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Abstract
Spinal bulbar muscular atrophy (SBMA) is a progressive, late onset neuromuscular disease causing motor dysfunction in
men. While the morphology of the neuromuscular junction (NMJ) is typically affected by neuromuscular disease, whether
NMJs in SBMA are similarly affected by disease is not known. Such information will shed light on whether defective NMJs
might contribute to the loss of motor function and represent a potential therapeutic target for treating symptoms of SBMA.
To address this gap in information, the morphology of NMJs was examined in two mouse models of SBMA, a myogenic model
that overexpresses wildtype androgen receptor (AR) exclusively in muscle fibres and a knockin (KI) model expressing a
humanized mutant AR gene. The tripartite motor synapse consisting of motor nerve terminal, terminal Schwann cells (tSCs)
and postsynaptic specialization were visualized and analysed using confocal microscopy. Counter to expectation, we found
no evidence of denervation in either model, but junctions in both models show pathological fragmentation and an abnormal
synaptophysin distribution consistent with functionally weak synapses. Neurofilament accumulations were observed only in
the myogenic model, even though axonal transport dysfunction is characteristic of both models. The ultrastructure of NMJs
revealed additional pathology, including deficits in docked vesicles presynaptically, wider synaptic clefts, and simpler
secondary folds postsynaptically. The observed pathology of NMJs in diseased SBMA mice is likely the morphological
correlates of defects in synaptic function which may underlie motor impairments associated with SBMA.

Introduction
Motoneuron disease is often characterized by a distal axonop-
athy, with neuromuscular junctions (NMJ) affected first, well be-
fore pathology in the motoneurons (1–7). Common markers of
disease at the NMJ include loss of nerve terminals causing par-
tial or complete denervation of the muscle fibre, junctional frag-
mentation, and neurofilament accumulation in the nerve
terminal itself. Despite substantial precedent that the NMJ may
be an early site of pathology for many motoneuron diseases,
whether NMJs are affected in spinal bulbar muscular atrophy
(SBMA) is largely unexplored.

SBMA is a progressive, late onset neuromuscular disease in-
volving motoneuron loss, muscle weakness, and atrophy. Its
known cause is an expansion of a CAG/glutamine repeat (polyQ)
in the first exon of the androgen receptor (AR) gene (8). Recent evi-
dence suggests that expression of the disease depends not only
on having the mutant AR allele, but also on male levels of tes-
tosterone (T), possibly explaining why only males are clinically
affected (9–11). The hallmark post-mortem pathology of SBMA
is motoneuron loss in the anterior horn of the spinal cord and
in brainstem motor nuclei, but skeletal muscles are also af-
fected (12,13). Muscle biopsies reveal that affected muscles
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contain both atrophic and hypertrophic fibres suggestive of
neurogenic causes, but fibres with internalized nuclei, angular
and/or split fibres in muscle biopsies also suggest primary myo-
genic causes (13). Because both the motoneurons and their skel-
etal muscle targets are affected by disease, it seems likely that
NMJs will be as well.

While denervation of the NMJ is perhaps the most obvious
change during disease, any alteration at the junction, including
the associated terminal Schwann cells (tSCs) that cap the junc-
tion, or the muscle endplate itself, have the potential of affect-
ing synaptic function and thus motor function. For example,
while junctions in models of spinal muscular atrophy (SMA),
caused by a genetic defect in the survival motor neuron one
(SMN1) gene, ultimately become denervated (14–16), earlier in
the disease process junctions exhibit no signs of anatomical de-
nervation but nonetheless show morphological and functional
changes (1). Notably, these pathological changes at the NMJ
were found to precede overt deficits in motor function, indicat-
ing that subtle changes in the junction prior to overt denerva-
tion are some of the earliest pathological events in SMA.
Targeting such early events could potentially stop disease and
preserve motor function before motoneurons and their periph-
eral connections are lost.

We examined the NMJs in two different SBMA mouse mod-
els. One model is a transgenic (TG) mouse in which wildtype rat

AR is expressed exclusively in skeletal muscle fibres and is re-
ferred to as the myogenic model of SBMA (17). The second
model is a knock-in (KI) mouse in which the first exon in the en-
dogenous AR gene is replaced by the first exon of the human AR
gene harbouring 113 CAG repeats (6). Remarkably, despite the
difference in how each model was engineered, both models dis-
play features characteristic of human SBMA, suggesting that
both are valid models of this disease. For example, like SBMA in
humans, only males, and not females carrying the disease al-
lele, show symptoms of disease. Likewise, the disease pheno-
type is androgen-dependent, with symptoms reversed or
prevented when the gonads are removed from male SBMA
mice. Moreover, diseased males of both models show the ex-
pected histopathology in skeletal muscle, including evidence of
atrophic fibres and internalized nuclei (6,9,17,18). Of note, nei-
ther model shows evidence of motoneuron cell death even after
motor function is severely compromised, raising the question of
what might trigger the loss of motor function in humans with
SBMA. Recent results indicate that neuromuscular transmission
is defective in both models (19). For example, activated nerve
terminals in muscles from diseased myogenic and KI males re-
lease about one-third less neurotransmitter than normal. The
current study is aimed at identifying the morphological sub-
strates of these defects in function.

In this study, we examined the morphology of junctions in
myogenic and KI males, comparing their junctions to those of
age-matched wildtype (WT) controls generated in the same col-
ony, often brothers of the diseased males within each
model. Using both confocal and electron microscopy, we find
striking pathology at the junction of SBMA mice, including evi-
dence of both pre- and postsynaptic changes. Core features of
pathology shared by both models include junctional fragmenta-
tion, a widened synaptic cleft, and simplified secondary post-
synaptic folds. Not only are these data consistent with the idea
that pathology at the NMJ may contribute to impaired motor
function at the behavioral level, but also that AR acting in mus-
cle fibres is an important source of toxicity triggering this
pathology.

Results
SBMA models show the expected deficit in motor
function

As expected, myogenic TG males show profound motor deficits
in all measures (17,18). Both fore- and all-paw grip strength and
hang tests reveal significant deficits when compared to WT con-
trols (Figure 1A–C; P-values< 0.001 for all measures). Effects of
disease on motor function in KI males are much milder.
Nonetheless, significant deficits were apparent in both fore- and
all-paw grip strength (Figure 1D and E, ps< 0.05). While a deficit
in hang times was also found (Figure 1F), it was not significant,
likely due to the marked increase in the variance of KI males on
this measure. Since grip strength in this model was originally
characterized based on a triangle bar rather than the grid (6), we
also assessed grip strength using the triangle bar and confirmed
the deficit previously reported based on this method
(84.4 g 6 18.4 g for WT and 41.1 g 6 1.6 g for KI, P< 0.02).

Disease does not induce denervation of NMJs in
SBMA mice

Given the reported upregulated expression of molecular
markers suggestive of denervation in diseased muscle of these

Figure 1. Male mice of two different SBMA models (myogenic transgenic (TG)

and knock-in (KI)) show the expected motor impairments. Grip strength, based

on measures of forepaws and all paws was significantly decreased in myogenic

TG males compared to wildtype (WT) control males (A, B). TG males also showed

profound deficits in mean hang time, another indicator of overall neuromuscu-

lar function (C). As expected, grip strength in KI males was not as severely im-

paired as TG males, but nonetheless showed significant deficits (D, E). KI hang

times were reduced, but not significantly, likely due to the substantial variance

in KI males (F). *P< 0.05 compared to WT controls. Error bars represent standard

error of the mean, with n¼ 8 mice/group for TGs and 5 mice/group for KIs that

contributed to the confocal analysis. The second cohort of TG and KI males used

for the EM analysis showed comparable levels of dysfunction as shown here.
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two models (6,17), we initially looked for morphological evi-
dence of denervation. NMJs were evaluated for evidence of de-
nervation based on whether the endplate marked by AChR
staining lacked, either fully or partially, an overlying nerve ter-
minal, visualized with YFP (myogenic) and/or synaptophysin
(myogenic and KI) staining. Regardless of the method used to vi-
sualize nerve terminals, junctions looked fully innervated in
diseased muscle from the same male mice that showed robust
defects in motor function (Figure 1). Indeed, nerve terminal
branches aligned precisely with the postsynaptic specialization
in both diseased and WT muscle (Figure 2A and B). Quantitative
analysis confirmed our impression that disease does not cause
endplates to become either partially or fully denervated for ei-
ther myogenic or KI males (Figure 2C and E). Next we examined
the NMJ for other signs of pathology that might account for the
loss in synaptic function.

