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Abstract

The neuromuscular junction (NMJ)—a synapse formed between lower motor neu-
ron and skeletal muscle fibre—represents a major focus of both basic neuroscience
research and clinical neuroscience research. Although the NMJ is known to play an
important role in many neurodegenerative conditions affecting humans, the vast ma-
jority of anatomical and physiological data concerning the NMJ come from lower
mammalian (e.g. rodent) animal models. However, recent findings have demonstrated
major differences between the cellular anatomy and molecular anatomy of human
and rodent NMJs. Therefore, we undertook a comparative morphometric analysis
of the NMJ across several larger mammalian species in order to generate baseline
inter-species anatomical reference data for the NMJ and to identify animal models
that better represent the morphology of the human NMJ in vivo. Using a standard-
ized morphometric platform (‘NMJ-morph’), we analysed 5,385 individual NMJs from
lower/pelvic limb muscles (EDL, soleus and peronei) of 6 mammalian species (mouse,
cat, dog, sheep, pig and human). There was marked heterogeneity of NMJ morphol-
ogy both within and between species, with no overall relationship found between
NMJ morphology and muscle fibre diameter or body size. Mice had the largest NMJs
on the smallest muscle fibres; cats had the smallest NMJs on the largest muscle
fibres. Of all the species examined, the sheep NMJ had the most closely matched
morphology to that found in humans. Taken together, we present a series of compre-
hensive baseline morphometric data for the mammalian NMJ and suggest that ovine

models are likely to best represent the human NMJ in health and disease.
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1 | INTRODUCTION

The neuromuscular junction (NMJ) has been a focus of physiological
research since the 1800s, representing an ideal, experimentally ac-
cessible, model synapse (Clarac and Pearlstein, 2007; Slater, 2008,
2015, 2017; Szule et al., 2015; Rudolf et al., 2019). More recently, it
has become clear that the NMJ's critical role in signal transmission
between lower motor neuron and skeletal muscle fibre makes it a
major target in many neurodegenerative and neuromuscular con-
ditions (Murray et al., 2010; Rudolf et al., 2016; Verschuuren et al.,
2016; Rodriguez Cruz et al., 2018). Whilst the physiology of the NMJ
has been well-studied across a wide range of invertebrate (Clarac
and Pearlstein, 2007) and vertebrate species, including humans
(Wood and Slater, 2001), far less is known about comparative NMJ
morphology between mammalian species, especially with respect to
humans (Jones et al., 2017). Moreover, small mammal animal models
remain the mainstay of research into the contribution of the NMJ to
many neurodegenerative conditions.

In order to better understand the form and function of the NMJ
in health and disease, particularly with regard to humans, it will be
important to identify animal models that more closely mimic the
human condition. Given the clear differences that have been recently
reported in the cellular and molecular composition of human and
mouse NMJs (Jones et al., 2017), larger animal models might offer
more appropriate alternatives. With major technological advances
in gene-editing technologies that have arisen over the past decade,
there is a clear opportunity to establish large mammalian models of
human disease (Eaton and Wishart, 2017). However, although sig-
nificant progress has been made in understanding the morphology
of lower mammalian NMJs in several species using modern imaging
techniques, data from larger mammals remain sparse (Tello, 1922;
Anzenbacher and Zenker, 1963; Haddix et al., 2018).

In the present study, we sought to establish baseline reference
data sets of NMJ morphology across multiple mammalian species
(mouse, cat, dog, sheep, pig, human). By utilizing our recently de-
veloped NMJ-morph platform for comparative analysis of NMJ
morphology (Jones et al., 2016), we have been able to generate com-
prehensive morphometric NMJ data from lower limb/hindlimb mus-

culature of each species.

2 | METHODS
2.1 | Animals

All animal studies were performed in accordance with the Animals
(Scientific Procedures) Act 1986. No animals were sacrificed spe-
cifically for this project: tissue was sampled from animals in exist-
ing studies (after experimental endpoints had been reached) or from
animals submitted for euthanasia (to Dryden Farm or the Roslin
Institute). Four mammalian species were investigated: cat (N = 3;
mean age = 12.6 years), dog (N = 3; mean age = 6.6 years), sheep
(N = 3; mean age = 16 months) and pig (N = 3; mean age = 18 months).

