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Abstract

Myelin formation around axons increases nerve conduction velocity and regulates phenotypic 

characteristics of the myelinated axon. In the peripheral nervous system, demyelinating forms of 

hereditary Charcot-Marie-Tooth (CMT) diseases, due to Schwann-cell intrinsic molecular defects, 

leads to reduced nerve conduction velocity and changes in the axonal phenotype. Several mouse 

models of CMT diseases have been generated, allowing the study of consequences of 

demyelination in peripheral nerve fibres. Nevertheless, the effect of demyelination at the level of 

the neuromuscular synapse has been largely overlooked. Here we show that in the periaxin knock-

out mice, a model of CMT condition, neuromuscular junctions develop profound morphological 

changes in pre-terminal region of motoraxons. These changes include extensive preterminal 

branches which originate in demyelinated regions of the nerve fibre and axonal swellings 

associated with residually-myelinated regions of the fibre. Using intracellular recording from 

muscle fibres we detected asynchronous failure of action potential transmission at high but not 

low stimulation frequencies, a phenomenon consistent with branch point failure. Taken together, 

our morphological and electrophysiological findings suggest that preterminal branching due to 

segmental demyelination near the neuromuscular synapse in periaxin KO mice may underlie 

phenotypic disabilities present in this mouse model of CMT disease. These results opens a new 

avenue of research in order to understand the cellular changes responsible for clinical disabilities 

in demyelinating conditions.

Introduction

Myelination of axons by Schwann cells and oligodendrocytes allows fast transmission of 

nerve impulses by insulating axonal segments, and restricting action potential regeneration 

to nodes of Ranvier, the non-myelinated axonal domains containing a high density of 

sodium ion channels. In addition to the role of the myelin sheath in the electrophysiological 

function of the nerve fibre, myelination regulates some structural and functional 

characteristics of the underlying axon, including its microtubule content, neurofilament 

phosphorylation, and axonal transport (de Waegh et al., 1992). The distribution of myelin 

further defines molecularly-distinct domains in the axolemma, including the localisation of 
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K channels, caspr and neurofascin (Salzer, 2003). In addition, Schwann cells repress an 

intrinsic capacity of axons to sprout but the molecular mechanisms are unknown (Court and 

Alvarez, 2005). The regulatory properties of the myelin upon the axon are dramatically 

revealed in several clinical conditions in which phenotypic alterations of Schwann cells due 

to mutations in diverse Schwann cell-specific proteins leads, in addition to impairment in the 

electrophysiological capacity of nerve fibres, to a range of axonal pathologies including 

axonal swelling, defects in axonal transport and axonal degeneration (Bjartmar et al., 1999; 

Sancho et al., 1999; Krajewski et al., 2000; Martini, 2001).

One group of hereditary neuropathies produced by Schwann cell abnormalities that have 

been extensively studied due to their high incidence in the human population are Charcot-

Marie-Thooth diseases (CMT). Several mouse models have been generated allowing a 

detailed study of the molecular mechanisms of CMT, their progression and phenotypic 

consequences (Martini, 1997; Zu Horste and Nave, 2006). Usual phenotypic characteristics 

of demyelinating forms of CMT (CMT1, 3 and 4) diseases are progressive reduction in 

nerve conduction velocity, muscle impairment and sensory dysfunction (Dyck and Thomas, 

2005). In early stages of some human CMT conditions, reduction of nerve conduction 

velocity does not lead to overt clinical manifestation of the disease (Gutmann et al., 1983; 

Garcia et al., 1998), suggesting that other changes subsequently elicited by demyelination 

may produce the diagnostic clinical signs.

Until recently, one interesting and neglected possibility has been the effect demyelination 

may have at the level of the neuromuscular junction (NMJ). In intramuscular nerve fibres, 

myelination extends proximal to the last pre-terminal branch point of an axon innervating 

the muscle fibre. Thus, demyelination in this region could lead to structural changes at the 

neuromuscular junction with important electrophysiological consequences. Evidence of 

secondary neuromuscular defects has been obtained in studies of mice overexpressing the 

myelin protein zero (P0), in which myelin sheath formation is significantly impaired (Yin et 

al., 2004). Neuromuscular junctions also show abnormalities even though P0 is not 

expressed in motor neurones either normally or in the overexpressing transgenics (Wrabetz 

et al., 2000). However, similar studies in progressive demyelinating conditions have not 

been reported so far.

