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Neuromuscular junctions are primary pathological targets in

the lethal motor neuron diseases spinal muscular atrophy

(SMA) and amyotrophic lateral sclerosis (ALS). Synaptic

pathology and denervation of target muscle fibers has been

reported prior to the appearance of clinical symptoms in

mouse models of both diseases, suggesting that neuromus-

cular junctions are highly vulnerable from the very early

stages, and are a key target for therapeutic intervention.

Here we examined neuromuscular pathology longitudinally

in three clinically relevant muscle groups in mouse models

of ALS and SMA in order to assess their relative vulnerabil-

ities. We show for the first time that neuromuscular junc-

tions of the extraocular muscles (responsible for the control

of eye movement) were resistant to degeneration in end-

stage SMA mice, as well as in late symptomatic ALS mice.

Tongue muscle neuromuscular junctions were also spared

in both animal models. Conversely, neuromuscular junctions

of the lumbrical muscles of the hind-paw were vulnerable in

both SMA and ALS, with a loss of neuronal innervation and

shrinkage of motor endplates in both diseases. Thus, the

pattern of selective vulnerability was conserved across

these two models of motor neuron disease. However, the

first evidence of neuromuscular pathology occurred at dif-

ferent timepoints of disease progression, with much earlier

evidence of presynaptic involvement in ALS, progressing to

changes on the postsynaptic side. Conversely, in SMA

changes appeared concomitantly at the neuromuscular

junction, suggesting that mechanisms of neuromuscular dis-

ruption are distinct in these diseases. J. Comp. Neurol.

524:1424–1442, 2016.
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Amyotrophic lateral sclerosis (ALS) and spinal muscular

atrophy (SMA) are characterized by the loss of somatic

motor neurons and innervation to voluntary skeletal

muscles, leading to death by respiratory failure. There is cur-

rently no cure for either disease. ALS is the most common

form of motor neuron disease, with a life-time risk of 1:300

(Al-Chalabi et al., 2012). It is typically adult-onset and very

aggressive, with most patients dying 2–3 years after diagno-

sis. ALS appears sporadic in 90% of cases, but can also be

inherited. Mutations in multiple different genes are disease-

causative including superoxide dismutase 1 (SOD1), TARDBP

(TDP43), Fused in sarcoma (FUS) and Chromosome 9 open

reading frame 72 (C9ORF72) (Renton et al., 2014). SMA is

an autosomal recessive disease, with onset occurring before
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6 months and lethality by 2 years of age in its most severe

form. SMA is the most common genetic cause of infant mor-

tality, with an annual incidence of 1:6,000–1:10,000 live

births and a carrier frequency of �1:40 (Faravelli et al.,

2015). SMA is caused by mutations in the survival motor

neuron 1 (SMN1) gene leading to low levels of SMN protein

(Coovert et al., 1997). Despite the differing genetic triggers,

a principle early feature of both ALS and SMA is the loss of

contact between nerve and muscle, which occurs at a speci-

alized synapse called the neuromuscular junction. Pathology

then progresses in a distal to proximal direction, known as a

“dying-back” pathology (reviewed in Murray et al., 2010).

Changes at the neuromuscular junction have been shown to

occur before central cell body loss is seen, and before the

appearance of clinical symptoms in the SOD1G93A ALS

mouse model (Frey et al., 2000; Fischer et al., 2004; Liu

et al., 2015). Studies in human ALS patients suggest the

same phenotype; morphological changes at the neuromus-

cular junction in muscle biopsies and alterations in electro-

physiological recordings of neuromuscular transmission are

some of the earliest signs of disease (Dengler et al., 1990;

Maselli et al., 1993; Fischer et al., 2004; Bruneteau et al.,

2015). Similarly, early changes at the neuromuscular junc-

tion have been reported in several mouse models of SMA

(Cifuentes-Diaz et al., 2002; Kariya et al., 2008; Murray

et al., 2008; Kong et al., 2009).

While neuromuscular junctions are early pathological tar-

gets in both ALS and SMA, each disease has a pattern of

vulnerability whereby different motor neurons and their

respective muscle groups appear more or less vulnerable to

degeneration (Ling et al., 2012; Thomson et al., 2012; Tjust

et al., 2012; Valdez et al., 2012). In particular, ocular motor

neurons and their targets, the extraocular muscles, which

control the movement of the eyes (Gizzi et al., 1992; Nim-

chinsky et al., 2000; Haenggeli and Kato, 2002), are com-

monly held to be relatively resistant in motor neuron

diseases. In human ALS patients eye movement can be

used as a means of communication when many other mus-

cle groups, including those necessary for speech, have been

denervated and thus atrophied (Spataro et al., 2014). Stud-

ies using mouse models have provided evidence for preser-

vation of the neuromuscular junctions within the extraocular

muscles in both ALS and aging (Tjust et al., 2012; Valdez

et al., 2012). Evidence for the sparing of extraocular

muscles in SMA is sparse. Clinical wisdom and the utility of

ocular tracking devices (Kubota et al., 2000) suggest that

these muscles are relatively resistant also in this disease.

In �30% of ALS patients, onset of disease occurs in

the bulbar region (Logroscino et al., 2010). However,

hypoglossal abnormalities have not been firmly shown in

animal models. Early-symptomatic SOD1G93A mice dis-

play mild loss of hypoglossal motor neurons, which then

progressed by endstage of disease (Haenggeli and Kato,

2002). However, in the SOD1G85R mouse model only very

mild hypoglossal motor neuron loss was seen (Nimchin-

sky et al., 2000). As with the extraocular muscles, the

only evidence for hypoglossal involvement in SMA comes

from clinical studies, where tongue fasciculations have

been described in patients (Iannaccone et al., 1993).

Around 60% of ALS cases are diagnosed as “limb onset”

(Logroscino et al., 2010). Many seminal studies of neuro-

muscular pathology in SOD1 ALS mouse models have

used hind-limb muscles to demonstrate vulnerability of

the neuromuscular system (Bjornskov et al., 1984; Frey

et al., 2000; Fischer et al., 2004; Schaefer et al., 2005;

Tjust et al., 2012; Valdez et al., 2012). The lumbricals are

four small skeletal muscles that aid the flexion of the

foot. These muscles are ideal for morphological studies

of the neuromuscular junction in mouse models, as their

small size allows for the entire innervation pattern to be

viewed (Sleigh et al., 2014). Despite this, the relative vul-

nerability of the lumbrical muscles has not been

assessed in mouse models of ALS. In contrast, several

studies have analyzed pathology of the lumbricals in SMA

mouse models, but with conflicting reports of the severity

of denervation, depending on the strain used (Cifuentes-

Diaz et al., 2002; Kariya et al., 2008; Murray et al., 2008;

Kong et al., 2009; Ling et al., 2012).