BOEHM ET AL.

Full details are provided in Table S1. In addition, comparative data
from mouse (N = 3; mean age = 12 weeks) and human (N = 21; mean
age = 67 years) were obtained from our reference archive (including
previously published data; Jones et al., 2017). All previous human
studies were covered by the requisite ethics approvals (NHS Lothian
REC: 2002/1/22, 2002/R/OST/02; NHS Lothian BioResource:
SR719, 15/ES/0094).

2.2 | Tissue sampling

Animals were euthanized, and samples were harvested within 1 hr
post-mortem. Three individual animals from each species (cat, dog,
sheep and pig) were sampled. To facilitate cross-species comparison,
previously studied muscles were selected (Jones et al., 2017): exten-
sor digitorum longus, peroneus longus, peroneus brevis and soleus. Given
the substantial difference in gross anatomy between the species
(e.g. dogs lack a soleus; sheep and pigs have combined peronei), every
effort was made to sample equivalent muscles based on standard
descriptions of veterinary anatomy (Done et al., 2009; Kénig et al.,
2014; Aspinall and Cappello, 2015; Fails and Magee, 2018).
Full-length muscle fibres from origin to insertion (2-3 cm in
length) were dissected from each of the hindlimb muscles and im-
mediately fixed in 4% paraformaldehyde (PFA) for 3-4 hr. Muscle
samples were then washed with 1x phosphate-buffered saline (PBS)
and microdissected into small bundles of 10-15 individual fibres. All
remaining fat and connective tissue were removed to reduce poten-

tial background staining.

2.3 | NMJimmunohistochemistry

NMJs were immunolabelled by modifying an established protocol
(Jones et al., 2017) to visualize pre-synaptic nerve terminal proteins
(SV2 and 2H3) and post-synaptic acetylcholine receptors (AChRs).
Muscle fibres were placed in the following sequence of solutions
(made up in 1xPBS unless otherwise specified): glycine (0.1 M pH
10.4) for 15 min to reduce tissue auto-fluorescence; 1xPBS wash
for 15 min; tetramethylrhodamine a-bungarotoxin (TRITC o-BTX,
BTIU0O0012, VWR International Ltd.) 2 pg/ml for 15 min to label
AChRs; 4% Triton X-100 for 1.5 hr for tissue permeabilization; and
then a blocking solution of 4% bovine serum albumin (BSA) and 2%
Triton X-100 for 30 min. Tissue was then incubated overnight (at
room temperature) with the primary antibodies (in blocking solu-
tion): mouse monoclonal anti-SV2 IgG (to label synaptic vesicles) and
mouse monoclonal anti-2H3 IgG (to label neurofilament) (both at
1:50 dilution; Developmental Studies Hybridoma Bank, University
of lowa). This was followed by 4 x 20 min PBS washes; overnight
incubation (at 4°C) with the secondary antibodies (Alexa 488 don-
key anti-mouse 1gG; 1:400 dilution; A21202, Life Technologies); and
then 4 x 20 min PBS washes. Muscle samples were finally mounted
on glass slides in Mowiol and kept in dark storage to prevent

photobleaching.
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2.4 | Confocal imaging and NMJ-morph analysis

NMJ images were acquired on Nikon A1R FLIM and Zeiss Axiovert
LSM510 confocal microscopes using established protocols for large
volume imaging (Jones et al., 2016, 2017). Muscle fibres were imaged
on an Olympus IX71 microscope and Hamamatsu C4742-95 camera
with Openlab Improvision software using the same guidelines (Jones
et al, 2016, 2017). For each individual muscle (n = 135), an average
of 40-60 NMJs/muscle fibres were imaged, where possible. Muscle
fibre diameters were measured subsequently from randomly identi-
fied fibres using standard light microscopy (Jones et al., 2016, 2017).
It was not possible to record correlated NMJ and muscle fibre meas-
urements from single identified fibres.