In order to understand the possible contribution of morphological and electrophysiological 

changes at the NMJ to the phenotype of demyelinating conditions we examined muscles in 

periaxin null mutant mice.

Periaxin is expressed by myelinating Schwann cells and associates with the dystroglycan 

complex through Drp2 (Sherman et al., 2001) at the abaxonal region of the cell. Periaxin 

null mutant mice develop a late-onset peripheral nerve demyelinating condition (Gillespie et 

al., 2000). These mice represent an accessible model of the human CMT4A condition, in 

which mutations in the molecular homologue of periaxin has been identified (Guilbot et al., 

2001; Takashima et al., 2002; Kabzinska et al., 2006). Here we show that pre-terminal 

demyelination leads to morphological changes in the arborisation pattern of motoraxons 

approaching the NMJ, with consequential defects in neuromuscular transmission during 

repetitive nerve stimulation.
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Results

Periaxin is expressed in myelinating Schwann cells but not in terminal ones

In peripheral nerve, periaxin is exclusively expressed by myelin-forming Schwann cells 

(Gillespie et al., 2000). In order to asses periaxin expression at the neuromuscular junction, 

triangularis sterni (TS) muscles from wild-type (WT) mice were immunostained using an 

antibody against periaxin together with fluorescent conjugates of α–bungarotoxin (α–BTX) 

to stain postsynaptic acetylcholine receptors (AchR) at motor endplates. As shown in Figure 

1A, periaxin is expressed by myelin-forming Schwann cells located in pre-terminal regions 

and intramuscular nerve fibres but not in terminal Schwann cells capping the neuromuscular 

synapse. As expected, periaxin null mice (prx−/−) TS muscles shown complete absence of 

periaxin immunoreactivity (Figure 1B).

Demyelination of nerve fibres produces morphological abnormalities at NMJ

Peripheral demyelination in prx−/− is first detected at around 2 months of age and 

progresses to a severe condition during the following months, phenotypically characterised 

by muscle weakness, tremor and sensory abnormalities (Gillespie et al., 2000). Peripheral 

nerve fibres from 8-month old periaxin null mice present extensive demyelinated axonal 

segments that contrast with the regular myelination in WT fibres interrupted only at the 

nodal gap (Fig. 2A and B and (Gillespie et al., 2000)). In addition, prx−/− nerve fibres 

exhibit supernumerary nuclei and sometimes axonal sprouts can be seen extending along the 

axon through myelin-free regions (Fig. 2C).

Muscle whole mount preparations were used to compare the morphological features of 

axons and Schwann cells at the NMJ of 5-month old periaxin null and control mice using 

neurofilament immunostaining together with fluorescent conjugates of α–BTX. In WT 

muscles, motor axons approach the muscle fibre and branch extensively close to the 

neuromuscular junction; in this region, they form terminal specializations that lie in register 

with AchR (Fig. 3A). In contrast, NMJs of periaxin prx−/− mice display extensive pre-

terminal branching of motor axons with branch points often located at considerable 

distances from the endplate (Fig. 3B and C and see below). Most of these supernumerary 

branches converged on the same NMJ as their parent motor axon. Other abnormalities were 

also regularly detected in pre-terminal axons of periaxin null mice, including thinning of 

axon branches and focal swellings (Fig. 3C).

The increased pre-terminal branching and extended branch point distance from the terminal 

of prx−/− compared with WT motor axons were quantified by measuring the distance from 

the end-plate to nearest branch point, including only branches extending to the same NMJ, 

and by counting the number of branches approaching the neuromuscular junction (n=3 for 5-

month old WT and prx−/− mice, 50 NMJs analysed per group). Prx−/− motor axons 

displayed on average 3.1±0.2 branches approaching the endplate compared with 1.2±0.1 

branches in WT (mean ± SEM, Fig. 3D), a threefold difference (t-test, p<0.001). The 

distance of the most proximal branch point in prx−/− motor axons was even more marked: 

34.3±2.8 μm compared with 4.7±1.8 μm in WT axons, about a sevenfold difference (t-test, 

p<0.001; Fig. 3E). Despite the increase in preterminal axonal branching, the size of 
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endplates in periaxin prx−/− was not significantly different from those in the WT mice (data 

not shown).