Here we examined neuromuscular pathology in the

extraocular, tongue, and lumbrical muscles in mouse

models of ALS and SMA. We compared presynaptic and

postsynaptic pathology of the muscle endplate in these

three muscle groups in order to assess their relative

vulnerabilities. We analyzed muscles at several time-

points throughout both diseases, from early sympto-

matic to late symptomatic or endstage in order to gain

a thorough understanding of the time course of distal

disease pathology. By using both the SOD1G93A mouse

model of ALS and the SMND7 model of SMA we were

able to compare and contrast the response of the neu-

romuscular system to motor neuron diseases with dis-

tinct etiologies and genetic triggers.

MATERIALS AND METHODS

Mouse strains
All animal procedures were previously approved by the

Swedish ethical council (Stockholms Norra Djurf€ors€okse-

tiska n€amnd), in compliance with US National Institutes

of Health guidelines. Animals were housed according to

standard conditions, with access to food and water ad

libitum and a dark/light cycle of 12 hours. SMND7 mice

were used as a model for SMA (FVB.Cg-Tg(SMN2*del-

ta7)4299AhmbTg(SMN2) 89AhmbSmn1tm1Msd/J; Jack-

son Laboratory, Bar Harbor, ME, Stock Number 005025;

(Le et al., 2005)). These mice are knockout for mouse

Selective vulnerability in ALS and SMA
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Smn1 but express a single copy of human SMN2 and a

second transgene with a human SMN2 promoter regulat-

ing expression of human SMN2 cDNA that lacks exon 7

(Smn2/2;SMN2;SMND7). Littermates both homozygous

and heterozygous for Smn1 were previously shown to be

indistinguishable (Monani et al., 2000). In our study het-

erozygous littermates (Smn1/2;SMN2;SMND7) were

used as controls throughout. Between 3 and 7 animals

were used per group; detailed numbers and ages of SMA

animals used are listed in Tables 1 and 2. Transgenic

SOD1G93A mice (B6.Cg-Tg(SOD1*G93A)1Gur/J; Jackson

Laboratory Stock, Number 004435) were used as a

model of ALS. These mice overexpress mutant human

SOD1 protein leading to an ALS-like phenotype. Non-

transgenic littermates were used as controls (Gurney

et al., 1994). Between 3 and 9 animals were used per

group; detailed numbers and ages of SOD1G93A animals

used are listed in Tables 3 and 4.

Muscle preparation
SOD1G93A mice and control littermates (postnatal days

P56–133) were sacrificed by inhalation of rising concen-

trations of CO2. Neonatal SMND7 SMA mice and control

littermates (P5) were anesthetized by chilling on ice and

killed by decapitation. P10 and P14 mice were sacrificed

by intraperitoneal injection of avertin (tribromoethanol,

Sigma, St. Louis, MO) at 0.5–0.6 mg/g body weight. The

extraocular muscles (surrounding the eye), tongue, and

lumbricals (from the plantar surface of the hind-paw)

were dissected in 0.1M phosphate-buffered saline (PBS)

and fixed in 4% paraformaldehyde (Sigma-Aldrich) for 10

minutes (extraocular and lumbricals) or 1 hour (tongue)

at room temperature. All tongue muscles were cryopro-

tected in 20% sucrose in PBS and sectioned (30 lm).

Extraocular and lumbrical muscles were dissected and

stained whole-mount to allow for visualization of the

entire innervation pattern, and detailed analysis of the

neuromuscular junctions (Fig. 1) (Sleigh et al., 2014)).

TABLE 1.

Number of SMA Mice and Control Littermates Used to

Quantify Presynaptic Pathology

Age

(postnatal

day) Genotype

Muscle

group

N

Mice Muscles NMJs

P5 Control Extraocular 3 3 290
Tongue 4 4 386

Lumbricals 4 6 497
SMA Extraocular 3 3 224

Tongue 5 5 447
Lumbricals 3 6 524

P10 Control Extraocular 4 4 211
Tongue 5 5 557

Lumbricals 4 11 1076
SMA Extraocular 4 5 404

Tongue 5 5 504
Lumbricals 4 9 859

P14 Control Extraocular 3 4 133
Tongue 3 3 358

Lumbricals 3 5 357
SMA Extraocular 3 4 393

Tongue 4 4 463
Lumbricals 3 5 575

TABLE 2.

Number of SMA Mice and Control Littermates Used to

Quantify Postsynaptic Pathology

Age

(postnatal

day) Genotype

Muscle

group

N

Mice Muscles Endplates

P5 Control Extraocular 3 3 152
Tongue 4 4 310

Lumbricals 7 7 588
SMA Extraocular 3 3 118

Tongue 5 5 408
Lumbricals 3 3 189

P10 Control Extraocular 4 5 188
Tongue 5 5 463

Lumbricals 7 7 479
SMA Extraocular 5 5 257

Tongue 5 5 495
Lumbricals 4 4 341

P14 Control Extraocular 3 3 125
Tongue 3 3 322

Lumbricals 3 5 298
SMA Extraocular 3 4 269

Tongue 4 4 413
Lumbricals 3 5 355

TABLE 3.

Number of SOD1G93A Mice and Control Littermates Used

to Quantify Presynaptic Pathology

Age

(postnatal

day) Genotype

Muscle

group

N

Mice Muscles NMJs

P56 Control Extraocular 3 8 543
Lumbricals 4 15 990

SOD1G93A Extraocular 3 7 419
Lumbricals 4 15 1010

P84 Control Extraocular 3 6 374
Tongue 3 3 196

Lumbricals 4 12 978
SOD1G93A Extraocular 4 7 453

Tongue 4 4 243
Lumbricals 4 16 1328

P112 Control Extraocular 4 6 375
Tongue 5 5 285

Lumbricals 5 18 1397
SOD1G93A Extraocular 4 5 317

Tongue 5 5 289
Lumbricals 3 10 819

P133 Control Extraocular 3 3 262
Tongue 4 4 206

Lumbricals 3 10 685
SOD1G93A Extraocular 3 4 296

Tongue 5 5 292
Lumbricals 3 8 516
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These muscles were gently stretched out laterally after

dissection to optimize antibody penetration and increase

visible muscle surface. For our analysis of the extraocular

muscles we used the superior, medial, and inferior recti

muscles, which are all innervated by axons projecting

from the oculomotor nucleus in the brainstem. The

medial rectus was omitted from this study as it is inner-

vated instead by the abducens nerve. As the tongue was

too large to allow for whole-mount the tissue was sec-

tioned at 30 lm thickness prior to staining.