Diseased NMJS Are Fragmented

The conformation of the NMJ is markedly perturbed in muscles
from diseased males of both SBMA models. While normal mam-
malian junctions typically have a continuous pretzel-like ap-
pearance, diseased junctions show a distinct fragmented
appearance, consisting of many small punctate domains (Figure
2A and B). In the myogenic model, quantitative analyses of TA
endplates show that few (1.25% 6 1.25) WT junctions are frag-
mented whereas virtually all endplates (96.25% 6 3.75%, Figure
2D, P< 0.05) show some degree of fragmentation in diseased TG
males. Furthermore, around 70% of TG endplates are extremely
fragmented with fewer than 30% showing partial fragmentation
(Figure 2G). While NMJs in affected KI males are also fragmented
(Figure 2B), the phenotype in this model is less severe, with
about 60% overall showing some degree of fragmentation, with
the majority being partially fragmented (Figure 2F and H).

Figure 2. Neuromuscular junctions (NMJs) in both diseased TG and KI males show no evidence of morphological denervation but are consistently fragmented. Despite

notable fragmentation, pre- and postsynaptic components of the NMJ showed precise alignment between the overlying synaptophysin labelled nerve terminals and

the underlying a-bungarotoxin labelled (BTX) acetylcholine receptors (A, B). In short, there was no evidence of exposed endplates indicative of denervation (B, F). NMJs

of wildtype (WT) muscle showed the typical, pretzel like morphology (A), albeit junctions in the levator ani (LA) muscle used for the KI model normally look more frag-

mented, like a collection of grapes. Regardless, using a consistent criterion to identify and count the number of distinct postsynaptic clusters that made up the junction

revealed that junctions in diseased muscle of both TG (A) and KI males (E) are markedly fragmented (white arrows point to examples of) compared to WT junctions.

Nearly every NMJ in the anterior tibialis of myogenic TG males (C) was fragmented while 58% of LA junctions in KI males show fragmentation (G). Assessing the degree

of fragmentation within each NMJ revealed that nearly all myogenic junctions are completely fragmented (D), while only about 20% of KI junctions show complete frag-

mentation. * P< 0.05 compared to WT controls. Error bars represent standard error of the mean, with n ¼ 4 mice/group for TG and n ¼ 5 mice/group for KI estimates of

denervation and fragmentation. Twenty junctions were examined per mouse. Scale bars indicate 25 microns.
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Although LA junctions in WT muscle have a normal tendency
to be fragmented (�25%), much more so than TA junctions
(Supplementary Material, Table 1), disease nonetheless in-
creased significantly the amount of fragmentation seen (Figure
1F, P< 0.05), indicating its pathological nature. In sum, disease
in both models is associated with fragmentation of the NMJ, de-
spite expressing quite different disease alleles. These data
prompt the question of whether the fragmentation of junctions
also occurs in men affected by SBMA and play a role in the neu-
romuscular dysfunction associated with this disease.

Disease Decreases the Size of Muscle Fibres in Both
Models But Endplate size Only in the Myogenic Model

We find that the size of both TA muscle fibres and their end-
plates in myogenic males is significantly decreased compared
to WTs (Figure 3A and B, ps< 0.035). While disease also signifi-
cantly decreased the size of LA fibres in KI males (Figure 3C,
P¼ 0.003), as previously shown (6), the size of LA endplates is
unchanged (Figure 3D).

Disease Leads to Abnormal Synaptophysin Staining

We previously showed that both models show defects in the
retrograde transport of endosomes, which likely originates in
the motor nerve terminal (20). Additionally, synaptophysin ac-
cumulations in perijunctional, preterminal axons have been re-
ported in another TG mouse model of SBMA (7). These
observations prompted us to examine the distribution of synap-
tophysin in the nerve terminal and its preterminal axon. We
find that synaptophysin staining is enhanced in nerve terminals
of diseased myogenic TG males compared to WT controls.
When such staining was quantified, values indicate that the
proportion of endplate covered by synaptophysin (i.e.,
“synaptophysin coverage”) is increased in TGs compared to
WTs (Figure 4A and D), although this difference fell short of

significance. We also find that 35% of junctions in diseased TG
myogenic males contain synaptophysin in the preterminal
axon (unmyelinated portion of the motor axon just proximal to
the terminal) compared to only �1% of junctions in WT males
(Figure 4A and E, P¼ 0.004). This unusual pattern of synaptophy-
sin labelling is consistent with the impairments seen in retro-
grade axonal transport in this same model. Although we find
none of the abnormal synaptophysin staining in LA junctions of
KI males, we did find comparable synaptophysin pathology in
motor nerve terminals of TA muscle of KI males, with an in-
crease in the amount of endplate area covered by synaptophy-
sin once images were thresholded (Supplementary Material,
Table 1), consistent with the transport dysfunction reported for
this model (20).

Disease Causes Neurofilament Accumulations Only in
the Myogenic Model

A factor potentially affecting endosomal movement is the con-
dition of the neurofilament proteins in the cytoskeleton.
Indeed, we find substantial evidence for neurofilament accumu-
lations in both nerve terminals and preterminal axons in mus-
cle of diseased myogenic males (Figure 4B and C). Large,
bulbous enlargements of neurofilament protein were rare in WT
motor axons connected to en face junctions, but over 50% of
such motor axons in diseased myogenic muscle contained neu-
rofilament accumulations (Figure 4F, P< 0.05). Similarly, over
40% of nerve terminals in diseased muscle contain neurofila-
ment accumulations compared to only �8% of WT nerve termi-
nals (Figure 4G, P¼ 0.005). However, we find no evidence of
neurofilament accumulations in the LA muscle of diseased KI
males, in either the nerve terminals or motor axons. To explore
whether differences in muscle might explain the lack of such
pathology in the KI model, we also examined the TA in KI males
but found no evidence of neurofilament accumulations there ei-
ther (Supplementary Material, Table 1). Hence, it is unlikely that

Table 1. Electron microscopic measures of presynaptic features of diseased and healthy neuromuscular junctions in two SBMA mouse models,
the TG myogenic model and the KI model. Values shown are mean 6 SEM of 10 junctions from each of 3 mice/group. Statistically significant
values denoted in bold font.