To discriminate if the abnormal pattern of innervation observed in periaxin null NMJs arise 

during neuromuscular development or at later stages, we used the same methods to examine 

3-week old WT and prx−/− neuromuscular junctions. In these preparations, the morphology 

and pattern of innervation of WT and prx−/− motor axons were indistinguishable (Fig. 4A) 

and this was corroborated by the same kind of quantitative analysis described above (Fig. 4B 

and C).

Since neither motor nerve terminals nor perisynaptic (terminal) Schwann cells normally 

express periaxin (Fig. 1A), the morphological changes in prx−/− motor axons must have 

been an indirect consequence of the loss of periaxin from myelin forming Schwann cells in 

axon branches located proximal to the endplate.

Axonal abnormalities associate with pre-terminal demyelination events

The abnormal pattern of innervation in periaxin prx−/− motoraxons arises after normal 

formation of the neuromuscular junction and is probably related to pre-terminal 

demyelination. To test this possibility, 5-month old WT and prx−/− muscles were 

immunostained with antibodies against the myelin protein P0 and neurofilament together 

with AchR staining. In WT neuromuscular junctions, the last myelinated region of the nerve 

fibre is located before the terminal branch (Fig. 5A). In prx−/− nerve fibres, abnormal pre-

terminal branches located far from the terminal were always associated with demyelinated 

regions (Fig. 5B) that evidently arose during the progression of the periaxin null mice 

condition (Fig. 4). In addition, axonal swellings immunopositive for neurofilaments, the 

other hallmark of periaxin null pre-terminal axons, associates with residually-myelinated 

regions of the nerve fibre (Fig. 5C and D).

During reinnervation and muscle paralysis, terminal Schwann cells (tSC) become 

“activated” and extend processes that stimulate and guide axonal sprouting (Mehta et al., 

1993; Son and Thompson, 1995). To investigate if tSC reaction may underlie the pre-

terminal generation of axonal sprouts that finally innervate the NMJ, terminal Schwann cells 

from WT and prx−/− end-plates were visualized by immunostaining with an antibody 

against the cytoplasmic protein S100. In WT muscles, terminal Schwann cells cap 

presynaptic terminals and lie in strict register with postsynaptic Ach receptors (Figure 6A). 

In all periaxin null NMJs examined (n=50), tSCs lay in register with the postsynaptic 

specialization and no sprouting was detected beyond this area, as in NMJ of WT mice 

(Figure 6A and B). In addition, tSC in periaxin null neuromuscular junctions did not express 

nestin, a marker protein of the “activated” state of terminal Schwann cells ((Hayworth et al., 

2006); Figure 6C-E).

Electrophysiological consequences of peripheral demyelination revealed by high 
frequency stimulation

To investigate if the morphological abnormalities in periaxin null neuromuscular junctions 

described above result in physiological changes of neuromuscular transmission, vital 
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staining with FM1-43 and intracellular recording from muscle fibres were performed in 

acutely dissected TS and flexor digitorum brevis (FDB) muscles.

Active regions of the nerve terminal were identified by vital staining using FM1-43, which 

incorporates in recycling synaptic vesicles (Betz et al., 1992; Ribchester et al., 1994) and 

can be detected by fluorescence microscopy. TS muscles from 5-month old WT and prx−/− 

mice were dissected in physiological solution and active terminals were loaded with FM1-43 

and stained with α-BTX. In WT neuromuscular junctions, active regions of the nerve 

terminal, revealed by FM1-43 staining, cover the complete area of AchR staining (Fig. 7A). 

In prx−/− muscles vital staining revealed no activity-related abnormalities of nerve terminals 

located above the AchR region (Fig. 7A). Thus, synaptic vesicle recycling was dot 

discernibly impaired in these mice.

