis 

buffer, and 5μg of protein were run on 12% SDS-PAGE gels. Blots were developed 

with ECL (Pierce) and exposed to Hyperfilm (Amersham). Films were scanned on a 

Molecular Imager GS800, and Quantity One (Bio-Rad) was used for 

quantifications. 

 

Statistical analysis 

Results were expressed as mean ± standard error of the mean. Comparison data 

between groups was performed using Student’s t-test. P<0.05 was considered 

statistical significant. 
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 Our work allowed us to reach interesting conclusions concerning the 

pathophysiology behind a deficiency in plasmalogens, as well as, the 

physiological functions of these phospholipids. It is already fully accepted that 

plasmalogens play a crucial role in the processes governing development, as 

highlighted by the presentation of RCDP, an extremely severe disorder caused by 

plasmalogen defects and showing congenital abnormalities in several 

tissues/organs (e.g. eye, heart, bone). Our findings not only provide a deeper 

understanding of plasmalogen’s role in several tissues and cells, but also 

highlight the need for a re-evaluation of the RCDP pathology. 

 The starting point of this thesis was the will to understand of the relevance 

of plasmalogens in the development of the nervous system, one of the most 

neglected tissues in RCDP. To accomplish our goals we made use of two mouse 

models that fully mimic RCDP, both in terms of biochemical changes as well as 

the same pathological changes and progression in key target tissues (e.g., 

development of cataracts, growth retardation, and ossification defects). However, 

despite the extensive usage of these mice, little was known in relation to how 

was the nervous system affected and the caused behind the defects. We focused 

our efforts in the processes of myelination and neuron-muscle communication, 

because myelin, neurons and muscle are highly enriched in plasmalogens and 

their absence was predicted to have major consequences. 

 Our studies with the plasmalogen-deficient mouse models revealed that 

plasmalogens play a pivotal role early in development during the active period of 

myelination. Plasmalogen-deficient sciatic nerves revealed extensive defects in 

radial sorting of large-caliber axons, and a generalized delay in myelination. 

Surprisingly, the myelination process could reach its term, and during a relatively 

short period (i.e., 6 months) normal amounts of myelin were observed in the PNS. 

However, the myelin formed was found to have major structural defects, which in 

part can mediate the rapid and extensive demyelination observed in nerves from 

plasmalogen-deficient mice. Our work allowed us to pinpoint an impaired AKT-

signalling, as the reason and cause of the defects found during the myelination 

program. In addition to the novel and highly significant breakthroughs of our 

work, it will be relevant to understand the mechanism by which a membrane 

phospholipid is able to impact the recruitment and activation of AKT. Contrarily 
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to phosphatidylinositol, which contains a diversified head-group (through a series 

of different phosphorylation states) that can differential interact with several 

proteins, plasmalogens do not possess its singularity (i.e. the vinyl-ether linkage) 

within an exposed regions of the molecule. As such, it will be interesting to 

unravel how cytosolic and, possibly membrane proteins, are able to directly or 

indirectly interact with plasmalogens. 

 Hypotonia is another important feature of RCDP, which could also play an 

important role in the progression of the disorder. Our work revealed several 

skeletal muscle innervation defects in plasmalogen-deficient muscles. 

Plasmalogen-deficient skeletal muscles showed an aberrant innervation area, and 

increased number of nerve-muscle contacts. Despite the characterization of the 

skeletal muscle defects, the molecular causes remain to be clarified. Due to the 

cellular and signalling complexity of a NMJ, the clarification of the causes behind 

the RCDP innervation defects could be relevant not only for the understanding of 

RCDP, but also to better elucidate the processes governing the motor axon 

guidance and synapse formation in the skeletal muscle, unraveling new molecular 

partners important for the establishment and maintenance of a NMJ. Our work 

also pointed to impaired synaptic pruning during the two first post-natal weeks of 

life of plasmalogen-deficient mice. Despite all the efforts done in the field, little is 

known concerning to the processes governing the synaptic pruning of NMJ, and 

most of the available information is contradictory. RCDP mouse models constitute 

a unique model with a deficiency in synaptic pruning of NMJ. The investigation of 

the molecular processes governing synaptic elimination could lead to important 

advances in the field. 

 Our in vitro evaluation of the AIS in different neuronal populations with a 

deficiency in plasmalogens, allowed us to highlight another important facet of 

the disease: neuronal excitability. The AIS is a highly organized structure able to 

generate an action potential. Interestingly, the neuron is able to modify the 

location and the size of its AIS depending on its excitability. Our work unravelled 

that in vitro cultured neurons from plasmalogen-deficient mice assemble the AIS 

at more distal locations along the axon. From our results two different hypothesis 

could be raised: (1) the distal AIS location found in plasmalogen-deficient neurons 

is the consequence of signalling defects regulating the AIS position, which means 

that AKT-signalling is important for the proximal localization of the AIS; or (2) the 

distal location of the AIS found in plasmalogen-deficient neurons, is the result of 

a hyper-depolarized neuron. Regardless of which hypothesis is valid, the outcome 
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for a plasmalogen-defective neuron is similar: a dysregulation of its excitability. If 

a signalling defect mediates the distal localization of the AIS it will affect the 

neuron’s ability to generate action potentials. Conversely, if the distal localization 

of the AIS is a compensatory mechanism to circumvent a problem of increased 

depolarization, it may highlight a generalized excitatory state. It will be important 

to perform an electrophysiological characterization of plasmalogen-deficient 

neurons and a thorough delineation of the pathway to unravel which AKT targets 

may a direct role in modulating AIS positioning. 

 In general, the objectives stipulated for this thesis were accomplished. Our 

work allowed us to better understand some of the most severe features of a 

plasmalogen deficiency at a mechanistic or cellular level, and also test and 

develop therapeutic approaches that allowed the correction of some of the 

observed defects.  

 

 