Myogenic (TG) model Knockin (KI) model
Genotype P value Genotype P value

measure WT TG P WT KI p

Terminal Profile Cross Section Area (lm2) 3.05 3.91 0.174 3.20 2.89 0.541
60.34 60.53 60.38 60.33

Vesicle Density (Vesicles/lm2 of terminal profile) 58.19 48.97 0.100 63.26 60.04 0.726
64.16 63.6 68.26 63.92

Readily Releasable Vesicle Density (Vesicles/lm2

in appositional band/terminal profile)
101.33 97.9 0.696 93.98 94.21 0.978
65.66 66.64 66.73 65.17

Mitochondrial Cross Sectional Area 0.48 1.01 0.004 0.58 0.35 0.054
60.08 60.16 60.10 60.05

Number of Mitochondria (Per terminal profile) 7.97 10.33 0.180 9.07 7.1 0.259
61.22 61.27 61.38 61.03

Number of Active Zones (Per lm of apposition length) 0.62 0.59 0.791 0.33 0.33 0.786
60.07 60.06 60.06 60.07

Number of Active Zones Without Docked Vesicles (Empty AZ/Total) 0.32 0.53 0.037 0.29 0.26 0.789
60.07 60.07 60.07 60.07

Vesicle Shape (Aspect Ratio) 1.17 1.22 0.001 1.2 1.23 0.024
60.01 60.01 60.01 60.01

Vesicle Diameter (nm) 24.39 23.92 0.416 24.25 24.07 0.684
60.51 60.23 60.4 60.19
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neurofilament accumulations underlie the defects in retrograde
transport found in this model (20). Moreover, finding that the
pattern of neurofilament and synaptophysin staining in the pre-
synapse is altered in the myogenic model in which the disease
allele is expressed only postsynaptically demonstrates how
pathological processes in muscle fibres can induce pathology in
the motor nerve terminals and presumably, in the motoneurons
themselves.

tSC morphology was negligibly affected by disease

Our confocal analysis of tSCs in the S100/AChR stained series
revealed subtle changes in their morphology but only in the
myogenic model. While the frequency of tSC sprouting ap-
peared to be increased by disease in myogenic muscle
(0.10 6 0.03% of WT junctions versus 0.22 6 0.06% TG junctions),
this increase was not significant (P¼ 0.144). Note that tSC

sprouting was a rare event regardless of genotype. Also, the
number of tSCs was significantly decreased by disease in the
myogenic model (2.75 6 0.03 in WT versus 2.13þ 0.10 in TG,
P¼ 0.005). This effect was not unexpected, since junctions in TG
muscle are significantly smaller than normal and the number of
tSCs per junction tends to correlate with junctional size (21).
This relationship predicts that if junctional size is taken into ac-
count, the difference in number would be eliminated as indeed
occurred (2.20þ 0.709 � 10 � 2 in TG versus 1.24þ 0.356 � 10� 2 in
WT, P¼ 0.400). The heavy investment of connective tissue in the
LA interfered with S100 staining in this muscle, limiting our
analysis of tSCs in the KI model to the TA where we found no ef-
fects of disease. A caveat of the TA is that the low level of ARs in
this muscle means that it is considerably less affected than
the LA.

Disease Affects the Ultrastructure of Nerve Terminals
Primarily in the Myogenic Model

Our confocal results prompted questions about potential pa-
thology of NMJs at the ultrastructural level. In particular,
whether the abnormal pattern of synaptophysin staining re-
flects changes in the distribution of synaptic vesicles, which
could only be assessed at the EM level. Qualitatively, terminal
profiles in both models look normal, with neither model show-
ing obvious evidence of neurofilament accumulations, altered
distribution of vesicles, or abnormal features of internal struc-
tures, such as unusual mitochondrial cristae. That we did not
find evidence of neurofilament accumulations in nerve termi-
nals of myogenic junctions was unexpected, given our confocal
findings. Because muscles came from appreciably younger but
comparably impaired myogenic mice for the EM analysis, it is
possible that such accumulations develop at a later stage and
are indicative of late-stage disease. Indeed, this is consistent
with the lack of neurofilament accumulations in KI males that
rarely reach late-stage disease (19) due to toxic uraemia, which
causes many to die before marked motor dysfunction emerges
(6). Moreover, quantitative measurements indicated no differ-
ences between WT and diseased nerve terminals in terminal
profile size, overall vesicle density, or the density of vesicles in
the readily releasable pool (RRP; Table 1). As expected, the vesi-
cle density in the RRP (measured for this purpose as a 480 nm
strip of terminal immediately across from the secondary clefts)
was about twice as dense as overall. Despite the generally nor-
mal appearance of the junctions, several pathological features
stood out. For example, in the myogenic model, the size of mito-
chondria was increased in diseased nerve terminals compared
to WT controls (Figure 5A and B, P¼ 0.004) although comparable
pathology was not detected in the KI model (Table 1). While dis-
ease also increased the number of mitochondria in the myo-
genic model by �25%, this effect was not significant (Table 1).
However, neither the size nor number of mitochondria was af-
fected in diseased KI males (Table 1).

While the number of active zones per terminal apposition
length was not affected by disease in either model (Table 1), the
density of vesicles docked at active zones in myogenic males
was, with significantly fewer docked vesicles at active zones
compared to WT controls (Figure 5D, P¼ 0.032). Consequently,
the proportion of active zones without docked vesicles was sig-
nificantly increased by disease (Figure 5E, P¼ 0.037). However,
we find no such effects of disease in the KI model, on either the
overall number of docked vesicles or the number of active zones
containing docked vesicles (Table 1). This may reflect the fact

Figure 3. Endplates are reduced in size only in myogenic TG males but muscle fi-

bres are smaller in diseased males of both models. The size of both fibres and

endplates are significantly reduced in TG myogenic males compared to WT

males (A, B). While muscle fibres are also smaller in diseased KI males compared

to healthy WTs (C), the size of endplates is unaffected by disease in this model

(D). This dissociation between endplate and fibre size in diseased KI males raises

the possibility that synaptic strength is spared in KI males but direct measures

of synaptic strength indicate the opposite, with significant losses in strength in

both models (19). * P< 0.05 compared to WT controls. Error bars represent stan-

dard error of the mean. n ¼ 4–5 mice/group for estimates of fibre diameter and n

¼ 5–7 mice/group for estimates of endplate area. Twenty junctions were sam-

pled per muscle/animal.
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that KI males are at an earlier stage of disease than myogenic
males (19).

We did find disease-related changes in the shape of vesicles
in both SBMA models. To evaluate the shape of vesicles, we
measured the length of each vesicular axis in the RRP to create
an aspect ratio, which provides information on the roundness
of each vesicle. We find that vesicles in both the TG and KI
models are less round than those in matched WT controls
(Figure 5F and H, P< 0.01 and P¼ 0.024, respectively). While
there was no difference in mean vesicular diameter in either
model (Table 1), the distribution of vesicle sizes (based on aver-
age diameter) appeared somewhat narrower, centreing more
around the mean in diseased versus controls in both models,
although these apparent differences were not significant
(Figure 5G and I).

Disease Comparably Affects the Primary Cleft in Both
Models

A factor that could reduce synaptic signalling to the muscle is
increasing the distance acetylcholine must travel before reach-
ing its receptors on the muscle surface. Measuring the distance
(demarcated by thick lines in Figure 6A) from the outer plasma
membrane of the nerve terminal to the top of each postsynaptic
fold, where AChRs are located, revealed that it is significantly

increased by disease in both models (Figure 6A – D; P¼ 0.040
and 0.001 for TG and KI models, respectively). The increased
width of the primary cleft in diseased junctions meant that the
total cross sectional area of the primary cleft was also signifi-
cantly increased (Table 2).