Intracellular end-plate potential (EPP) recordings were made from FDB muscles. EPPs 

obtained after low frequency stimulation (1 Hz) were recorded from 2, 4, and 8-month old 

WT and prx−/− muscles (n=3 for each group) and analysed. Most mutant junctions showed 

normal synaptic responses, with similar amplitude, time course and quantal content 

compared to WT at all ages examined (Fig. 7B and data not shown). However, the EPP 

latency, measured from the stimulus artifact to the start of the rising EPP phase, was 

increased significantly in prx−/− compared with WT end-plates (Fig. 7C). By 8 months, it 

was 6.31 ± 0.21 milliseconds (ms) in prx−/− muscles (mean ± S.E.M) compared with 2.56 ± 

0.06 ms in WT, a twofold difference (P<0.0001, t-test). The amplitude and frequency of 

spontaneous miniature end-plate potentials (MEPPs) were also similar comparing 8-month 

old WT and prx−/− neuromuscular synapses (Fig. 7D), suggesting normal ACh receptor 

distribution and function and unimpaired presynaptic regulation of spontaneous synaptic 

vesicle exocytosis in prx−/− mice.

Branch points are known to exhibit a low safety factor for the conduction of the action 

potential in myelinated and unmyelinated axons, especially when subjected to high 

frequency stimulation (Grossman et al., 1979a, b; Zhou and Chiu, 2001). We therefore 

stimulated FDB muscles via their nerve supply at a frequency of 30 Hz for 1 second; that is, 

well below the physiological range of in vivo motor axon firing frequencies (Grimby and 

Hannerz, 1977). At this frequency, end-plates from 8-month old WT mice respond to every 

incoming action potential. In contrast, 40% of prx−/− end-plates responded intermittently 

when stimulated at the same frequency (Fig. 8), indicating a frequency dependent block of 

action potential transmission. These failures cannot be explained by a reduced quantal 

content, since the coefficient of variation in the amplitude of EPP’s that were evoked by 

stimulation was not significantly different from normal. Interestingly, synaptic transmission 

at 20 Hz was evidently sufficient to enable labelling of terminals with FM1-43 (see above)

Thus, at low stimulation frequencies neuromuscular transmission in prx−/− muscles is not 

compromised by the morphological abnormalities present in pre-terminal axons, including 

the extensive branching and swelling of the preterminal axons. However, these junctions are 

significantly compromised in their ability to transmit neuromuscular activity at frequencies 

at or above 30Hz.
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Discussion

In this study we have shown that in a mouse model of CMT disease, late onset 

demyelination of intramuscular nerve fibres leads to a dramatic increase in nerve branches 

approaching individual neuromuscular junctions, in addition to axonal defects such as 

neurofilament-positive pre-terminal swellings and axonal thinning. To our knowledge this is 

the first report showing important changes at the NMJ due to demyelination and not 

associated with developmental abnormalities in myelin formation, such as those associated 

with the overexpression of the myelin protein P0 (Yin et al., 2004). The axonal 

abnormalities we have reported here in prx−/− axons add to the increasing evidence that 

myelin, in addition to its role in conduction of the action potential, is required for the 

integrity of the axon in the nerve fibre and neuromuscular junction. In addition, the results 

reported here suggest that NMJ defects may underlie clinical disabilities associated with 

demyelinating conditions, and should be considered in the study and treatment of 

demyelinating conditions.

The electrophysiological data obtained from prx−/− neuromuscular junctions revealed 

intermittent failure of action potential propagation only at high stimulation frequencies. At 

low stimulation frequency, the transmission of the action potential in periaxin null 

neuromuscular junctions is similar to WT in terms of end-plate potential amplitude and time 

course. Only a decrease in conduction velocity is detected in prx−/− neuromuscular 

preparations probably reflecting the extent of demyelination in the nerve fibre. In WT 

nerves, internodal lengths decreases in myelinated nerve fibres approaching the terminal 

arborisation (Quick et al., 1979), and probably reflects a physiological adaptation that 

increases the safety factor for action potential propagation across branch points. 