Immunohistochemistry
Muscles were immunohistochemically processed to

allow visualization of neuromuscular junctions. Neuro-

muscular junctions were labeled using established

markers of presynaptic nerve terminals (neurofilament

and synaptic vesicle protein) and postsynaptic motor

endplates (a-bungarotoxin, which binds to acetylcholine

receptors on the muscle fibers). Specifically, tissues

were permeabilized in Triton X-100 (Sigma; 0.1% neona-

tal extraocular and lumbrical muscles, 2% adult extraoc-

ular and lumbrical muscles, 4% all tongue tissue) and

blocked in 10% donkey serum (Jackson ImmunoRe-

search, West Grove, PA) in 0.1M PBS for 1 hour at

room temperature before incubation with primary anti-

bodies directed against synaptic vesicle protein (SV2)

(Buckley and Kelly, 1985) and neurofilament (2H3)

(Dodd et al., 1988) overnight at 48C. Further details of

primary antibodies are listed in Table 5. After washing

in 0.1% Triton X-100 and 10% donkey serum in 0.1M

PBS for 1 hour at 48C, muscles were incubated for 3

hours with Alexa Fluor 488 donkey antimouse second-

ary antibody in 0.1M PBS (1:500, Life Technologies,

Bethesda, MD). Muscles were washed in 0.1M PBS for

30 min and then exposed to a-bungarotoxin (a-BTX)

conjugated to tetramethyl-rhodamine isocyanate (TRITC;

1:1,000, Life Technologies) for 10 minutes to label

postsynaptic acetylcholine receptors. Muscles were

then whole-mounted in Mowiol 4-88 (Sigma-Aldrich) on

glass slides and coverslipped for subsequent imaging.

Antibody characterization
We used a mouse monoclonal anti-Neurofilament

(165 kDa) antibody from Developmental Studies Hybrid-

oma Bank (DSHB, 2H3, Iowa City, IA), catalog number

http://dshb.biology.uiowa.edu/2H3, antibody registry

AB_2314897, at a concentration of 1:50. The immunogen

used to generate the antibody was a membrane prepara-

tion obtained from embryonic day (E)14–E15 rat spinal

cord tissue. A mouse monoclonal antisynaptic vesicle gly-

coprotein 2A (SV2A) from DSHB, catalog number http://

dshb.biology.uiowa.edu/synaptic-vesicles, antibody regis-

try ID AB_2315387 was used at a concentration of

1:100. The immunogen used to generate this antibody

was purified synaptic vesicles. Omission of either primary

or secondary antibodies did not result in significant back-

ground levels (Fig. 1M,N).

TABLE 4.

Number of SOD1G93A Mice and Control Littermates Used

to Quantify Postsynaptic Pathology

Age

(postnatal

day) Genotype

Muscle

group

N

Mice Muscles Endplates

P56 Control Extraocular 3 10 354
Lumbricals 4 15 459

SOD1G93A Extraocular 3 7 239
Lumbricals 5 19 565

P84 Control Extraocular 3 10 369
Tongue 3 3 291
Lumbricals 4 11 347

SOD1G93A Extraocular 4 13 549
Tongue 4 4 384
Lumbricals 4 14 489

P112 Control Extraocular 5 17 472
Tongue 5 5 437
Lumbricals 9 27 1188

SOD1G93A Extraocular 4 14 553
Tongue 6 6 449
Lumbricals 7 18 791

P133 Control Extraocular 3 8 334
Tongue 4 4 285
Lumbricals 3 10 376

SOD1G93A Extraocular 4 14 444
Tongue 4 4 297
Lumbricals 4 16 461

TABLE 5.

Antibodies Used for Immunohistochemistry

Name of

antibody Immunogen Manufacturer Catalog number RRID Clonality

Host

species Concentration

Neurofilament
(165 kDa)

Membrane preparations
obtained from
E14-E15 rat spinal
cord tissue

DSHB (2H3) http://dshb.biology.
uiowa.edu/2H3

AB_2314897 Monoclonal Mouse 1:50

Synaptic vesicle
glycoprotein
2A

Purified synaptic
vesicles

DSHB (SV2) http://dshb.biology.
uiowa.edu/
synaptic-vesicles

AB_2315387 Monoclonal Mouse 1:100

Selective vulnerability in ALS and SMA
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Figure 1. Morphology of muscle groups analyzed. Example confocal micrographs of muscles from a P84 wildtype mouse, stained with pre-

synaptic markers 2H3 (neurofilament protein) and SV2 (synaptic vesicle protein 2) to label the incoming nerve terminal and a-

bungarotoxin (a-BTX) to visualize the acetylcholine receptors on the postsynaptic muscle. Overview black and white images of both fluo-

rescent channels of the whole muscles are provided, as well as high-magnification merges. Extraocular muscles analyzed included exam-

ples from both the orbital (A–D) and global (E–H) layers surrounding the eye. Montages shown are of whole-mount superior rectus

muscles, showing the full innervation pattern (A,E) visualized with SV2 and 2H3 staining, and typical location of the endplate band (B,F)

stained with a-BTX in both layers of muscle. Numerous examples of en-grappe endplates were seen in the orbital layer (inset 2 in C), but

were not included in our analysis. Individual endplates are shown in the fluorescent merges (C,D,G,H; SV2 and 2H3 in green, a-BTX in

magenta). I–L: Reconstructed montage of the innervation pattern of the tongue. As tongue muscles were too large to allow for whole-

mount visualization, multiple 30-lm thick sections were analyzed per muscle. As with the other muscle groups, the general pattern of

innervation was remarkably conserved. M,N: Control immunostaining of tongue muscle. Omission of primary (M) or secondary (N) antibod-

ies for neurofilament. Endplates were visualized with a-BTX. O–R: Whole-mount reconstruction of the first deep lumbrical muscle from the

hind-paw, showing the typical innervation pattern (O) and endplates located in the center of each muscle fiber (P). All images shown here

are representative of the morphology of the muscles analyzed in each group throughout this study. Scale bars 5 500 lm in B,F,J,P; 50 lm

in Q (applies to C,G,K); 20 lm in R (applies to D,H,L,M,N).



Imaging and analysis
Muscle preparations were viewed using either a

standard epifluorescence microscope (Zeiss Axio Imager

M1 Upright microscope) or a laser scanning confocal

microscope (Zeiss LSM700). Reconstructions of entire

adult muscles from P84 wildtype animals for Figure 1

were performed using Zen software. Neuromuscular

junctions (NMJs) from regions across the entire muscle

were assessed in each preparation (detailed numbers

are listed in Tables (1–4)). All analyses were performed

blind to the genetic status of the material. For presyn-

aptic analyses of extraocular, tongue, and lumbrical

muscles, endplates were categorized as vacant (no neu-

rofilament overlying the endplate), partially occupied

(neurofilament overlying up to 80% of the endplate), or

fully occupied (neurofilament overlying more than 80%

of the endplate). For postsynaptic measurements each

a-bungarotoxin-labeled motor endplate was manually

outlined using ImageJ software (NIH, Bethesda, MD),

which calculated total areas. Neonatal endplate matu-

rity was analyzed by counting the number of perfora-

tions per endplate (areas without a-bungarotoxin

staining within the perimeter of an endplate). All analy-

ses were performed on en-face endplates only, as well

as on Z-stack throughout the NMJs.

Statistics
All data were collected and analyzed using two-way

analysis of variance (ANOVA), followed by Tukey’s post-

hoc test, in GraphPad Prism software (San Diego, CA).

All results are expressed as mean 6 SEM.