Disease Affects the Ultrastructure of the Postsynaptic
Specialization Primarily in the KI Model

Models of neuromuscular disease often show a simplification of
the postsynaptic folds that constitute the secondary clefts, mani-
festing as shallower clefts, with wider mouths (1,22,23). We find
similar changes in the junctions of KI males. Whereas the second-
ary clefts of WT junctions are closely spaced, long, and thin, the
secondary clefts of KI junctions are spaced farther apart, have
wider mouths, and span a larger area (Figure 6E). However, our
quantitative analysis also revealed that junctions in diseased KI
males have a greater postsynaptic perimeter (relative to apposition
length) compared to WT junctions (Figure 6F, P¼ 0.01). To under-
stand what might account for this increased perimeter, we counted
the number of terminations per secondary cleft as an indication of
secondary fold complexity and find a significant increase in this
measure at KI junctions compared to WT controls (1.44 6 0.05 ter-
minations per cleft per KI junction versus 1.19 6 0.03 terminations
per WT junction, P< 0.000). While the number of secondary clefts

Figure 4. Disease alters the distribution of synaptophysin (SYN) and triggers neurofilament (NF) accumulations in preterminal axons and nerve terminals of myogenic

males. Synaptophysin staining was sparse in WT nerve terminals compared to a notable increased density within the nerve terminals of TG males (A). As a result, a

greater percentage of the endplate was covered by synaptophysin staining in TG nerve terminals compared to WT terminals (D). Moreover, synaptophysin staining ex-

tended into the preterminal axon (by about 5 mm, arrow in A) in nearly 40% of TG junctions (E) compared to little or no such staining in preterminal axons of WT junc-

tions. NF accumulations, which appeared as localized NF-positive bulbous swellings (>2 times of the overall calibre of the axon) in the preterminal unmyelinated axon

(B, arrows) and nerve terminal (C, arrowhead) of diseased muscle from TG males. Such NF accumulations were often associated with a marked increase in staining in-

tensity. The white outline in C denotes where the postsynaptic BTX label is found (shown in the image below). NF accumulations in the preterminal axon are also

prominent at this junction (C). Forty to sixty percent of junctions contained NF accumulations in either presynaptic axons (F) and/or in the terminal itself (G). * P< 0.05

compared to WT controls. Error bars represent standard error of the mean, with n ¼ 6–7 mice/group for synaptophysin estimates and 4–5 mice/group for neurofilament

measures, with 20 junctions measured per mouse. Scale bars represent 25 mm.
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did not differ between KIs and WTs, both the width at the mouth
of the fold (indicated by the transverse lines in Figure 6E) and the
depth of the cleft (indicated by dotted lines in Figure 6E) were sig-
nificantly increased in KI males (Figure 6H and I, ps< 0.001). While
measures of the secondary clefts in diseased myogenic males

indicated that they also tend to be wider, but with shallower clefts
and fewer terminal branches, amounting to a decrease in the total
postsynaptic perimeter (4.74 6 0.26 mm in WT versus 4.006 0.32 mm
in TG; normalized to apposition length), none of these changes
were significant (Table 2).

Figure 5. Disease affects the ultrastructure of motor nerve terminals primarily in myogenic TG males. The cross sectional area of mitochondria (arrows) in TG nerve

terminals was significantly larger than in WT terminals (A, B) despite no changes in their number. While the number of active zones, which were identified by an elec-

tron dense area directly across from the mouth of a postsynaptic fold (C, denoted with arrows), per length of nerve terminal was unaffected by disease (Table 1), the

number of docked vesicles contacting presynaptic membrane per active zone was, with significantly fewer docked vesicles at active zones in TGs compared to WTs (D).

Consistent with this finding, the number of active zones without docked vesicles was increased in TG terminals compared to WT terminals (E). Vesicles in TG nerve ter-

minals were also less round than WT vesicles based on their aspect ratio (minimum diameter over maximum diameter; F) although the distribution of average vesicle

diameters appeared narrower and more centred around the mean in TG than WT terminals (G). Nerve terminals in KI compared to WT males showed less effects of

disease with no difference in the number of active zones, docked vesicles, or active zones without docked vesicles (Table 1). However, vesicles in KI nerve terminals

show an increase in their aspect ratio, like TG males, indicating that they are less round than those in WT males (H). Likewise, the distribution of vesicle diameters was

narrower and more centred around the mean (I). * P< 0.05 compared to WT controls. Error bars represent standard error of the mean, with n ¼ 30 junctions/group sam-

pled from 3 animals/group, with 10 junctions sampled from each animal. Scale bars represent 1 mm.
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Discussion
The effects of disease on the morphology of NMJs in SBMA
mouse models had not been examined, despite considerable
precedent in models of other motoneuron diseases that junc-
tions are not only vulnerable to disease, but junctional pathol-
ogy is one of the earliest signs of disease (1–7). Thus, we
examined NMJs using both confocal and electron microscopy in
chronically diseased males of two mouse models of SBMA, a
muscle-specific TG model in which a wildtype allele of AR is
overexpressed exclusively in muscle fibres (referred to as the
myogenic TG model) and a KI model expressing the endogenous

mouse AR gene containing the first exon of the human AR gene
harbouring a disease-causing CAG expansion (6,17).
Significantly, we find that neither model shows overt signs of
denervation, although NMJs in both models are strikingly frag-
mented, a common outcome of motoneuron disease.
Interestingly, junctional fragmentation is also characteristic of
NMJs in models of muscular dystrophy (23–27), an exclusively
muscle-driven disease. While the ultrastructure of the NMJ is af-
fected in both SBMA models, the disease is expressed primarily
on the presynaptic side in the myogenic model while expressed
primarily on the postsynaptic side in the KI model. Our findings

Figure 6. Disease affects the ultrastructure of postsynaptic junctions primarily in symptomatic KI males. Although the synaptic cleft in WT muscle showed tight appo-

sition between the pre- and postsynaptic specializations, the synaptic cleft of diseased junctions appeared much looser (A, C). When measured (A, black lines), the

width of the primary cleft was increased in both models (B, D). The postsynaptic folds of KI junctions also appeared simplified (E), a phenomenon not seen in TG junc-

tions. The postsynaptic perimeter, indicated by the black tracing, was increased in KI junctions compared to WT junctions (F). While the number of secondary clefts for

KI junctions did not appear appreciably affected by disease (G), the width of secondary clefts, measured at a standard distance from the cleft opening (denoted by the

thick black lines in E), was increased in KI junctions compared to WT junctions (H). The depth of the secondary cleft of KI junctions was also increased (I), measured as

indicated by the dotted lines in E. * P< 0.05 compared to WT. Error bars represent standard error of the mean, with N ¼ 30 junctions/group, with 3 animals/group, and

10 junctions sampled from each animal. Scale bars represent one micron.
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support the idea that SBMA is neither a disease of just motoneu-
rons nor just muscle, but rather a neuromuscular disease in-
volving defects in both cellular partners through a complex and
reciprocal interplay of disease signals that can originate first in
muscle. NMJs, as the point of contact between motoneurons
and muscles, are likely a critical site for the bi-directional ex-
change of disease-related signals.

NMJs of chronically diseased myogenic and KI males are
not denervated

That NMJs in muscles from diseased males of either model did
not show any evidence of denervation is counter to other find-
ings from these same models suggesting the opposite. Males
from both models show impairments in motor function, having
atrophic muscles that show changes in gene expression sugges-
tive of denervation (6,17). However, every diseased endplate in
both models had an overlying nerve terminal precisely aligned
with underlying AChRs with no part of the endplate exposed,
which is typical of normal NMJs. Neither did we see evidence of
denervation at the ultrastructural level. In short, loss of motor
function in SBMA is probably not caused by morphological de-
nervation of muscle endplates, not even partial denervation.

Our results do not, however, rule out the possibility that dis-
ease causes muscles to become functionally denervated, mean-
ing that while nerve terminals are physically intact, they lose
their ability to reliably elicit fibre contractions. This scenario
could explain why diseased muscles show some characteristics
of denervation, such as angular atrophic fibres, elevated levels
of AChR a mRNA, and enhanced spontaneous activity, despite
the apparent lack of morphological denervation. But even func-
tional denervation in the form of chronic subthreshold or silent
synapses seems unlikely since we see none of the morphologi-
cal indicators typically associated with synaptic inactivity such
as increased expression of extrajunctional AChR and sprouting
of nerve terminals and/or tSCs (28–32). Nonetheless, the ob-
served pathology in the current study is consistent with de-
fects in synaptic function, as indeed physiological measures
indicate (19). It may be that some correlates of denervation

are induced by pathological signals that are independent of
activity.