Image analysis was performed using the standardized ‘NMJ-
morph’ approach to quantify 21 individual morphological vari-
ables in each NMJ (including pre- and post-synaptic variables
and associated nerve/muscle measurements; Jones et al, 2016,
2017 and Boehm et al, 2020). In total, 5,385 NMJs were analysed
across the 6 species, sampled from 135 muscles of 36 individual
animals/patients (with mouse and human data pooled from Jones
etal., 2017).

2.5 | Statistical analysis

All statistical analyses were performed in GraphPad Prism Software
(Version 8). Individual statistical tests are detailed in main text
and figure legends. Statistical significance was considered to be
p < 0.05.

FIGURE 1 Gross anatomy of hindlimb
muscles in cat, dog, sheep and pig.
Representative photographs illustrating
gross muscle morphology in each species.
The proximal end of the limb is on the
right-hand side of the image. A block of
tissue containing full-length muscle fibres
(from origin to insertion) was sampled
from each of the selected muscles. Note
the species-specific absence of certain
muscles—dog lacks soleus, and sheep and
pig lack peroneus brevis. EDL, Extensor
Digitorum Longus; PL, Peroneus Longus;
PB, Peroneus Brevis; SOL, Soleus. Scale
bar =2 cm
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3 | RESULTS

Building on our recent work reporting marked differences between
NMUJ morphology in humans and mice (Jones et al., 2017), we initially
set out to extend our knowledge of NMJ morphology across a wider
range of mammalian species: cat, dog, sheep and pig. Basic back-
ground data relating to individual animals used in this study, includ-
ing source and breed, are provided in Table S1.

The choice of muscles for examination (extensor digitorum longus,
peroneus longus, peroneus brevis and soleus; EDL, PL, PB and S, re-
spectively) was determined by our previously published human and
mouse data sets (Jones et al., 2017) as well as their accessibility for
dissection. The gross anatomy of hindlimb muscles in cat, dog, sheep
and pig (Figure 1) does reveal some species-specific differences (e.g.
the dog lacks soleus, whilst both sheep and pig lack peroneus bre-
vis) that likely represent functional and/or evolutionary adaptations.
Nevertheless, every attempt was made to source the equivalent
muscles in each species based on existing descriptions of veteri-
nary and comparative anatomy (Done et al., 2009; Konig et al., 2014;
Aspinall and Cappello, 2015; Fails and Magee, 2018). NMJs from
each muscle/species were immunohistochemically labelled, imaged
and subjected to morphometric analyses using NMJ-morph, accord-
ing to our established protocols (Jones et al, 2016, 2017 and Boehm
et al, 2020). In total, 5,385 NMJs were analysed across the 6 species,
sampled from 135 muscles of 36 individual animals/patients (with
mouse and human reference data obtained from Jones et al., 2017).

Initial qualitative observations revealed marked inter-species
heterogeneity of NMJ morphology (Figure 2). Mouse NMJs dis-
played a typical ‘pretzel-shaped morphology, a well-established
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FIGURE 2 Heterogeneity of mammalian NMJs. Representative confocal micrographs of ‘average’ NMJs from each species (ranked
according to body mass). The selected NMJ images most closely represent the ‘average’ morphology (size, shape) across the limb muscles
sampled (EDL, soleus, peronei). Mouse NMJs are typically ‘pretzel-shaped; human NMJs have a ‘nummular’ morphology. Of the species
represented, sheep and pig NMJs appear most similar to human NMJs. Images have been pseudo-coloured for display purposes; all analysis
has been performed on grayscale images. a-BTX (a-bungarotoxin), acetylcholine receptors (magenta); SV2/2H3 = synaptic vesicle and
neurofilament (green). Scale bar = 20 um (across all images)