RESULTS

The three muscle groups analyzed showed
a consistent pattern of innervation
between mice

In this study we analyzed the neuromuscular junction

in three muscle groups: the extraocular muscles (sur-

rounding the eye), tongue, and lumbricals (from the

plantar surface of the hind-paw; Fig. 1). We included

both orbital and global layers of extraocular muscle

when dissection allowed this, and saw a consistent pat-

tern of innervation in all adult muscles analyzed (Fig.

1A–H). Muscle endplates were located in a dense band,

with a second band of smaller en-grappe endplates dis-

tal to this (Fig. 1B–D). Multiple en-grappe endplates are

found on �20% of muscle fibers in extraocular muscles,

highly unusually for mammals who characteristically

have a 1:1 ratio of endplate to muscle in the adult

(Dietert, 1965; Namba et al., 1968; Porter, 2002). They

are typically small and are innervated by subgroups of

oculomotor neurons (Buttner-Ennever et al., 2001). Due

to their small size and distinct innervation pattern, en-

grappe endplates were omitted from all analyses. How-

ever, no examples of vacant or partially occupied en-

grappe endplates were seen in any muscle preparations

from either SMA or SOD1G93A mice (data not shown).

The exterior part of the tongue was used for analysis.

Two longitudinal bands of endplates were repeatedly

observed, one per lateral side (Fig. 1I–L). In between

these bands, scattered endplates were present in

mainly the medial and posterior region (Fig. 1J–L). Out-

side of the lateral bands, small clusters of endplates

were observed, of which the individual endplates were

consistently bigger in size compared to those in the

main bands. To control for unspecific anti-SV2 and 2H3

NF antibody stainings, we conducted control experi-

ments, omitting either primary (Fig. 1M) or secondary

antibodies (Fig. 1N), shown here for tongue muscle,

while visualizing endplates with a-BTX. These experi-

ments showed clearly that the antibody stainings were

specific. The lumbrical muscles are located between

the toes of the hind-paw and are innervated by the tib-

ial nerve, which projects from the lumbar and sacral

spinal cord. In our whole mount preparations of the first

to fourth lumbrical muscles we routinely observed the

typical endplate band in the center of the muscle fibers

(Fig. 1O–R) in all mice analyzed.

Presynaptic pathology in the SMND7 mouse
model of SMA
Innervation of the extraocular and tongue
muscles was preserved in SMA, whereas
lumbrical muscles showed loss of innervation
at endstage
We began our analysis of neuromuscular pathology by

quantifying innervation of neuromuscular junctions in

extraocular, tongue, and lumbrical muscles in SMA

mice over time. Motor endplates were categorized as

fully occupied, partially occupied, or vacant based on

the percentage covered by overlying nerve terminal.

The timepoints used for all SMA analyses were P5

(early-symptomatic; SMA have an impaired righting

response when placed on their side), P10 (mid-sympto-

matic; SMA mice are significantly smaller than control

littermates and loss of limb coordination can be seen),

and P14 (late-symptomatic; SMA typically die at P15).

Neither the extraocular muscles (Fig. 2A–G) nor the

tongue (Fig. 2H–N) showed any significant denervation

in SMA mice over time compared to control littermates,

from early to late-symptomatic stages of disease (Fig.

2A–N; P > 0.05 for all timepoints in both muscle

groups). However, by late-stage (P14) endplates in SMA

lumbrical muscles had significant levels of denervation

Selective vulnerability in ALS and SMA
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Figure 2. Analysis of presynaptic innervation of the neuromuscular junction in SMND7 SMA mice. A–F: Confocal micrographs showing rep-

resentative images of neuromuscular junctions in extraocular muscles of SMA mice (D–F) and control littermates (A–C) at P5 (early-symp-

tomatic; A,D), P10 (mid-symptomatic; B,E), and P14 (late-symptomatic; C,F), stained for 2H3, SV2 (green), and a-BTX (magenta). G: Bar

graph showing percentages of fully occupied endplates in the extraocular muscles of control (white bars) and SMA (black bars) mice

across time. There was no significant change in the levels of fully occupied endplates in mice of either genotype at P5, P10, or P14 (P >

0.05 for all timepoints). H–M: Confocal micrographs showing neuromuscular junctions in the tongue muscle of SMA mice (K–M) and con-

trol littermates (H–J) at P5 (H,K), P10 (I,L), or P14 (J,M). N: Neuromuscular junctions in the tongue muscles of SMA mice remained fully

innervated throughout the time course of the disease, at levels comparable to those seen in control littermates (P > 0.05 for all time-

points). O–T: Confocal micrographs of neuromuscular junctions in the lumbrical muscles of SMA mice (R–T) and control littermates (O–Q)

at P5 (O,R), P10 (P,S), or P14 (Q,T). Arrowheads indicate examples of partially innervated endplates and asterisks mark vacant endplates,

seen in SMA muscle. U: By P14 (late-stage disease) lumbrical muscles in SMA mice showed a significant decrease in the percentage of

fully occupied endplates compared to controls (P14 P < 0.01). At earlier timepoints there was no significant difference in levels of inner-

vation between the genotypes (P5 and P10 P > 0.05). All bar graphs are mean 6 SEM; 2-way ANOVA with Tukey’s post-hoc test. White

bars indicate control mice and black bars SMA mice throughout. N 5 minimum of 3 mice per group. For details of total numbers of mice,

muscles and neuromuscular junctions analyzed, see Table 1. Scale bar 5 40 lm in T (applies to all).



compared to control littermates (Fig. 2O–U; P < 0.01;

asterisks in T indicate partially occupied endplates and

arrowheads show vacant endplates).

Neurofilament proteins accumulated
presynaptically in vulnerable lumbrical
muscles, but not in extraocular or tongue
muscles
While analyzing levels of denervation in the lumbrical

muscles we noticed frequent incidences of presynaptic

terminals with large accumulations of neurofilament

protein. This has been shown to be a pathological fea-

ture of SMA in previous work on other mouse models

of the disease (Cifuentes-Diaz et al., 2002; Kariya et al.,

2008; Murray et al., 2008; Kong et al., 2009). In the

lumbricals we found a significant increase in the per-

centage of neuromuscular junctions in SMA mice with

neurofilament accumulations from P10 onwards (Fig.

3A–D). At the mid-symptomatic P10 timepoint, 9.8% of

endplates analyzed in SMA lumbricals displayed accu-

mulations of neurofilament, compared to just 1% in con-

trol littermates (Fig. 3B,D; P < 0.001). By late-stage of

the disease (P14) 18% of endplates analyzed in SMA

lumbrical muscles had large neurofilament accumula-

tions in their presynaptic terminals (Fig. 3C,D; P <

0.0001). We next assessed levels of neurofilament

accumulation in the extraocular and tongue muscles.