NMJs of chronically diseased myogenic and KI males are
fragmented

We find striking fragmentation of diseased junctions in the
muscles of both models, comparable to previous reports of
other mouse models of neuromuscular disease and aging
(22,33–38). Notably, this same sort of fragmented junctional pa-
thology, with precise matching of pre- and post-synaptic ele-
ments, is also prominent in models of muscular dystrophy (24–
26,36), a myogenic disease. Given that the disease allele acts
solely on muscle in the myogenic model, it is likely that such
junctional fragmentation in both models is triggered by the ac-
tion of the disease allele in skeletal muscle. Such pathology in-
duced by muscle in motor nerve terminals underscores the
profound influence diseased muscles can have on the motoneu-
rons that innervate them, an idea reinforced by findings in a
second muscle-specific model of SBMA (39). It is important to
note that while clusters of AChRs in the endplate are discon-
nected and separate, the overlying bouton-like structures of
nerve terminal are interconnected via fine processes that ap-
pear to lack the synaptic machinery necessary to be functional
(data not shown).

What causes the shift from the normal pretzel-like appear-
ance to apparently separate domains is under active study.
Mechanisms of aging may be involved (38,40). When agrin, a
motoneuron-derived proteoglycan that stabilizes the junction,
undergoes enhanced cleavage, endplates become notably frag-
mented, as occurs in aging (37,40). Of note, even though agrin
and neurotrypsin, the protease that cleaves agrin, are both ex-
pressed in motoneurons, the effect of this enhanced cleavage is
realized at the level of the muscle fibre basal lamina, where in-
tact agrin normally inhibits the dispersal of AChRs. Moreover,
neuregulin1 overexpressed in motor axons also induces frag-
mented junctions, involving a signalling pathway mediated by
the tSCs that cap the NMJ (41). These observations together un-
derscore the important role that non-cell autonomous

Table 2. Electron microscopic measures of postsynaptic features of diseased and healthy neuromuscular junctions in two SBMA mouse mod-
els, the TG myogenic model and the KI model. Unexpectedly, disease predominantly affects postsynaptic features in KI mice and not in myo-
genic mice where expression of the disease allele is only in muscle fibres. Values shown are mean 6 SEM of 10 junctions from each of 3 mice/
group. Statistically significant values denoted in bold font.

Myogenic (TG) model Knockin (KI) model

Genotype P value Genotype P value

measure WT TG P WT KI p

Primary Synaptic Cleft Area, lm2 (Per lm of apposition length) 51.66 71.28 0.049 57.4
62.12

65.79
61.48

0.002
61.54 69.61

Secondary Cleft Number (Per lm of apposition length) 2.62 2.23 0.169 2.27
60.11

2.09
60.10

0.232
60.14 60.25

Number of Secondary Cleft Terminations (Per Cleft) 1.29 1.27 0.690 1.19
60.03

1.44
60.05

0.000
60.04 60.05

Synaptic Cleft Depth, nm2 485.59 468.88 0.644 385.44 483.65 0.001
618.78 630.59 616.74 622.12

Secondary Cleft Width, nm2 94.23 104.73 0.158 101.43 142.34 0.000
64.56 65.76 64.46 65.99

Secondary Cleft Area, nm2 676.55X102 793.73X102 0.199 529.94X102 1142.56X102 0.000
643.60X102 678.99X102 627.19X102 677.15X102

Postsynaptic Perimeter Length, lm (Per lm of apposition length) 4.74 4.00 0.080 3.45
60.17

4.14
60.19

0.010
60.26 60.32
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mechanisms play in shaping the morphology and function of
the neuromuscular synapse, presumably in both health and
disease.

In models of muscular dystrophy, junctional fragmentation
has historically been attributed to the ongoing degeneration
and regeneration of muscle fibres, through which the shape of
the synapse changes, an effect recapitulated experimentally
(38). However, recent evidence shows that truncated dystro-
phins expressed only in muscle rescue muscles from degenera-
tion but do not rescue junctions from fragmentation, showing
that these two pathological processes depend on different
mechanisms (24). Moreover, muscles of SBMA models typically
show little to no overt muscle degeneration (6,17). It is also
noteworthy that the same fragmented phenotype is seen when
signalling via the neurotrophic receptor TrkB is blocked (37,42).
Since expression of TrkB ligands is perturbed in the muscles of
diseased SBMA mice (43,44), compromised neurotrophin signal-
ling may also trigger fragmentation of NMJs.

While evidence suggests that tSCs critically mediate the for-
mation of fragmented junctions by extending their processes
into the primary cleft to wrap around and eventually engulf
nerve terminals for their removal from the junction (41,45,46),
our EM analysis did not reveal any signs of tSC invasions into
the primary cleft. We did note however that the small intercon-
nectives between bulbous contacts appeared fully ensheathed
by tSCs. Such ensheathing did not align with postsynaptic den-
sities or folds that would suggest this area was once functional.
The chronic nature of the disease in both models however
leaves open this possibility.

Because both models not only express their respective dis-
ease alleles from early in development, but it is also possible
that some aspects of the normal maturation of NMJs were af-
fected by the disease allele that might lead to fragmentation.
Androgen during postnatal development can arrest the normal
maturation of rat NMJs, by preventing normally occurring syn-
apse elimination. The result is a persistent and stably main-
tained fragmented morphology (47,48). It is clear, however, that
the development of NMJs in diseased muscle is normal in many
ways, with well-developed postsynaptic folds and fibres that
are singly, and not multiply, innervated. Because we find no evi-
dence of junctional fragmentation in acutely diseased female
myogenic mice (20), junctional fragmentation may reflect a re-
sponse to earlier pathological events that ultimately contributes
to the progressive weakening of neuromuscular synapses.

The synaptic cleft is wider in NMJs of chronically
diseased myogenic and KI males

Another shared pathological trait was the significantly wider
primary clefts, averaging 22% wider in myogenic junctions and
14% wider in KI junctions. A wider cleft requires released neuro-
transmitter to travel farther before binding to postsynaptic
AChRs. Increases in the distance between the release and bind-
ing sites for neurotransmitter cause a slower rise to peak con-
centration of neurotransmitter at the postsynaptic receptors
and a reduced peak concentration (49), potentially contributing
to the weakening of synapses caused by disease in these models
(19). Similar widening of the synaptic cleft in myasthenia gravis
and muscular dystrophy models (50,51) is associated with de-
creases in synaptic strength (52,53). Other evidence suggests
that a wider cleft also decreases the electrical resistance within
the cleft, perturbing the optimal distance to maximize synaptic
strength (54). Interestingly, both motoneurons and muscles

appear to have the capacity to actively regulate the width of the
synaptic cleft to maximize synaptic strength, an ability that
may be impaired in diseased junctions (54). Again, because the
disease allele is expressed only in skeletal muscle fibres of the
myogenic model, a defect in optimizing the width of the pri-
mary cleft to maximize synaptic strength may originate in the
fibres in both models.

Compounding the potential deleterious effect of a widened
primary cleft on synaptic strength is the decrease in docked
vesicles at active zones of the nerve terminal, although this
defect was evident only in the myogenic model. Interestingly,
electrophysiological recordings of synaptic function indicate
that diseased junctions in both models release less neuro-
transmitter when activated, but only the myogenic model
shows a deficit in the size of the physiologically defined RRP
(19) consistent with the morphological deficit we find here in
the number of docked vesicles in this same model. The other
main factor contributing to synaptic strength is the probability
of vesicular release, which is perturbed in both models (19). In
short, these data converge on the idea that vesicular traffick-
ing is perturbed in the nerve terminal of diseased junctions,
which leads to deficits in synaptic strength. This idea can be
tested directly using live imaging approaches. Again, it is note-
worthy that such deficits are likely driven by disease signals
originating in muscle.