Interestingly, internodal length is also reduced in the myelinated regions of prx−/− nerves, 

which also leads to reduced nerve conduction velocity (Court et al., 2004). The intermittent 

failure of synaptic transmission at higher stimulation frequencies is consistent with 

intermittent nerve conduction block. Block of action potential conduction could occur in 

demyelinated segments of periaxin null nerve fibres or in preterminal regions of the axon, 

which show abnormal swellings and branching in the prx−/− mice. We favour the 

hypothesis of branch-point failure in these abnormal regions, as axonal branch points 

represent regions with a relatively low safety factor for conduction of the action potential, 

known to lead to propagation failures at high frequency stimulation (Grossman et al., 1979a, 

b; Zhou and Chiu, 2001).

Demyelination in periaxin null mice is a late onset event, a condition that permits study of 

the consequences of demyelination in NMJ structure and function without an underlying 

developmental defect during NMJ formation. Moreover, a possible involvement of terminal 

Schwann cell in abnormalities detected is ruled out due to their lack of periaxin expression 

in WT NMJs (Fig. 1).

Neuromuscular junctions in 3-week old periaxin prx−/− mice are innervated normally as 

revealed by immunofluorescence and quantification of their innervation pattern, consistent 

with the observation that nerves fibres from 3-week old periaxin null mice are normally 

myelinated and only display a reduction in Schwann cell internodal lengths (Court et al., 
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2004). In addition, the normal organisation of 3-week old periaxin null neuromuscular 

junctions indicates that the decrease in nerve conduction velocity as a results of short 

internodal distances (Court et al., 2004) have no overt effects on the structure and function 

of the peripheral synapse.

In older prx−/− mice, demyelination takes place in nerves fibre segments proximal to the 

neuromuscular junction and axonal sprouts originating from these demyelinated regions 

leads to an increase in branches invading the endplate. Axonal processes associated with 

demyelinated segments are also detected in some nerve fibres located in the nerve (Fig. 2C) 

but not as extensive as near neuromuscular junctions.

Our observation of motor axon branching from demyelinated regions supports the long held 

notion that the sprouting capacity of axons is inhibited by differentiated Schwann cells. It 

has been shown that this repression is abolished when Schwann cells dedifferentiate 

(Alvarez et al., 1995; Moreno et al., 1996), are removed (Court and Alvarez, 2000) or 

following down-regulation of myelin proteins (Gupta et al., 2006). One candidate for this 

inhibitory effect on axonal sprouting is the myelin associated glycoprotein (MAG), which 

has been shown to inhibit both axonal regeneration and sprouting in the PNS and CNS 

(McKerracher et al., 1994; Li et al., 1996; Shen et al., 1998; Wong et al., 2003). It will be 

interesting to evaluate whether the absence of MAG in null mice leads to supernumerary 

branches near NMJs as described here.

The fact that supernumerary branches in periaxin-null mice innervate the same NMJ as their 

parent axon, but do not sprout to adjacent muscle fibres (i.e. there is no polyneuronal 

innervation) suggest that branches originating in demyelinated pre-terminal axonal regions 

are somehow constrained in their growing pathway along their parent axonal axis. In other 

conditions such as partial denervation or muscle inactivity, “activated” terminal Schwann 

cells (tSC) extend processes that guide axonal processes to adjacent denervated or paralysed 

motor endplates (Mehta et al., 1993; Son and Thompson, 1995). In periaxin prx−/− mice, 

NMJs exhibiting extensive pre-terminal branches showed terminal Schwann cells that were 

still restricted to the end-plate region and that did not extend processes or express nestin, a 

protein upregulated in activated tSC (Hayworth et al., 2006). This suggests that the 

phenomenon of self-reinnervation described here is independent of tSC activation.

Another interesting issue is the accommodation in the endplate of terminal specializations 

produced by extra branches. This process takes place in the adult prx−/− mice during nerve 

fibre demyelination after normal neuromuscular development. Since the area of motor 

endplates was normal, we may conclude that the convergence of additional branches from 

the same axon led to competition between branches originating from the same motor axon, 

with elimination of extant terminal synaptic boutons. Synaptic competition at the NMJ is 

regulated by activity-dependent and activity-independent processes (Costanzo et al., 2000; 

Buffelli et al., 2004). The endogenous activity of the convergent branches in prx−/− mouse 

NMJ is likely to be wholly synchronous at low frequencies of endogenous activation but to 

break down and become asynchronous or absent at some junctions with high frequency 

activation (Fig 7). It would therefore be interesting to determine to what extent 
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desynchronisation of activity patterns in the convergent inputs determines whether the 

convergent inputs are sustained or withdrawn.