Even at P14 there was no increase in neurofilament in

extraocular or tongue presynaptic terminals, in contrast

to the lumbricals (Fig. 3E–H; extraocular P > 0.05,

tongue P > 0.05, lumbricals P < 0.0001). Our results

indicate that the presynaptic apparatus of the neuro-

muscular junction remains unchanged in extraocular

and tongue muscles in SMA mice even at endstage,

whereas pathological features such as denervation and

neurofilament accumulation can be found in the lumbri-

cal muscles from the mid-symptomatic stage onwards.

Postsynaptic pathology in the SMND7
mouse model of SMA
Decreased endplate area and maturity in
lumbrical muscles as a consequence of SMA
We next measured the area of postsynaptic endplates

on the muscle fibers of SMA mice and control

Figure 3. Neurofilament proteins accumulate presynaptically in lumbrical muscles, but not in extraocular or tongue muscles in SMND7

SMA mice. A–C: Confocal micrographs showing an increase in abnormal neurofilament accumulations in the presynaptic nerve terminals

of neuromuscular junctions in SMA lumbrical muscles over time. Examples of accumulated neurofilament protein are marked by asterisks

and can been seen at P10 (B) and P14 (C). D: The percentage of endplates with overlying neurofilament accumulation increased over time

in the lumbrical muscles of SMA mice (black bars), compared to low levels (<2.5%) in control mice (white bars) at all timepoints (P5 P >

0.05; P10 P < 0.001; P14 P < 0.0001). E–G: Confocal micrographs showing extraocular (EOM; E) and tongue muscle (F) neuromuscular

junction morphology at P14 with no evidence of neurofilament accumulation, compared to pathological neurofilament accumulation in the

lumbrical muscles (G) at the same timepoint. Asterisks mark neuromuscular junctions with abnormal levels of neurofilament proteins. H:

Quantification of neurofilament accumulation in P14 extraocular, tongue, and lumbrical muscles in control and SMA mice. Extraocular and

tongue muscles from both control and SMA mice had very low levels of neurofilament accumulation, in contrast to the high levels in SMA

lumbrical muscles at this timepoint (extraocular P > 0.05; tongue P > 0.05; lumbricals P < 0.0001). All muscles were stained for 2H3,

SV2 (green) and a-BTX (magenta). Scale bar 5 20 lm in G (applies to all).
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littermates. At the early (P5) and mid-symptomatic

(P10) timepoints there was no difference in the size of

endplates in the extraocular muscles in SMA mice (Fig.

4A,B,D,E,G; P5 P > 0.05, P10 P > 0.05). However, by

endstage (P14) endplates in the SMA extraocular

muscles were significantly smaller than those in control

littermates (Fig. 4C,F,G; P14 P < 0.01). This appeared

to be due to a failure of SMA endplates to increase in

size between P5 and P14, whereas control endplates

were significantly larger at P14 than P5, leading to the

difference seen between the genotypes (Fig. 4H; control

P5–P14 P < 0.05, SMA P5–P14 P > 0.05). In the

tongue muscle there was no increase in size of end-

plates observed across time between P5 and P14 in

either SMA or control mice (Fig. 4H–N). Consequently,

there was no difference in endplate area between the

two genotypes at any of the timepoints studied (Fig.

4N; P > 0.05 for all timepoints). In lumbrical muscles

we observed an increase in endplate area across time

in both control and SMA mice (Fig. 4O–Q, U; control

P5–P14 P < 0.0001, Fig. 4R–U; SMA P5–P14 P <

0.01). However, while endplates in control muscles

increased in size by 78.6% between P5 and P14 (from

79.8 lm2 to 142.5 lm2), those in SMA muscles only

had a 39.2% increase in size in the same time frame

(from 73.0 lm2 to 101.6 lm2). This translated to a sig-

nificant difference in endplate area in SMA lumbrical

muscles compared to control from P10 onwards (Fig.

4U; P5 P > 0.05, P10 P < 0.05, P14 P < 0.0001). As

endplates mature they increase both in size and in

sophistication of morphology (Sanes and Lichtman,

2001; Kong et al., 2009). To measure this we quantified

the number of perforations in endplates in endstage

(P14) extraocular, tongue, and lumbrical muscles in

SMA and control mice. There was no difference in the

percentage of endplates with perforations in SMA mice

in either extraocular or tongue muscles compared to

controls at this timepoint (Fig. 5A–C; extraocular P >

0.05, tongue P > 0.05). In contrast, there was a huge

decrease in the percentage of endplates with perfora-

tions in the lumbrical muscles, from 57.0% in controls

to just 8.4% in SMA mice (Fig. 5A–C; lumbricals P <

0.0001), indicating a simplified morphology and a

reduction of maturity in this muscle. Quantification of

percentage of endplates with perforations alone may

underestimate the pathology in SMA due to the poten-

tial for multiple perforations per endplate as they

mature (Fig. 5A). We therefore counted the total num-

ber of perforations per endplate in control and SMA

mice (Fig. 5C–E) and calculated the average number of

perforations per endplate at P14 across our three mus-

cle groups (Fig. 5C). Once again, we saw no difference

in the extraocular or tongue muscles in the SMA mice,

but a decrease in average number of perforations in

lumbrical endplates from 0.84 in control mice to 0.10

in SMA (Fig. 5C; extraocular P > 0.05, tongue P >

0.05, lumbricals P < 0.0001).

Presynaptic pathology in the SOD1G93A

mouse model of ALS
The pattern of selective vulnerability of
lumbrical muscles was conserved in ALS
In order to compare pathology and the selective resist-

ance of the extraocular muscles across diseases, we

next turned our attention towards the SOD1G93A mouse

model of ALS. As with the SMA mice, we began by

quantifying presynaptic innervation of the same three

muscle groups across time. Here we used P56 and P84

as early-stage timepoints, P112 as mid-stage, and P133

as late-stage. SOD1G93A mice show clinical symptoms

from P85, a loss of spinal motor neurons at P100, and

a life span of �160 days. Recapitulating the pattern

seen in SMA, there was no change in the level of pre-

synaptic innervation in the extraocular muscles of

SOD1G93A mice (Figs. 6A–H, 7A,B). This was reflected

by a constant, high level of fully occupied endplates

(Figs. 6A–H, 7A), accompanied by a low percentage (0–

4.9%) of partially occupied endplates, which increased

slightly during disease progression (P < 0.01, Fig. 7B).

Tongue muscles also remained highly innervated, with

no significant difference in fully occupied endplates

between SOD1G93A mice and control littermates across

the timepoints measured (Figs. 6I–N, 7C). However, in

SOD1G93A mice the percentage of fully occupied end-

plates was significantly lower at P133 compared to P84

(P < 0.01). The number of partially occupied endplates

was increased at P112 in SOD1G93A mice compared to

control littermates (P < 0.01, Fig. 7D), but not at P133.

The lack of an increase of partial occupancy at P133 is

likely a reflection of the variability in disease progres-

sion stage among the mice, as animals show a range in

life-span from P155–P180. This was reflected by the

large span in percentage of partially occupied (10–35%)

endplates at this timepoint. A similar spread was

observed for fully occupied endplates (44–90%), possi-

bly explaining the lack of difference between SOD1G93A

and control mice at P133.