The disease was also associated with wider, deeper and
more complex secondary clefts in the KI model (Table 2), with
similar changes in the myogenic model. Such changes provide
more membrane for AChRs at the crests of the fold and for so-
dium channels in the depths of the clefts (55) and may enhance
the effect of released neurotransmitter by lowering the thresh-
old for depolarization of the muscle fibre, as indeed we have
found (19). This increased excitability of muscle fibres may be
an attempt to compensate for the declining strength of nerve
terminals (56). Because dystrophin promotes the development
of the secondary folds (23,24,26,27,36), dystrophin-related
mechanisms may be involved in the postsynaptic changes we
see in SBMA mice. Critical mechanisms mediating hyperexcit-
ability of skeletal muscles in myotonic dystrophy have also
been implicated in SBMA, including changes in the sodium and
chloride channels (6,19,44,57).

Synaptophysin staining is enhanced in both models

Confocal analysis revealed increased synaptophysin staining
in the preterminal and terminal axon of diseased junctions
suggesting an aberrant accumulation of synaptic vesicles.
While preterminal axons were difficult to identify without se-
rial reconstruction, we did not however find an increase in the
density of vesicles in the nerve terminal at the ultrastructural
level. This finding suggests that perhaps the increased synap-
tophysin staining in the nerve terminal reflects increased syn-
aptophysin in the plasma membrane, where synaptophysin
also resides as a result of exocytosis. The apparent accumula-
tion of synaptophysin may be due to the impaired endocytosis
that our endosomal trafficking data indicate (20). Because dis-
eased terminals in both models release fewer vesicles in re-
sponse to an action potential (19), enhanced exocytosis could
not readily explain the accumulation of synaptophysin. We
also acknowledge, however, that one cross section per junc-
tion may not offer sufficient power to detect at the ultrastruc-
tural level a difference in vesicular distribution within the
nerve terminal.
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Vesicular shape was affected in both models

While the size of vesicles was not affected, their shape was.
Vesicles in both disease models were more ovoid than in WT
controls. Changes in the shape of vesicles have been linked to
changes in osmolarity and/or the content within vesicles
(58,59) and whether the nerve terminal has been recently acti-
vated (60–63). Interestingly, quantal size is bigger at diseased
junctions in both the myogenic TG and KI models (19), suggest-
ing that the change in vesicular shape reported here may be re-
lated to higher concentrations of acetylcholine inside the
vesicles. This difference may reflect an attempt to compensate
for the impaired release of the vesicles. Regardless of why vesi-
cles are less round than in WT terminals, the fact that both
models show this same change in vesicular shape suggests it is
a core feature of neuromuscular synapses affected by SBMA,
and may shed light on the mechanisms affecting synaptic
function in this disease.

Strategies for identifying core attributes of disease

We utilized two models that show comparable androgen-
dependent motor dysfunction but have distinct differences in
the underlying genetics that trigger disease. The aim of such
cross-model comparisons is to identify core pathological traits
that could explain the motor dysfunction characteristic of both
models. The current study identified several common patho-
logical indices of disease that likely represent the morphologi-
cal substrates for synaptic dysfunction. 1) Quantal size is
increased in the EDL of myogenic males and the LA of KI males
(19), the same muscles examined here. The likely structural
correlate for this change in quantal size is a change in vesicular
shape. 2) Quantal content is also reduced in these same mus-
cles, but involves different mechanisms. While both models
show deficits in release probability, only myogenic synapses
show decreases in RRP size (19). This is consistent with current
findings that only myogenic mice show fewer docked vesicles.
Deficits in release probability may precede deficits in the RRP
since acutely diseased myogenic females also show compara-
ble deficits in quantal release and strength without effects on
RRP size (Xu and Jordan, unpublished observation). Hence,
some differences in synaptic pathology across different models
may be related to different stages of disease. While junctional
fragmentation was also found in chronically diseased males of
both models, this too may be a rather late event contributing to
synaptic dysfunction since weak junctions in acutely diseased
females are not fragmented (20). 3) It seems likely that the in-
creased width of the primary cleft found in both models con-
tributes to deficits in synaptic strength exhibited by both
models. 4) The enhanced synaptophysin staining found in the
TA muscle of both models suggest defects in the endocytotic
pathway, as indicated by measures of endosomal transport
(20). While other correlates of disease were found, including NF
accumulation and changes in mitochondrial size, their role in
synaptic dysfunction is less clear because they were present in
one but not both models. In conclusion, by conducting cross-
model comparisons, we begin to identify core defects that may
critically mediate impairments in motor function in patients
with SBMA. Because junctions are not denervated in chroni-
cally diseased mice in either model, it is unlikely that denerva-
tion triggers motor dysfunction in SBMA.

Methods
Spinal bulbar muscular atrophy mouse models

KI model. KI mice express a humanized AR containing the first
exon of the human AR gene with an expanded number of CAG
repeats from the endogenous AR mouse gene, as previously de-
scribed (6). Because expression of the AR gene is controlled by
endogenous promoters and enhancers, levels and patterns of
mutant protein expression mimic those in WT mice. KI males
and age-matched WT controls on a C57/B6J background were
obtained from our breeding colony with a mean age of 183 days
(6 15.92 SEM) for the confocal analysis and a mean age of 144
days (6 11.9 SEM) for the electron microscopic (EM) analysis. KI
mice in both cohorts displayed comparable levels of
dysfunction.

Myogenic model

TG mice in this model express a WT rat AR transgene exclu-
sively in skeletal muscle fibres as described previously (Monks
et al 2007). Transgenic females on a C57/B6J background were
crossed with TG mice expressing YFP in motoneurons (Jackson
Laboratories, stock number 003709), which allows detection of
possible changes in neurofilament and synaptic vesicle distribu-
tion independent of the motor nerve terminal itself. Use of both
YFP and synaptophysin for example allowed us to distinguish
between apparent and actual denervation. It was possible that
apparently denervated junctions based on synaptophysin stain-
ing might be structurally intact based on YFP. The previous
characterization of such YFP-expressing mice established that
expression of YFP transgene is not toxic to motor nerve termi-
nals and has no apparent effect on their morphology (64). For
the confocal analysis, we studied the adult male progeny of this
cross—mice carrying the disease-causing AR allele or not (con-
trol) and the YFP allele (mean age¼ 212 days (6 13.06 SEM)).

Because many TG males in the myogenic model die at birth
due to severely compromised motor function, subcutaneous flu-
tamide injections (5mg/0.1ml propylene glycol) were given to
pregnant dams on gestational days 15–20 to block androgen tox-
icity before birth, thus increasing the postnatal survival of TG
males. Such flutamide-rescued TG males demonstrate the same
androgen-dependent disease phenotype as those who did not
receive prenatal flutamide (18). All TG and WT control males of
the myogenic line that were used in these studies were exposed
to flutamide prenatally. A second cohort of myogenic TG and
WT males (mean age¼ 93-days-old (6 0.21 SEM) were similarly
generated for the EM analysis but lacked the YFP gene.

Animals were group housed on a 12:12 light dark cycle with
food and water provided ad libitum. Animals were weaned at 21
days and screened for either the expanded repeat region in
exon I of the AR (for KIs) or the human skeletal a actin promoter
(for myogenics) using PCR as previously described (6,17). All ani-
mal procedures were approved and performed in compliance
with the Michigan State University Institutional Animal Care
and Use Committee, in accordance with the standards in the
NIH Guide for the Care and Use of Laboratory Animals.

Motor Function Measurements

Due to the predictable development of the motor phenotype in
the myogenic model, animals were tested each of three days
prior to muscle harvest with the mean of the three test days re-
ported (Figure 1). In contrast, KI males show a large degree of
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variability in the onset of motor deficits and were tested weekly
starting at five weeks of age until they demonstrated a 70% defi-
cit compared to WT controls in fore- and hindpaw grip
strengths. Average motor function from the final testing week is
reported (Figure 1).

