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Aims: Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease with com-
plex aetiology. Despite evidence of neuromuscular junction (NMJ) denervation and
‘dying-back’ pathology in models of SOD1-dependent ALS, evidence in other genetic
forms of ALS is limited by a lack of suitable animal models. TDP-43, a key mediator pro-

3T mice. We therefore aimed

tein in ALS, is overexpressed in neurons in Thyl-hTDP-4
to comprehensively analyse NMJ pathology in this model of ALS.

Methods: Expression of TDP-43 was assessed via western blotting. Immunohistochemis-
try techniques, alongside NMJ-morph quantification, were used to analyse motor neuron
number, NMJ denervation status and terminal Schwann cell morphology.

Results: We present a time course of progressive, region-specific motor neuron pathol-
ogy in Thy1-hTDP-43"T mice. Thy1-driven hTDP-43 expression increased steadily, cor-
relating with developing hindlimb motor weakness and associated motor neuron loss in
the spinal cord with a median survival of 21 days. Pronounced NMJ denervation was
observed in hindlimb muscles, mild denervation in cranial muscles but no evidence of
denervation in either forelimb or trunk muscles. NMJ pathology was restricted to motor
nerve terminals, with denervation following the same time course as motor neuron loss.
Terminal Schwann cells were lost from NMJs in hindlimb muscles, directly correlating
with denervation status.

Conclusions: Thy1-hTDP-43"T mice represent a severe model of ALS, with NMJ pathol-
ogy/denervation of distal muscles and motor neuron loss, as observed in ALS patients.
This model therefore provides an ideal platform to investigate mechanisms of dying-back

pathology, as well as NMJ-targeting disease-modifying therapies in ALS.
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amyotrophic lateral sclerosis, motor neuron disease, NMJ denervation, TDP-43 proteinopathies,
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INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative dis-
ease characterised by loss of both upper and lower motor neurons.
This loss of motor neurons leads to progressive paralysis, muscle
weakness and atrophy, with premature death usually resulting from
respiratory failure [1]. ALS has both familial and sporadic aetiology,
with familial cases accounting for around 10% of patients. Several
mutations have been linked to familial ALS, in genes such as SOD1,
C90RF72, FUS and TARDBP, whereas the majority of sporadic ALS
cases have no clear genetic cause [2].

Lower motor neurons are highly specialised cells, with long axons
running between the cell body in the ventral horn of the spinal cord
and the neuromuscular junction (NMJ) with its target skeletal muscle,
making them uniquely vulnerable to damage and degeneration.
Molecular pathology reported to contribute to motor neuron degener-
ation includes axonal dysfunction [3], defects in RNA processing and
transport [4] and accumulation of toxic protein aggregates [5]. In addi-
tion to these pathways, one vital anatomical feature of the motor neu-
ron that has been strongly implicated in ALS pathology is the NMJ,
resulting in the characterisation of ALS as a ‘dying-back’ pathology
where dysfunction at the NMJ is a primary phenotype resulting in ret-
rograde signalling leading to the subsequent motor neuron cell
death [6].

The NMJ is a highly specialised tripartite synapse comprising a
presynaptic motor nerve terminal and a postsynaptic motor endplate
on the muscle fibre, capped by non-myelinating terminal Schwann
cells (tSCs) [7]. Structural changes at the NMJ have been reported in
human ALS patients, including denervation [8] and decreased NMJ
area [9], and loss of motor units represents an early event in the
course of the disease [10, 11]. Because of the difficulty in acquiring
human motor point biopsies, especially before the onset of symptoms,
mouse models are an important experimental tool for studying this
pathology. However, most studies on NMJ pathology in ALS have
relied on mutant SOD1 mouse models. Although these mice do mimic
ALS pathology with progressive motor dysfunction and early evidence
of NMJ denervation [12], the failure of almost all drugs to translate
from promising results in the SOD1 mouse into success in the clinic
has led many to question the validity of the model, particularly
because the mutation is only found in 1%-2% of ALS patients [2]. In
the SOD1 mouse model, denervation can be seen pre-
symptomatically, particularly in the tibialis anterior (TA) and gastrocne-
mius (GC) muscles [13], whereas denervation of the soleus (SOL) is not
seen until later time points [14]. The SOL muscle consists mostly of
‘slow’ fibre types and is considered resistant in ALS pathology com-
pared with muscles made up of fast-fatigable fibre types such as the
TA, which is considered vulnerable [15]. Additionally, a recent paper
has shown that fast motor neurons innervating the TA in the SOD1
mouse have selectively impaired axonal transport at early symptom-
atic stages, whereas slow motor neurons innervating the SOL are not
affected [16]. This idea of a pattern of vulnerability based on fibre