In contrast to the extraocular and tongue muscles,

the lumbrical muscles in SOD1G93A mice already had a

profound decrease in the level of innervation by P84

(Figs. 6O,P,S,T, 7C; P84 P < 0.001), which persisted

through both further timepoints analyzed (Figs.

6Q,R,U,V, 7E; P112 P < 0.001, P133 P < 0.001). How-

ever, the percentage of fully occupied neuromuscular

junctions remained similar throughout the remainder of
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Figure 4. Analysis of postsynaptic endplate area in SMND7 SMA mice. A–F: Representative black and white confocal micrographs showing

images of endplates in extraocular muscles of SMA mice (D–F) and control littermates (A–C) at P5 (A,D), P10 (B,E), and P14 (C,F), stained

with a-BTX. G: Bar graph showing endplate area increasing in the extraocular muscles of control mice across time (white bars; control P5–

P14 P < 0.05) without equivalent growth in SMA endplates over time (black bars; SMA P5–P14 P > 0.05). By P14 there was therefore a sig-

nificant difference in endplate size between the two genotypes (P14 P < 0.01). H–M: Confocal micrographs muscle endplates in the tongue

muscle of SMA mice (K–M) and control littermates (H–J) at P5 (H,K), P10 (I,L), or P14 (J,M). N: Endplates in the tongue muscle remained sim-

ilar in size between P5 and P14 in both SMA and control muscles (P > 0.05 for all timepoints). O–T: Confocal micrographs of muscle end-

plates in the lumbrical muscles of SMA mice (R–T) and control littermates (O–Q) at P5 (O,R), P10 (P,S), or P14 (Q,T), showing smaller and

misshapen endplates in SMA muscles from P10 onwards. U: Despite an increase in SMA endplate areas between P5 and P14(black bars;

SMA P5–P14 P < 0.01), growth here was stunted compared to control littermates (white bars; control P5–P14 P < 0.0001), resulting in

decreased endplate area in SMA lumbricals compared to controls from P10 onwards (P5 P > 0.05; P10 P < 0.05; P14 P < 0.0001). For

details of total numbers of mice, muscles and endplates analyzed, see Table 2. Scale bar 5 40 lm in T (applies to all).



the disease time course (Fig. 7E, P84: 67.2%, P112:

63.6%, P133: 64.5%), despite a worsening of the clinical

phenotype in SOD1G93A mice between these timepoints.

We hypothesize that this could be due to an increase in

the levels of reinnervation in this muscle, leading to

newly innervated neuromuscular junctions in the later

timepoints. This is supported by a significant increase in

the percentage of partially occupied endplates seen at

the later timepoints of P112 and P133 (Fig. 7F; P112 P

< 0.01, P133 P < 0.01). While these reinnervated end-

plates appear anatomically formed, they may not yet be

fully functional, thus leading to the worsening phenotype

in SOD1G93A mice despite regenerative responses. The

pattern of preserved presynaptic innervation in the extra-

ocular muscles and tongue and denervation of the lumbr-

ical muscles in ALS parallels that seen in SMA. In

contrast, no neurofilament accumulation was seen in any

muscles from the SOD1G93A mice, unlike in SMA, where

it is present from mid-symptomatic stages in vulnerable

muscle groups (unpubl. obs.).

Figure 5. Decreased maturity of postsynaptic endplates in lumbrical muscles in SMA mice. A: Confocal micrographs showing example

images of endplates from a control lumbrical muscle, with one, two, and three perforations, denoted by asterisks. B: Bar graph showing

the percentage of endplates with any examples of perforations in extraocular (EOM), tongue, and lumbrical muscles in SMA and control

mice at P14. No difference was seen in either extraocular or tongue muscles (P > 0.05 for both), but there was a significant decrease in

the percentage of endplates with perforations in SMA lumbrical muscles (P < 0.0001). C: Bar graph showing the average number of perfo-

rations per endplate at P14 across the three muscle groups. Once again, no difference was seen in the extraocular or tongue muscles in

the SMA mice, but there was a significant decrease in the average number of perforations in lumbrical endplates in SMA (extraocular P >

0.05; tongue P > 0.05; lumbricals P < 0.0001). D,E: Bar graphs showing the percentage of endplates in control (D) and SMA (E) mice

with one, two, or more than three perforations. Scale bar 5 10 lm in A.
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Figure 6. Presynaptic innervation of neuromuscular junctions in SOD1G93A ALS mice. A–H: Confocal micrographs showing representative

images of neuromuscular junctions in extraocular muscles of SOD1G93A mice (E–H) and control littermates (A–D) at P56 (A,E), P84 (pre-

symptomatic; B,F), P112 (mid-symptomatic; C,G), and P133 (late-symptomatic; D,H). I–N: Confocal micrographs of neuromuscular junc-

tions in the tongue muscle of SOD1G93A mice (L–N) and control littermates (I–K) at P84 (I,L), P112 (J,M), and P133 (K,N). O–V: Confocal

micrographs of neuromuscular junctions in the lumbrical muscles of SOD1G93A mice (S–V) and control littermates (O–R), showing vacant

endplates (indicated by asterisks) in SOD1G93A muscle from P84 onwards. All muscles were stained for 2H3, SV2 (green) and a-BTX

(magenta). Scale bar 5 40 lm in V (applies to all).
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Postsynaptic pathology in the SOD1G93A

mouse model of ALS
Endplate area was significantly decreased in
lumbrical muscles in ALS
Finally, we measured the area of postsynaptic endplates

on the muscle fibers of SOD1G93A mice across the same

range of timepoints. Corresponding to the lack of presyn-

aptic pathology in extraocular and tongue muscle groups,

in these mice we saw no alteration in endplate area in

either of these muscles, even at late-stage disease (Figs.

8A–N, 9A,B). In contrast, endplates in SOD1G93A lumbri-

cal muscles were significantly smaller than those in their

control counterparts from P112 onwards (Figs. 8O–V,

9C; P112 P < 0.01, P133 P < 0.001).