Motor function was assessed based on measures of grip
strength, and capacity to hang as previously described (9). The
grid attachment was used to assess the grip strength of mice in
both models. Male mice were held by the tail and lowered to a
grid attached to a force gauge (Chatillon Force Measurement
Systems, Largo FL), allowing either forepaws and/or hind paws
to grasp the grid. They were pulled perpendicular to the grid
with grip force recorded at the moment of release. This test was
repeated six times in a single session, with the average of the
four median values recorded as the grip strength score for that
session and mouse. Grip strength in KI mice was also assessed
using the triangle attachment as previously described (6,65),
pulling the tail in the horizontal plane to assess grip strength at
the moment of release. The grip strength score for that session
was the mean of five scores. Mice in both models were also
tested on the hang test. Mice were placed upright on a metal
grid 40 cm above the bench top, which was subsequently slowly
rotated 180 degrees. Latency to fall was measured up to a maxi-
mum of 120 s.

Light Microscopy Analysis of the NMJ

Immunocytochemistry
NMJs were stained in the perineal levator ani (LA) muscle of KI
and WT males. The LA was chosen for study because ARs are
normally highly expressed in this muscle compared to limb
muscles, resulting in much more marked effects of the disease
allele in the LA compared to limb musculature (6,44). The LA is
also ideally suited for studying NMJs, given that it is a relatively
flat muscle with a highly defined endplate band. However, we
could not study the LA in the myogenic model because males in
this model lacked this muscle. The LA requires prenatal andro-
gens to survive and one result of exposing males to flutamide
prenatally is that the LA is absent in such TG and WT males
(66,67). Consequently, we selected a hindlimb muscle, the ante-
rior tibialis (TA), another fast twitch muscle which does not re-
quire androgen exposure for its survival perinatally.

Muscles were harvested from male mice that were deeply
anaesthetized with isoflurane. They were pinned flat as whole
mounts in Sylgard-coated petri dishes, rinsed thoroughly with
cold phosphate-buffered-saline (PBS, 0.14 M NaCl, 2.7 mM KCl,
1.5 mM KH2PO4 and 8 mM dibasic Na2HPO4 7H20, pH 7.4), fixed
for 30 min in phosphate-buffered (0.1M, pH 7.4) 4% paraformal-
dehyde and cryoprotected in phosphate-buffered 20% sucrose
for a minimum of three hours at room temperature. Muscles
were longitudinally sectioned on a sliding, freezing microtome
at 60 um, generating three series of sections, with each series
stained to visualize the different cellular elements of the junc-
tion: synaptic vesicles, neurofilaments or tSCs. Postsynaptic
acetylcholine receptors (AChRs) were visualized in all three se-
ries. Sections were collected and rinsed as free floating sections
in a vehicle solution of PBS (constituents noted above) contain-
ing triton X-100 (0.3%), bovine serum albumin (0.2%) and sodium
azide (0.1%) and incubated overnight at room temperature in
the PBS vehicle containing primary antibody directed against
one of the three elements of the junction. The following day,
sections were rinsed and incubated for two hours in PBS vehicle
containing fluorescently tagged secondary and a-bungarotoxin.

In the first series, synaptic vesicles were labelled using a rabbit
anti-synaptophysin polyclonal primary (Zymed, 18-0130, di-
luted 1:50) and visualized with a sheep anti-rabbit Cy-3 labelled
secondary (Sigma, C2306, diluted 1:100). In the second series,
tSCs were labelled using rabbit anti-S100 polyclonal primary, a
Schwann cell specific antigen (Dako, Z0311, diluted 1:400), and
visualized with the same Cy-3 labelled secondary. The final se-
ries of sections was labelled using a mouse anti-neurofilament
monoclonal antiserum (Developmental Studies Hybridoma
Bank, 2H3 diluted 1:200) and visualized with a rabbit anti-
mouse TRITC labelled secondary (Sigma, T2402, diluted 1:100).
Acetylcholine receptors were labelled in all three series using
AlexaFluor 647 conjugated alpha-bungarotoxin (Invitrogen,
B35450, diluted 1:100). After several final rinses in PBS vehicle,
muscle sections were mounted onto gel-subbed slides and al-
lowed to dry in the dark for at least 24 hours. Slides were then
dehydrated in graded ethanols, cleared in Hemo-De, and cover-
slipped using DPX, a non-fluorescing coverslipping medium. All
fluorescently labelled material was stored at �20 �C after the
DPX had set.

Confocal Imaging
A Zeiss LSM 510 Meta Confocal Microscope (Carl Zeiss,
Oberkochen Germany) at the Center for Advanced Microscopy
at Michigan State University (www.ceo.msu.edu, date last
accessed July 20, 2016) was used to image pre- and post-synap-
tic specialization of individual NMJs. Areas of interest were first
located using epifluorescent illumination beginning at one mar-
gin of a muscle section and systematically working along the
endplate band. Only junctions that were en face were imaged.
Images were scanned using an Olympus 63� 1.4 NA oil objec-
tive, without digital zoom. The confocal pinhole aperture was
set to 1.11 Airy disk, with the image size set at 1024�1024 pixels
and the Z-step size set at 0.9mm. For each junction, a stack of
images was collected through the entire depth containing visi-
ble signal. Lasers at 488, 543 and 633 nm were used in sequential
mode to visualize different components of the same junction.
Each of the channels was visualized independently to confirm
that there was no channel crossover. For each series and labels,
channel settings were optimized and then held constant for the
following parameters: laser power, detector gain, amplifier gain,
pinhole and offset. Image processing was completed using Zeiss
LSM Image Browser.

Confocal Image Analysis
All analyses were conducted by an observer ‘blind’ to the ani-
mals’ group membership. Twenty en face junctions were im-
aged for each animal of each series. Images of NMJs were
constructed by projecting through the Z-axis planes and us-
ing the most intense pixels to create a composite image of a
junction showing staining for synaptophysin, neurofilament
or tSCs presynaptically, with the endplate marked for each
by AChR. Once junctions were constructed, such images
were analysed. The YFP signal was systematically monitored
in the synaptophysin series and revealed that YFP and syn-
aptophysin staining consistently colocalized throughout the
nerve terminal. That is, we never encountered a nerve termi-
nal where portions were marked by YFP staining but lacked
synaptophysin staining, indicating that synaptophysin
staining reliably reflected the structure of the nerve terminal
itself. Nonetheless, it is important to point out that while
synaptophysin staining aligned well with both the YFP label
and AChR staining, synaptophysin staining was not
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uniformly dense throughout the terminal, resulting in about
40% coverage of the endplate in normal muscle when the im-
age was thresholded. Given that synaptic vesicles occupy
only about 4% of the overall volume of a mouse NMJ (68), we
were not surprised by our estimates of �40% coverage for WT
junctions based on synaptophysin staining.

Synaptophysin/AChR-labelled series
We took five measures in this series. The size of junctions was
measured based on the area occupied by stained postsynaptic
AChRs (1), and based on the area occupied by presynaptic syn-
aptophysin staining (2). Given the precise alignment of pre- and
post-synaptic elements typical of normal NMJs, such pre- and
post-synaptic measures were expected to yield comparable esti-
mates of endplate area in WT muscle. However, the disease
commonly disrupts this relationship, with estimates of junc-
tional size based on endplate area (AChR staining) larger than
estimates based on presynaptic elements (synaptophysin stain-
ing). Such a result would suggest junctions are denervated. A
change in the other direction would suggest nerve terminal
sprouting and/or an accumulation of synaptic vesicles in motor
nerve terminals. We also assessed directly whether junctions
were denervated (3) using overlays of synaptophysin/AChR
stained junctions; partial or full denervation was indicated by
the presence of exposed postsynaptic AChR staining which
lacked overlying nerve terminal. Junctional fragmentation was
also assessed in this series based on AChR staining, with a fully
connected pretzel-like pattern of receptor labelling taken as evi-
dence of no fragmentation, partially disconnected AChR-rich
domains indicating partial fragmentation or completely discon-
nected clusters of grape-like domains indicating complete frag-
mentation. In reality, these apparently separate clusters of
innervation were connected via fine processes that could only
be detected at the EM level. Such fine processes neither con-
tained synaptic vesicles nor were in contact with post-synaptic
specializations suggesting that such fine inter-connectives were
used for electrical conduction but did not themselves release
neurotransmitter.