&; 4007 s 600+ 1007
3 dork - .
et ’ & | ns
$ 3004 = ] __ 80 ns
o i o ns
5 ns Z 40041 [ s ol == R
—_— © Q 7 ns
g 2004 s % ns ‘(—.3 == = =
£ ns O 40
5 ns — S =] & 2007 = = T = 3
+ 100 == $) E=
g Z 20
()
Z C T T T T T T C T T T T ! T C T T T T T T
Mouse Cat Dog Sheep Pig Human Mouse Cat Dog Sheep Pig Human Mouse Cat Dog Sheep Pig Human
4- §_ 150 7
g_ E & ns E = ns ns
= Q00 i 2 5 == =
2 - £ 199 Q ns * = g
E T ° T = s
© (O] £ 34
5 ns ns NS e 50 * e ]
—=F== = O 2
s 1 = =X — S -
2 3 "
0 s O 0

Moluse C|at Dé)g Shéep Plig Hurlnan Mo'use Clat Dlog Shleep Plig Hur;'lan Moluse C'at D;)g Shéep Plig Hur'nan
FIGURE 3 NMJ-morph analysis reveals inter-species variations in NMJ morphology. Comparison of ‘average’ NMJ morphology in each
species for a range of pre- and post-synaptic variables. Data for each morphological variable are pooled by muscle identity (EDL, PL, PB,

S) for each species, and statistical comparison is made with the human NMJ. Boxes contain the mean (+) and median (line) values for each
NMJ variable and extend from the 25th to 75th percentiles, with the whiskers representing the maximum and minimum values. Compared
to humans, mouse and dog NMJs are significantly larger, with equivalent differences in axon calibre. In contrast, sheep and pig NMJs are the
most similar to humans, with the majority of NMJ variables showing no significant differences between the species (see also Table S1). In
total, 5,385 individual NMJs were analysed [cat: N = 3 animals, n = 12 muscles, 465 NMJs; dog: N = 3, n = 9, 341 NMJs; sheep: N=3,n =9,
313 NMUJs; pig: N =3,n = 9,446 NMJs; mouse: N = 3, n = 24, 960 NMJs; human: N = 21, n = 72, 2860 NMJs. Mouse and human data from
Jones et al., 2017]. One-way ANOVA with Dunnett's post hoc analysis (for parametric variables) and Kruskal-Wallis test with Dunn's post
hoc analysis (for non-parametric variables) *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001

observation in multiple previous studies (Marques et al, 2000). In
marked contrast, human NMJs were much smaller and possessed
a characteristic ‘nummular’ morphology (Jones et al, 2017). Of the
other mammalian species, cat and dog NMJs were striking in their
dissimilarity, with cat NMJs being particularly small and dog NMJs
being amongst the largest examined (equivalent in size to mouse
NMUJs). In comparison, sheep and pig NMJs appeared quite similar

to one another in overall morphology and most closely resembled

the human NMJs on initial inspection. In addition, and as expected,
there was notable variation of individual NMJ morphology within
individual muscles (Jones et al, 2016, 2017).

Quantitative NMJ-morph analysis was then performed on
the complete data set of 5,385 NMJs (Figures 3 and 4; Table 1).
Pooling NMJ data across all muscles sampled (EDL, PL, PB, S) facil-
itated a comparison of ‘average’ NMJ morphology in each species

for all 21 individual pre- and post-synaptic variables generated by
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FIGURE 4 NMJ-morph analysis of inter-muscle variations in NMJ morphology. The pooled data in Figure 3 have been segregated to
demonstrate ‘average’ NMJ morphology for individual muscles (EDL, PL, PB, S). Compared with the marked inter-species variation, the

differences between individual muscles are much less pronounced

NMJ-morph (Table 1). Statistical comparison of these values was
then performed with reference to our existing human (Jones et al.,
2017) data set.

The majority of core NMJ variables were significantly larger in
both mouse (6/11 variables) and dog (10/11 variables) compared
to humans; these differences were also matched by significantly
greater axonal diameters in both species. At the opposite end of the
spectrum, cat NMJs were significantly smaller than human NMJs (in
5/11 core variables). In contrast, quantitative analysis of both sheep
and pig NMJs revealed a closer similarity to human NMJs, with the
vast majority of variables in both species (19/21 in sheep; 18/21 in
pig) showing no statistically significant differences.