Other abnormalities detected in preterminal axons of periaxin null mice are neurofilament-

rich axonal swellings. These structures were associated with segments of the axon still 

myelinated. Axonal swellings have been described in multiple sclerosis lesions (Trapp et al., 

1998), a chronic inflammatory demyelinating disease of the CNS, and in axons of mice 

lacking the protolipid protein (PLP) a component of the myelin formed by oligodendrocytes 

in the CNS (Griffiths et al., 1998). In addition, the presence of axonal swelling has been 

reported in motor axons of intramuscular nerves from biopsies of patient with diverse 

peripheral neurophaties, these axonal enlargements were not associated with signs of axonal 

degeneration (Alderson, 1992). In PLP null mice, axonal swellings are characterised by the 

accumulation of dense bodies, organelles and membranous vesicles, suggesting that defects 

in axonal transport may underlie the formation of swellings (Griffiths et al., 1998). In 

periaxin null mice, abnormal axonal transport in the interface between myelinated and 

demyelinated regions might be responsible for the accumulation of neurofilaments and other 

transported cargoes. In addition, it is well known that myelin regulates axonal caliber by 

inducing neurofilament phosphorylation (de Waegh et al., 1992). Therefore, swellings in prx

−/− axons might represent an abnormal regulation of neurofilament phosphorylation in 

residually–myelinated regions. The study of preterminal axon ultrastructure and analysis of 

neurofilament phosphorylation state will be necessary to resolve the contribution of axonal 

transport defects and neurofilament phosphorylation in the formation of axonal swelling in 

their preterminal regions.

Materials and Methods

Mice

Generation of peraxin null mice has been previously reported (Gillespie et al., 2000). All 

procedures performed in animals were carried out following UK Government Home Office 

regulations.

Teased nerve fibres immunohistochemistry

Quadriceps and sciatic nerves were dissected and immersion fixed in 4% paraformaldehyde 

in 0.1M phosphate buffer saline (PBS, pH 7.4) for 45 minutes. After washing in PBS, the 

perineurium was dissected and nerve fibre bundles were separated using a pair of acupunture 

needles on a PBS drop in 3-aminopropyltriethoxysilane (Sigma) coated slides. After teasing, 

the slide was dried at room temperature and stored at −80 celsius degrees (°C) until use. 

Slides stored at −80 °C were immersed into pre-chilled (−20 °C) acetone for 20 minutes. 

The acetone was air dried and teased fibres were blocked/permeabilised with 0.1% Triton, 

5% fish skin gelatine (Sigma) in PBS for 1 hour at room temperature. First antibodies were 

applied in the same blocking/permeabilising solution overnight at room temperature in a 

humid chamber. Subsequently, fibres were washed in PBS, 0.1% Triton X-100. Secondary 

antibodies were applied in blocking/permeabilizing solution for 1.5 hours at room 

temperature. After washing in PBS, teased fibres were mounted in Vectashield (Vector 

Labs, Burlingame, California).
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Muscle tissue immunohistochemistry

For whole muscle preparations, muscles were dissected in 0.1 M phosphate buffer solution 

(PBS, pH 7.4) and fixed in 4% paraformaldehyde for 20 minutes, following by incubation in 

5 μg/ml of TRITC or AlexaFluor-647 alpha-bungarotoxin (Molecular Probes) for 30 

minutes. After washing in PBS and blocked/permeabilised for one hour in 1% BSA, 0.4% 

lysine, 0.5% Triton X-100 in PBS, primary antibodies were applied overnight at 4 °C. 

Muscles were washed and secondary antibodies were incubated for 3.5 hours at room 

temperature following by extensive washes for 1 hour and mounted in Vectashield.

Image acquisition

Immunofluorescence stainings of teased fibres and whole mount muscles were imaged using 

a BioRad Radiance 2000 (Nikon Eclipse E600-FN microscope) confocal system. 