Key Practitioner Messages

o Thy1-hTDP-43"T is a mouse model of severe ALS, with
increasing expression of human TDP-43 protein leading
to a progressive motor phenotype and early death

¢ Thy1-hTDP-43"T mice develop a robust NMJ denerva-
tion phenotype, predominantly in hindlimb muscles, cor-
relating with motor neuron loss

e Terminal Schwann cell loss correlates with NMJ
denervation

e Thy1-hTDP-43"T mice provide an ideal model for study-
ing TDP-43-mediated NMJ pathology in ALS

type is pervasive in ALS research, yet solely based on the SOD1
mouse. Evidence of vulnerability patterns based on models other than
SOD1 are needed to confirm trends that can be applied to multiple
ALS patient groups.

Because of the complexity of ALS genetics, there are dozens of
alternative mouse models, some of which display NMJ denerva-
tion [17]. Several models target TDP-43 (TAR DNA-binding protein
43; gene name TARDBP), an RNA-binding protein found to be misloca-
lised in pathological cytoplasmic aggregates in the neurons of >95%
ALS patients [5, 18]. Importantly, these TDP-43-positive aggregates
are seen in both sporadic and familial ALS patients [19], and so TDP-
43 pathology represents a key feature of ALS regardless of genetic
background. Mouse models overexpress either wild-type or mutant
forms of TDP-43. Some models show NMJ denervation, but most
studies only assess one muscle type, and denervation is often only
seen at very late stages, often at time points over a year old, creating
logistical difficulties [20, 21]. However, TDP-43 has been shown to
contribute to axonal outgrowth and is actively transported along the
axon, with some evidence of pathological localisation to the
NMJ [22]. A model based on TDP-43 that shows clear NMJ pathology
would therefore be valuable for future ALS research.

Given the key role of TDP-43 in ALS pathology, we have under-
taken a comprehensive analysis of motor neuron and NMJ pathology
in the Thy1-hTDP-43"T mouse model. This mouse model recapitu-
lates hallmarks of severe ALS with progressive paralysis and short-
ened lifespan, resulting from neuronal-specific overexpression of the
human TDP-43 transgene under the neuronal Thyl promoter [23].
Motor symptoms and decreased survival in this model have already
been described, along with cellular accumulation of ubiquitinated
TDP-43. However, it remains unclear as to whether this mouse model
represents a robust means to study TDP-43-mediated motor neuron
and NMJ pathology. Additionally, the presence of motor neuron/NMJ
pathology in the Thy1-hTDP-43"YT mouse model would allow us to
establish whether the widely reported pattern of selective vulnerabil-

ity in ALS, with motor neurons innervating fast-fatigable muscle types
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being considered the most vulnerable [24], is conserved across multi-
ple genetic forms of the disease. We have characterised motor neuron
and NMJ pathology across a range of muscle groups in the
Thy1-hTDP-43"T mouse model, with the aim of building a regional
timeline of cellular and molecular phenotypes at pre-symptomatic,
early symptomatic and late symptomatic disease stages. We demon-
strate changing expression levels of TDP-43 in the CNS compared
with normal developmental expression and correlate this to a loss of
motor neurons and selective denervation of NMJs in muscles of the
hindlimb.