To determine whether these observations were reflective of
NMJ morphology at the level of individual muscles, data sets from
each species were segregated into distinct muscle groups: EDL, PL,
PB and S (Figure 4). Compared with the marked variation in average
NMJ morphology between species (Figures 2 and 3; Table 1), the
differences that exist between individual muscles within a species
(Jones et al., 2016) are much less pronounced. Moreover, there was

no overt pattern to suggest a relationship between NMJ morphology

and muscle fibre type (e.g. fast-twitch/slow-twitch) or anatomical
‘identity’ at the whole muscle level. For example, in both humans and
mice, the largest relative NMJs were found in soleus (an archetypal
slow-twitch muscle), whereas in sheep and pigs, soleus contained
the smallest relative NMJs (Figure 4).

We next investigated the relationship between NMJ size and
muscle fibre diameter. Previous studies have suggested a significant
positive correlation between NMJ size and muscle fibre diameter
1971; Harris and Ribchester, 1979; Slack et al., 1983;
Balice-Gordon and Lichtman, 1990), as well as an inverse relation-
ship between NMJ size and body mass (Paul, 2001; Slater, 2017). We

performed a correlation analysis of muscle fibre diameter against

(Kuno et al.,

each of 18 pre- and post-synaptic NMJ variables across all species
(Figure 5). Despite modest correlations for individual variables in
some species (e.g. pig and human; Figure 5), no overall relationship
was observed for the majority of NMJ variables across the pooled
data for all species. This finding suggests that muscle fibre diameter
is not the sole/major determinant of NMJ size and morphology.
Finally, we wanted to determine whether relative body size/mass

was contributing to NMJ size/morphology. When taken together
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with our previous observations, we found no clear relationship be-
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NMJ biology, as well as the development of effective therapies for
neuromuscular conditions.

Correlation analyses of NMJ morphology and muscle fibre di-
ameter in the present study add significant experimental support to
refute the hypothesis that the former is largely dictated by the latter
(Kuno et al., 1971; Harris and Ribchester, 1979; Slack et al., 1983;
Balice-Gordon and Lichtman, 1990). Our data therefore support pre-
vious studies suggesting a disconnection of NMJ morphology and
muscle fibre size in rodents, primates and humans (Anzenbacher and
Zenker, 1963; Jones et al., 2017). However, it is important to note
that this observation is distinct from the relationship that has been
shown to exist between the size of an NMJ and its corresponding
muscle fibre when undergoing atrophy and hypertrophy in situa-
tions of muscle wasting, exercise or hormonal manipulation (e.g. as
has been reported in the mouse bulbocavernosus muscle; Balice-
Gordon and Lichtman, 1990). It remains unclear, therefore, as to
which factors directly determine NMJ morphology in vivo, although
recent studies have suggested that the identity of the motor neuron
itself is likely to exert a strong influence (Jones et al., 2016, 2017).

Given that muscle fibre diameter does not determine the abso-
lute size/morphology of any given NMJ, it appears that the ‘ratio’
between NMJ size and muscle fibre diameter represents a unique
characteristic in each species and one that is furthermore indepen-
dent of body mass (Figure 6). This notion was previously proposed
for different muscles within the rat (Oda, 1985), but here we extend

Muscle fibre diameter (um)

these findings to show that it persists across multiple mammalian

species.
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FIGURE 6 Schematic overview of NMJ morphology, muscle
fibre diameter and body size. Schematic diagram illustrating the
relationship between NMJ size, muscle fibre diameter and body
weight. For each species, the mean values for AChR area and
muscle fibre diameter are depicted (Table 1) to provide an accurate
visual representation of inter-species differences/similarities. Of
the species investigated, the starkest contrast is between the two
smallest animals; the mouse has the largest NMJs on the smallest
muscle fibres, and the cat has the smallest NMJs on the largest
muscle fibres. Sheep and pig are most similar to human, with sheep
and human bearing the closest resemblance. Overall, there is no
relationship between NMJ size, muscle fibre diameter and body
mass; the ratio between NMJ size and muscle fibre diameter is
therefore unique to each species. Scale bar = 20 um
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