Quantifications were performed using Image J Software (downloadable from http://

rsb.info.nih.gov/ij/)

Intracellular recording from muscle fibres

Periaxin null and C57Bl/6 mice aged 7 weeks to 11 months were killed by cervical 

dislocation and flexor digitorum brevis (FDB) muscle were dissected in mammalian 

physiological solution (MPS; 120 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 23.8 

mM NaHCO3, 5.6 mM D-glucose), bubbled with O2/CO2 (95%/5%). Muscle/nerve 

preparation was pinned in a sylgard coated recording chamber continually perfused with 

MBS. The nerve was placed in a suction electrode and a pulled microelectrode was used to 

record end-plate potentials (EPPs) after blocking muscle action potentials for 20 minutes 

with μ-conotoxin (2 μM).

Styryl dye staining of motor axon terminals

Recycling synaptic vesicles in TS motor nerve terminals from WT and periaxin null mice 

were stained using the vital aminostyryl dye FM1-43 (Molecular Probes). Nerve muscle 

preparations in MPS were incubated with 5 μM FM1-43 for 5 minutes. The nerve was 

stimulated by a suction electrode by pulses at 20Hz, 10V, 0.1ms bandwidth for 10 minutes. 

Following nerve stimulation, the nerve/muscle preparations were washed in MPS for 30 

minutes. After washing, postsynaptic receptors were stained with 5 μg/ml of fluorescent-

conjugated alpha-bungarotoxin for 10 minutes in MPS, washed for 10 minutes and observed 

using fluorescent microscopy.

Primary and secondary antibodies

The following antibodies, sources and dilutions were used in the present study. Mouse IgG1 

anti-nestin, S. Hockfield, 1:200; mouse anti-neurofilament (165 kDa), DHSB, 1:200; mouse 

IgG1 anti-neurofilament (200 kDa), Sigma, 1:1000; rabbit anti-periaxin, P. J. Brophy, 

1:3000; rabbit anti-S100, DAKO, 1:200; mouse anti-SV2, SAPU, 1:200; rabbit anti-P0, T. 

Brookes, 1:400. Goat TRITC-conjugated anti-mouse IgG, Southern Biotech, 1:200; donkey 

FITC-conjugated anti-rabbit IgG, Jackson, 1:200; goat AlexaFluor-647-conjugated anti-

mouse IgG1, Molecular Probes, 1:100. Goat AlexaFluor-647-conjugated anti-rabbit IgG, 

Molecular Probes, 1:100.
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Figure 1. Periaxin expression in pre-terminal myelinated Schwann cells of intramuscular nerves
Immunostaining for periaxin protein (green) together with AChR staining (red) in wild-type 

(A) and periaxin null (B) TS muscle. In WT muscles, periaxin is present in myelinating 

Schwann cells but not in perisynaptic ones, which lies in register with the AChR. Periaxin 

immunoreactivity is completely absent in null TS muscle. Scale bar, 25μm and 50 μm for A 

and B, respectively.
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Figure 2. Peripheral demyelination in periaxin null mice
Teased sciatic nerve fibres from 8-month old wild-type (A) and periaxin null mice (B) were 

immunostained for the myelin protein P0 (green), neurofilaments (red) and counterstained 

with DAPI (blue). Periaxin null nerve fibres shown focal thickenings of the myelin sheath 

flanking demyelinated segments and increase in the nuclei number, corresponding to 

Schwann cells attempting to remyelinate demyelinated fibres. In (C), a three-dimensional 

rendering was performed in a periaxin null teased fibre illustrating the presence of sprouts in 

the demyelinated segment (arrowhead). Scale bar, 20 μm.
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Figure 3. Motor axon abnormalities in the periaxin null mice
Immunostaining for neurofilament (red) together with AChR staining (blue) shown that in 

WT neuromuscular junctions motor axons branch extensively when they contact the end-

plate region (A). In contrast, preterminal axons of periaxin null mice exhibit several 

abnormalities (B) and (C), including increased number of preterminal axon branches 

(arrowhead), thinning of axon branches (arrow) and focal swellings (asterisk). More than 