MATERIALS AND METHODS
Animals

Thy1-hTDP-43WT overexpression mice on a mixed C57BL6/J x SJL
background were purchased from Jackson labs (RRID:IMSR_
JAX:012836) and maintained at the University of Edinburgh in a 12-h
light/dark cycle under standard SPF conditions. Thy1-hTDP-43"T
overexpression mice were maintained on the mixed C57BL6/J x SJL
background for comparison with the original description [23] unless
otherwise stated. Mice were bred and handled in accordance with the
University of Edinburgh and UK Home Office regulations, project
licence number P92BB9F93. FVB mice were obtained from Charles
River (RRID:IMSR_CRL:207) and crossed with heterozygous
Thy1-hTDP-43 mice for five generations. Mice homozygous for the
Thy1-hTDP-43"T transgene (referred to as hTDP-43"8/T8) were moni-
tored daily for body weight and progressive muscle weakness and
paralysis, as previously described [25]. Day of birth was considered
P1. The clinical scoring for the progression of hindlimb weakness and
paralysis is described in Table 1. A mouse was given a clinical score of
the most severe point in any of the three categories. A score of 3 in
any parameter represents the humane endpoint for this model. Mice
reaching the humane endpoint were euthanised either by cervical dis-
location or overdose of anaesthetic. Wild-type littermates were used
as controls (NTg); heterozygous littermates were not used in this

study. Tissue for western blot analysis was flash frozen and stored at

TABLE 1 Clinical scoring for hTDP-43"T8 mouse model.

—Wl LEYM

—80°C. Spinal cords for immunohistochemistry were flushed from the

Applied Neurobiology
vertebral column, and the lumbar section was removed as identified
by the lumbar enlargement. Spinal cord sections were fixed in 4%
paraformaldehyde overnight, dehydrated in 30% sucrose and embed-
ded in OCT/sucrose for cryosectioning. Muscles dissected for immu-
nohistochemistry were dissected and fixed in 4% paraformaldehyde
for 30 min at room temperature and then stored in PBS. Large mus-
cles such as TA, extensor digitorum longus (EDL), peroneus longus (PL),
peroneus brevis (PB), GC, SOL and plantaris were micro-dissected into
small bundles containing 10-20 muscle fibres, whereas flat muscles
such as the cranial muscles and transversus abdominis (TVA) and small
muscles such as the lumbricals and flexor digitorum brevis (FDB) were
whole-mounted after clearing connective tissue.

Motor neuron immunohistochemistry

Spinal cords from lumbar segments L1-L3 were sectioned at 25-um
thickness. For motor neuron counts, sections were stained with Neu-
roTrace 500/525 (a fluorescent Nissl stain; N21480 ThermoFisher;
1:200 in PBS) and counter-stained with DAPI (4',6-Diamidino-2-Phe-
nylindole; ThermoFisher; 300 nM). Images of both ventral horns for
two to three spinal cord sections per mouse were captured using a
Nikon A1R confocal on a 20x objective. Motor neurons were counted
as a cell width above 20 um with an intense Nissl signal in the ventral
horn. Thresholding the cell diameter at 20 um limits the counts to
alpha motor neurons only and excludes other motor neuron types.
Total counts were averaged per ventral horn for comparison. Staining,
imaging and analysis were performed by a researcher blinded to
mouse genotype. For TDP-43 immunohistochemistry, sections under-
went antigen retrieval in 10-mM citrate buffer, permeabilization in
0.5% Triton X-100 and incubation with the following primary anti-
bodies: anti-ChAT (Millipore Cat# AB144P, RRID:AB_2079751) and
anti-TDP-43 (Proteintech Cat# 10782-2-AP, RRID:AB_615042). Sec-
tions were then washed and probed with the following secondary
antibodies: donkey anti-goat 594 (Thermo Fisher Scientific Cat#
A-11058, RRID:AB_2534105) and donkey anti-rabbit 488 (Thermo
Fisher Scientific Cat# A-21206, RRID:AB_2535792).

Score  Tail suspension Grip test

Free movement

0 Both limbs consistently splayed outward
hind paws

1 One limb retracted towards the abdomen for

more than 50% of the time hind paw

2 Both limbs are partially retracted towards
the body for more than 50% of the time

3 Both limbs are fully retracted for more than
50% of the time

Mouse can grip the edge of a cup with both

Mouse shows weakness in gripping with one

Mouse shows weakness in gripping with
both hind paws

Mouse cannot grip with either hind paw

Normal movement, weight supported on all
limbs

Mouse has a mild tremor or limp when
walking

Mouse shows severe tremor and/or limp, or
the feet point away from the body during
locomotion (‘duck feet’)

Mouse has difficulty moving forward and
drags its abdomen along the ground

Note: Mice are assigned a clinical score based on the most severe point in any category. A clinical score of 3 in any parameter is classified as the humane

endpoint for this mouse model.
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Neuromuscular junction immunohistochemistry