DISCUSSION

This article provides a detailed analysis of pathology

at the neuromuscular junction across muscle groups in

Figure 7. Quantification of presynaptic innervation of the neuromuscular junction in SOD1G93A ALS mice. A: Bar graph depicting percen-

tages of fully occupied endplates in the extraocular muscles of control (white bars) and SOD1G93A (black bars) mice across time. There

was no significant change in the levels of fully occupied endplates in SOD1G93A mice at any timepoint (P > 0.05 for all timepoints). B:

Quantification of partially occupied endplates in extraocular muscle. No difference between SOD1G93A mice and controls is observed at

any timepoint, although partial occupancy does increase in ALS mice from P84 to P133 (P < 0.01). C: Neuromuscular junctions in the

tongue muscles of SOD1G93A mice remained fully innervated up until P133, at levels comparable to those seen in control mice at all time-

points (P > 0.05 for all timepoints). D: Partial occupancy of neuromuscular junctions in the tongue. The level of partial occupancy was

higher in SOD1G93A mice compared to controls at P112 (P < 0.01) but not at P133. Overall, SOD1G93A mice display increasing levels of

partial occupancy from P84 to P133 (P < 0.01). E: The percentage of fully occupied endplates in lumbrical muscles was significantly

reduced in SOD1G93A mice from P84 onwards (P84 P < 0.001; P112 P < 0.001; P133 P < 0.001). F: Incidences of partially occupied end-

plates were increased inSOD1G93A lumbricals compared to controls at P112 (P < 0.001) and P133 (P < 0.01). In the ALS mice, the num-

ber of partially occupied endplates increased from P56 to P133 (P < 0.001). N 5 minimum of 3 mice per group. For details of total

numbers of mice, muscles and neuromuscular junctions analyzed, see Table 3.
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Figure 8. Postsynaptic endplate areas in SOD1G93A ALS mice. A–H: Representative black and white confocal micrographs of endplates in extra-

ocular muscles of SOD1G93A mice (E–H) and control littermates (A–D) at P56 (A,E), P84 (B,F), P112 (C,G) and P133 (D,H), stained with a-BTX.

I–N: Confocal micrographs of endplates in tongue muscle of SOD1G93A mice (L–N) and control littermates (I–K) at P84 (I,L), P112 (J,M), and

P133 (K,N). Endplates in the tongue were much smaller than those in other muscle groups examined. O–V: Confocal micrographs of muscle

endplates in the lumbrical muscles of SOD1G93A mice (S–V) and control littermates (O–R), showing smaller endplates in SOD1G93A muscles from

P112 onwards. For details of total numbers of mice, muscles and endplates analyzed, see Table 4. Scale bar 5 40 lm in V (applies to all).

Selective vulnerability in ALS and SMA

The Journal of Comparative Neurology | Research in Systems Neuroscience 1437



two different mouse models of motor neuron disease.

In the SMND7 model of SMA we have shown that the

lumbrical muscles of the hind-paw display a loss of neu-

ronal innervation in late-stage mice, with pathological

inclusions of neurofilament aggregating at the nerve ter-

minals prior to any loss of connection. This muscle also

displays a reduction in both the size and sophistication

of the motor endplates on the muscle fibers. In con-

trast, there was no evidence of presynaptic pathology

in either the extraocular or tongue muscles in SMA

mice, and postsynaptic endplates appeared similarly

mature in SMA and control animals. In the SOD1G93A

mouse model presynaptic pathology in the lumbrical

muscles was evident from an early-symptomatic time-

point, with no equivalent loss of innervation apparent in

either the extraocular or tongue muscles. From mid-

symptomatic onwards postsynaptic endplates in lumbri-

cals were smaller in ALS animals but remained

unchanged in other muscle groups. Thus, the pattern of

selective vulnerability was conserved across these two

mouse models of motor neuron disease. However, the

first evidence of neuromuscular pathology occurred at

different timepoints of disease progression, with much

earlier evidence of presynaptic involvement in ALS, pro-

gressing to changes on the postsynaptic side. Con-

versely, in SMA changes appeared concomitantly at the

neuromuscular junction, suggesting a dissociation of

pre- and postsynaptic pathology in this disease.

Neuromuscular pathology in SMND7
SMA mice

Here we report the first evidence of sparing of

ocular-motor neuromuscular junctions in the extraocular

muscles in SMA. The relative resistance of this muscle

group, even at endstage disease, is very much in agree-

ment with clinical studies of SMA patients, where eye

movement appears spared (Kubota et al., 2000). In con-

trast, the lack of involvement of the hypoglossal motor

neurons innervating the tongue is in direct contradiction

to clinical reports of tongue fasciculations (Iannaccone

et al., 1993) and bulbar involvement leading to feeding

and swallowing problems in patients. To our knowledge

there have been no previous investigations into pathol-

ogy of the tongue muscle in SMA animal models, but

other muscles of mastication and swallowing were

found to be denervated at endstage disease in the

SMND7 model of SMA (Ling et al., 2012).

Our analysis of the three muscle groups showed that

the neuromuscular junctions of lumbrical muscles were

selectively vulnerable in both ALS and SMA. However,

denervation occurred very late even in this vulnerable

muscle group in SMA mice (P14) compared to the visi-

ble clinical phenotype, which is already evident at P6.

This is in agreement with previous studies using the

SMND7 model of SMA, which have shown only modest

levels of denervation in other muscles compared to

more severe models of SMA (Cifuentes-Diaz et al.,

2002; Kariya et al., 2008; Murray et al., 2008; Kong

et al., 2009). A more accurate measure of pathology at

the neuromuscular junction in SMA mice is the accumu-

lation of neurofilament proteins either in the

Figure 9. Quantification of postsynaptic endplate area in

SOD1G93A ALS mice. A: Bar graph showing no change in endplate

area across time or between extraocular muscles of SOD1G93A

mice (black bars) and control mice (white bars) (P > 0.05 for all

timepoints). B: No change was observed in endplate area of

tongue neuromuscular junctions at any timepoint between SOD1
G93A mice and controls (P > 0.05 for all timepoints). C: Endplates

in SOD1G93A lumbricals were significantly smaller in area than

those in control mice at P112 and P133 (P56 and P84 P > 0.05;

P112 P < 0.01; P133 P < 0.001). N 5 minimum of 3 mice per

group. For details of total numbers of mice, muscles and neuro-

muscular junctions analyzed, see Table 4.
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preterminal axon or in the nerve terminal itself

(Cifuentes-Diaz et al., 2002). Using this measure we

saw significant pathology at the P10 timepoint in the

lumbricals, while even at endstage the extraocular

muscles and tongue remained unaffected. This points

to a high level of resistance in these muscle groups in

this SMA mouse model, as neurofilament accumulation

is a relatively early pathological presynaptic feature.

In addition to the presynaptic changes seen in the

lumbrical muscles, this group also displayed morpholog-

ical changes postsynaptically that appeared pathologi-

cal. Endplates in SMA mice were smaller than those in

their control counterparts from P10 onwards, preceding

any presynaptic denervation and coinciding with signifi-

cant levels of neurofilament accumulation. They also

appeared misshapen and less mature, with fewer perfo-

rations indicating a slower switch from the neonatal

plaque-like configuration to the adult pretzel morphol-

ogy. This is an agreement with previous studies on

other vulnerable muscle groups (Kong et al., 2009).

Endplate maturation has been linked to a switch in ace-

tylcholine receptor subunit expression from a g- to an

e-subunit (Yumoto et al., 2005), which has been shown

to be delayed in the severely affected intercostal and

paraspinal muscles, but not in the relatively resistant

diaphragm in SMA (Kong et al., 2009). This remains to

be investigated in light of the differential vulnerability

seen in the muscle groups studied here.