80% of periaxin null neuromuscular junctions present these abnormalities but none of these 

features are found in wild-type animals. Scale bar, 30 μm. Quantification of the innervation 

pattern of WT and prx−/− neuromuscular junctions shown an increase in prx−/− pre-

terminal branches contacting the neuromuscular junction compared with the WT values (D). 
In addition, the distance from the proximal branch point to the neuromuscular junction is 

increased in prx−/− neuromuscular junctions compared with WT ones (E) (asterisk, t-test 

p<0.001).
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Figure 4. Periaxin null mice develop a morphologically normal neuromuscular junction
(A) In 3-week old mice, prx−/− neuromuscular junctions appear normal as revealed by 

immunostaining for neurofilaments (red) and AchR staining (blue). In addition, the number 

of branches per NMJ (B) and the distance from the last branch point to the end-plate (C) are 

not statistically different from WT values. Scale bar, 20 μm.
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Figure 5. Axon abnormalities are related to preterminal demyelination
TS muscles from 5-month old WT and prx−/− mice immunostained for neurofilament and 

synaptic vesicle protein (red), myelin protein zero (P0, green) together with AChR staining 

(blue). In WT neuromuscular junctions, the last myelinated region occurs before the 

terminal branch (A). In prx−/− mice, preterminal branch-points (arrowhead) are always 

associated with regions devoid of myelin (B). In addition, neurofilament-rich swellings (C) 
are associated with residually–myelinated regions (P0-positive staining). In (D) a 3D 

rendering was performed showing that the neurofilament-positive swelling is associated 

with a P0 rich region (inset). Scale bar, 20 μm.
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Figure 6. Perisynaptic (terminal) Schwann cells are not activated in periaxin null NMJs
TS muscles from WT (upper panels) and prx −/− (lower panels) mice immunostained for the 

Schwann cell protein S100 together with AchR staining (A) or nestin (B). In both WT and 

Prx −/− NMJs S100 positive terminal Schwann cells lies in register with AchR staining (A). 
Nestin, a protein expressed in activated terminal Schwann cells, is restricted to the 

postsynaptic region in both WT and prx −/− NMJs (B). The exclusive postsynaptic 

localization of nestin can be better observed in Z projections (C) performed at the arrowhead 

levels indicated in (B). In (C), the blue signal correspond to nuclei staining. Scale bar, 20 

μm.
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Figure 7. Periaxin null mice have normal end-plate potentials (EPPs) and miniature end-plate 
potentials (MEPPs) but an increase in latency
WT and prx−/− motor end plates were identified using the activity-dependent staining 

properties of FM1-43 and Rhodamine-α-bungarotoxin to visualise AChR in fresh 

preparations. This vital FM1-43 staining reveals a normal neuromuscular innervation in 

periaxin null neuromuscular junctions (A; upper panel, WT; lower panel, prx−/−). Scale bar, 

20 μm. (B) The mean EPP peak amplitude recorded from prx−/− mice at different ages was 

not significantly different from the mean EPP peak amplitude recorded from the normal 

strain. The rise time and half decay time of synaptic potentials were also no different 

between mutant and control strains. (C) The latency of EPPs incresases with age in prx−/− 

muscles, probably reflecting the advancement of the demyelinating phenotype. The 

amplitude and frequency of spontaneous MEPPs were also equal between WT and prx−/− 

neuromuscular synapses (D); since the quantal size reflects the post-synaptic sensitivity to 

acetylcholine, these data suggest that ACh receptor distribution and function are also 

normal.
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Figure 8. Periaxin null neuromuscular junctions respond intermittently to repetitive stimulation
Following stimulation at 30 Hz for 1 second, many prx−/− end plates (KO) responded only 

to some stimuli compared with a 100% response in the wild-type (WT) animals. This result 

may be related to a decrease in the safety factor for nerve conduction, perhaps as a result of 

increased pre-terminal branching and terminal axon demyelination. Note that the variation 

of EPP amplitudes in the successful responses in the lower trace was not discernibly 

different from wild-type, suggesting that the EPP failures at high frequency stimulation in 

prx−/− preparations is unlikely to be caused by any systematic reduction in the quantal 

content of evoked EPPs.
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