To assess the area occupied by either synaptophysin or
AChR staining, images were exported from the Zeiss LSM Image
Browser, cropped in Adobe Photoshop CS5, subjected to
unsharp mask filter (parameters set to amount:500, radius:50,
and threshold:1) and thresholded. When thresholding, the grey
values of the unsharp mask image were adjusted to the best fit
of the original image. Thresholded images were re-opened in
ImageJ and the number-of-pixels function was used to estimate
the junctional area (4) from corresponding thresholded images
of presynaptic and postsynaptic staining of individual junc-
tions. Such estimates were used to determine the percent of
synaptophysin staining covering the endplate. ImageJ was also
used to measure the width of muscle fibres (5) at the middle of
the junctions in the max projection images from the synapto-
physin-labelled series.

Neurofilament/AChR stained series
We took three measures in this series. We counted the number
of neurofilament accumulations in the terminal (1) and in the
preterminal axon (2). Neurofilament accumulations in the nerve
terminal were defined as neurofilament-positive bulbous swell-
ings of at least twice the diameter of the rest of the
neurofilament-stained terminal branches and colocalized with
AChR labelled endplate. Neurofilament accumulations in the
axon were defined as localized neurofilament-positive bulbous

swellings located in the myelinated axon, proximal to the pre-
terminal branch that were of at least twice the overall caliber of
the axon. The number of terminal sprouts (3) were also counted.
Nerve terminal sprouts were defined as fine, neurofilament-la-
belled processes extending beyond the perimeter of the junction
(marked by AChR staining) of no less than 15 microns and hav-
ing blunt, bulbous endings in contrast to the thin tapered ends
of terminal branches. Such processes were not associated with
AChR labelling.

tSC/AChR labelled series
We counted the number of tSCs capping the junction based on
the number of round, slightly transparent nuclei surrounded by
a rim of increased density S100 staining overlying postsynaptic
AChR labelling. The morphology of tSCs was also assessed by
counting the number of tSCs sprouts, defined as fine processes
extending no less than 15mm beyond the outer perimeter of the
endplate as marked by AChR staining.

EM Analysis of NMJ Morphology

Fixation
A separate cohort of animals were generated for the EM analysis
of NMJs that achieved comparable levels of motor dysfunction
as the first cohort (Figure 1). The LA in the KI model and the EDL
in the myogenic model were harvested from male mice deeply
anaesthetized with isofluorane. We switched to the smaller EDL
because the considerably larger TA muscle resulted in uneven
fixation and artefacts in ultrastructure. Muscles were pinned
under tension in Sylgard-coated dishes, cleaned, and allowed to
recover at room temperature for 5–30 min in oxygenated
Ringer’s (135 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2,
14 mM Hepes buffer, 11 mM dextrose, pH 7.4). Muscles were
then incubated 2–7 min in cold oxygenated Ringer’s in which
the CaCl2 was replaced by equimolar amounts of MgCl2.
Muscles were then fixed using a cold aldehyde fixative (4% para-
formaldehyde, 1% glutaraldehyde, in 0.1 M Millonig’s phosphate
buffer, pH 7.2) for 2–2.5 hours at 4 �C. After� 30 min of fixation,
small pieces of the endplate region of the muscle were dissected
and placed in vials of fresh fixative. After aldehyde fixation, the
muscle pieces were rinsed six times in Millonig’s buffer (pH 7.2)
and left overnight at 4 �C. Samples were postfixed in 1% OsO4 in
0.1M Millonig’s phosphate buffer for two hours, rinsed in buffer,
and then dehydrated in a graded series of ethanols and propyl-
ene oxide. They were then infiltrated in a graded series of pro-
pylene oxide/Araldite 502 resin mixtures to 100% resin over a
period of 24 hours. The pieces of muscle were flat embedded in
aluminium dishes and the resin was cured at 60 �C under vac-
uum for three days.

Sectioning and Imaging
Blocks were thick-sectioned perpendicular to the long axis of
the muscle fibres until junctions could be identified at which
point ultrathin sections were taken. Thin sections were stained
with 10% uranyl acetate in 50% methanol and Reynold’s lead
citrate. The last thick section cut prior to taking thin sections
was photographed with a light microscope, and individual junc-
tions were identified and numbered. Every junction identified in
the block face was photographed in thin sections using the elec-
tron microscope (JEOL 100CX, Michigan State University Center
for Advanced Microscopy) at 80kV at three magnifications. Each
junction was first imaged using a lower magnification to provide
contextual information about the profile, an intermediate and
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high magnification. All measurements were taken with high
magnification images (approximately 20,000�) which provided
the requisite resolution. Exact magnifications were determined
by photographing a calibration grating of 2160 lines/mm. Plastic
negatives (3.25” � 4”) were developed and scanned with an
Epson Perfection V750 Pro scanner at 600 dpi and the resulting
files saved for analysis without enhancement.

EM Image Analysis
One of multiple images from the same junction that showed
clear postsynaptic folds, a recognizable nerve terminal and tSCs
was randomly chosen for quantitative analysis. Ten different
junctions per animal were sampled. Digitized images were
opened in Adobe Photoshop and precisely aligned to recon-
struct a junction if the profile filled more than one view frame.
Using the Photoshop Layers feature, numerous layers were
superimposed upon the original image, and each layer was
used to trace, count, or measure various features of the terminal
profile and exported from Photoshop as individual files. Layers
that required area, length or number measurements were re-
opened in FIJI (69), a mask was created, and then measurements
were taken, with Particle Count applied for estimating number
of objects. Layers featuring non-straight lines were opened in
Adobe Illustrator and Live Trace was used with a threshold of
184 to produce a continuous stroke from which the continuous
path length could be read.

Presynaptic measures
Measured presynaptic features included the area of the mem-
brane bound terminal profile. Within this profile, we also mea-
sured the number and cross sectional area of mitochondria. The
overall number of vesicles were also counted as well as vesicles
in the synaptic zone, defined as a 480 nm wide strip of terminal
directly across from the synaptic cleft. This measure was aimed
at estimating the number of vesicles in the RRP. Vesicle diame-
ter was also measured from this subset of vesicles by taking the
horizontal and vertical diameter from the centre of each vesicle.
The aspect ratio of the horizontal and vertical diameter of each
vesicle was used as a measure of vesicle roundness.

Postsynaptic measures
We also extensively measured features of the primary and sec-
ondary synaptic clefts, including the total area and width of the
primary synaptic cleft, and the number, area, width and depth
of secondary clefts. Secondary clefts were defined as having a
depth (peak to trough) of at least 104.5 nm. Total perimeter
length of the postsynaptic folds and perimeter length of each
secondary cleft was also measured. The number of active zones
appearing as electron dense regions directly across from sec-
ondary clefts was counted and classified as having either
docked vesicles (in contact with the presynaptic membrane) or
not. Each measured feature of the post-synapse was divided by
total apposition length of the terminal, to control for differences
in size of junction in view. When the same feature (e.g., second-
ary cleft depth) was measured multiple times at the same junc-
tion, these values were averaged together to give a single
estimate of that measure for that junction.

In addition to the numerous quantitative measures, junc-
tions were qualitatively evaluated, noting evidence of anoma-
lous features that might indicate disease-related changes. All
analysis was conducted blind to group membership.

Statistical Analysis

Independent t-tests were run on each measure to determine
whether statistically significant differences between disease
and age matched WT control groups. Results are presented as
group means (n¼ number of animals/group for the light micro-
scope analysis and junction/group for the EM analysis) 6 stan-
dard error of the mean.

Supplementary Material
Supplementary Material is available at HMG online.
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