The smaller endplate area of SMA extraocular

muscles at late-stage disease puzzled us initially, as

this was the only evidence of any pathology in this

muscle group. Additionally, other than their smaller

size, endplates appeared morphologically normal, unlike

those in the lumbrical muscles. We therefore hypothe-

size that the difference in size between control and

SMA endplates in the extraocular muscles at the P14

timepoint was due to the lack of myofiber growth in the

SMA mice, rather than a pathological shrinkage of this

muscle group. Indeed, endplate and myofiber size were

shown to be correlated during growth (Balice-Gordon

and Lichtman, 1990). Moreover, SMA mice in our col-

ony are significantly smaller than their control litter-

mates by P6, and by P10 have a 48% reduction in

overall body weight (colony records, data not shown).

Stunted myofiber growth has also been reported before

in the SMND7 model of SMA, although not in the mus-

cle groups analyzed here (Le et al., 2005; Kong et al.,

2009; Lee et al., 2011). This failure to grow continues

until endstage disease, and it is therefore reasonable to

assume that muscle groups that would usually be gain-

ing in mass and size of muscle fibers during this post-

natal period were smaller in the SMA animals, and thus

gave rise to smaller endplate areas. In the tongue, mus-

cle endplates do not increase in area between P5 and

P14 even in control animals, and thus no difference in

size is seen in the SMA mice. In fact, tongue muscles

appear to have small endplate areas even in adulthood;

tongue endplates from control mice in our SOD1G93A

colony are less than half the size of those in extraocu-

lar or lumbrical muscles.

Neuromuscular pathology in SOD1G93A

ALS mice
We see the same pattern of lumbrical vulnerability and

relative resistance of extraocular and tongue muscles

repeated in the SOD1G93A mouse model of ALS. The spar-

ing of extraocular muscle seen here is in agreement with

previous reports showing no loss of presynaptic innerva-

tion even at endstage in these mice (Tjust et al., 2012;

Valdez et al., 2012). Several studies have documented an

early degeneration of corticospinal motor neurons in the

SOD1G93A mouse (Ozdinler et al., 2011; Jara et al., 2012;

Yasvoina et al., 2013). These findings clearly demonstrate

that not only spinal and lower brainstem motor neurons

are vulnerable in this ALS model, but also upper motor

neurons, thus strengthening the finding of relative oculo-

motor neuron resistance. Valdez and colleagues also

reported a sparing of this muscle group in aging, when

muscles in the hindlimb, trunk, and neck are all suscepti-

ble to age-related structural changes (Tjust et al., 2012;

Valdez et al., 2012).

Hypoglossal motor neuron somas have been shown

to already be affected in 90-day-old mice, with a 12%

cell loss at this stage and 28% at endstage of disease

(Haenggeli and Kato, 2002). While in our analysis the

percentage of fully occupied endplates did not differ

between control and SOD1G93A mice within each time-

point, the SOD1G93A mice showed a progressive

decrease of fully occupied endplates over time. The

lack of difference between control and ALS mice likely

reflects the large variability in disease stage of SOD1

mice at the timepoints analyzed.

One explanation for this apparent discrepancy

between a larger central motor neuron loss with a

milder peripheral NMJ pathology could be that motor

neurons of the hypoglossal nucleus display regenerative

properties and that such events mask the ongoing

degeneration. Indeed, it has been shown that hypoglos-

sal motor neurons display a high level of synaptic

sprouting in the SOD1G93A mouse, as indicated by their

increased uptake and retrograde transport of muscle-

injected adenoviruses (Millecamps et al., 2001). A high

percentage of partially occupied endplates can indicate

a regenerative phenotype in a muscle, as endplates are

vacated and then reinnervated, passing through a

Selective vulnerability in ALS and SMA
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partially occupied state. In accordance with this, we

found that the percentage of partially occupied end-

plates increased with disease in the tongue of

SOD1G93A mice. Within timepoints a significant differ-

ence in partial occupation between control and

SOD1G93A animals was observed at P112. However, no

significant difference was observed at P133, again likely

resulting from the large variability in disease stages of

mice of the same age, particularly visible at the later

timepoints.

In contrast to the extraocular and tongue muscles,

lumbrical muscles were highly denervated prior to the

onset of visible clinical symptoms in SOD1G93A mice.

The level of denervation did not appear to progress

between pre-symptomatic and late-symptomatic stages,

despite an obviously worsened phenotype in the mice.

This is likely due to reinnervation, which occurs during

disease progression (Bjornskov et al., 1984; Frey et al.,

2000; Fischer et al., 2004; Schaefer et al., 2005), and

is reflected in the increase in partially occupied end-

plates seen in this muscle group in our study.

Cross-disease comparison of ALS and SMA
Our analysis demonstrates that in ALS presynaptic

pathology in lumbricals precedes any morphological

changes at the endplate; in SMA evidence of pre- and

postsynaptic pathology appear simultaneously. This indi-

cates that mechanisms of neuromuscular disruption are

distinct in these diseases. Our results in the SOD1G93A

mouse are consistent with the model of selective death

of motor neurons in ALS, leaving disused muscle fibers,

which therefore atrophy and shrink, giving rise to

smaller motor endplates. Indeed, reduction of mutant

SOD1 in motor neurons delayed onset and early pro-

gression of disease (Boillee et al., 2006), and motor

neuron-specific expression of mutant SOD1 was suffi-

cient to cause motor neuron degeneration and induce

an ALS-like phenotype (Jaarsma et al., 2008).

Our observation of a simultaneous emergence of pre-

and postsynaptic alterations in the lumbricals in SMA

mice (at the mid-symptomatic P10 timepoint) indicates

that low levels of SMN protein affect both motor nerves

and muscle cells. However, recent genetic studies indi-

cate that muscle does not require high levels of SMN

protein, as muscle-specific removal of Smn in the

SMND7 mouse had no phenotypic effect (Iyer et al.,

2015). This would rather place the motor neuron as a

driver of disease in SMA, even though visible muscle

pathology appears simultaneously with presynaptic

motor neuron loss. Indeed, it was recently shown that

high SMN expression within motor neurons is required

to maintain proper electrophysiological properties

(McGovern et al., 2015).

Patterns of selective resistance and
vulnerability

The results reported here provide new evidence for

the relative resistance of the oculomotor neurons and

their extraocular muscle targets in SMA, and add to the

reports of conserved innervation of this muscle group

in ALS mice (Tjust et al., 2012; Valdez et al., 2012). A

key question in the field of motor neuron disease

research currently is what causes some neuromuscular

junctions to be resistant to disease triggers, while

others are highly sensitive to the same genetic

changes. Previous work has shown that this group of

motor neurons has a distinct transcriptional profile and

protein signature compared to other motor neuron

groups, which could be underpinning their resistant

properties (Hedlund et al., 2010; Brockington et al.,

2013; Comley et al., 2015). Further investigation into

the unique properties of these resistant motor neurons

may provide new clues allowing for the development of

therapeutic strategies to protect the vulnerable neuro-

muscular system.
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