NMJs were labelled for presynaptic and postsynaptic components as
previously described [26]. Muscles were incubated in 0.1 M glycine to
reduce autofluorescence; tetramethyl-rhodamine isothiocyanate-
conjugated a-bungarotoxin (TRITC a-BTX; VWR International Ltd)
1:500 to label AChRs; permeabilised in 4% Triton X-100 (2% Triton
X-100 P8 tissue); blocked in 4% bovine serum albumin and 2% Triton
X-100. Primary antibody incubation was performed over two nights at
4°C: rabbit anti-S100 (Agilent Cat# GA50461-2, RRID:AB_2811056)
to label tSCs; mouse anti-SV2 and mouse anti 2H3 (DSHB Cat# SV2,
RRID:AB_2315387; DSHB Cat# 2H3, RRID:AB_531793) to label syn-
aptic vesicles and neurofilaments, respectively. Tissue was then incu-
bated in the following secondary antibodies overnight at 4°C (Thermo
Fisher Scientific Donkey anti-Mouse 1gG (H + L) Highly Cross-
Adsorbed Secondary Antibody, Alexa Fluor™ 488, Cat# A-21202,
RRID:AB141607; Thermo Fisher Scientific Donkey anti-Rabbit 1gG (H
+ L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor™
680, Cat# A10043, RRID:AB2534018, 1:500 dilution) and finally
nuclear staining with DAPI (300 nM). Muscle fibres were mounted on

a glass slide in Mowiol and stored at 4°C until imaging.

Neuromuscular junction imaging and quantification

A minimum of 40 en face NMJs per muscle were acquired using a
Nikon A1R FLIM confocal laser scanning microscope with a 60x/1.4
oil immersion objective. Images were taken at 16-bit, 512 x 512-pixel
frame size, Z-stack images with 0.5- to 1-um interval, blue channel
(405-nm excitation), green channel (488-nm excitation), red channel
(561-nm excitation) and far-red channel (690-nm excitation).
Maximum-intensity projection images were used for the analysis.
Qualitative innervation analysis was performed visually by assessing
the distance that the nerve terminal extends from where the axon
enters the NMJ over the postsynaptic endplate.

NMUJs were classified as ‘fully innervated’ (endplates fully covered
by nerve terminals), ‘vacant’ (fully vacant endplates with no nerve
coverage, i.e., completely denervated), or ‘partially innervated’. Partial
innervation is a qualitative category subjective to the investigator,
where areas of endplate that would normally be associated with the
nerve terminal are absent.

For tSC analysis, NMJs were classified as ‘fully covered’ (no loss
of 5100 labelling over the endplate) or ‘uncovered’ (with either partial
or complete loss of S100 labelling over the endplate). And finally, to
study the changes of presynaptic and postsynaptic elements, quantifi-
cation analysis was performed using the automated version of NMJ-
morph: aNMJ-morph [27, 28]. Nerve terminal ‘complexity’ was calcu-
lated as log10 (No. Terminal Branches x No. Branch Points x Total
Length of Branches). Endplate ‘compactness’ was calculated as (AChR
Area/Endplate Area) x 100. Endplate ‘fragmentation’ was calculated
as 1 — (1/Number of AChR Clusters); the greater the number of

clusters, the higher the fragmentation. The ‘overlap’ of presynaptic
and postsynaptic structures was calculated as the area of synaptic
contact/total area AChRs x 100. Percentage overlap is a quantitative
measure directly comparable with the qualitative innervation analysis.
However, qualitative innervation analysis is a subjective assessment
of how far the nerve terminal extends over the endplate, whereas the
quantitative NMJ-morph output calculates the number of pixels over-
laid with red/green channels and will never be 100% because of the
structure of the NMJ and spread of AChRs.

Western blotting

Whole spinal cords and whole brains were harvested, with the tissue
homogenised in Pierce™ RIPA buffer (Thermo Fisher Cat# 89900)
with protease inhibitor (Thermo Fisher Cat# 1861278), centrifuged,
and the protein supernatant taken for western blotting. Total protein
was measured using the Pierce™ BCA Protein Assay Kit (Thermo
Fisher). Twenty micrograms of protein was loaded per lane on
NuPAGE™ 4 to 12%, Bis-Tris Mini Protein Gels, transferred to PVDF
membranes using iBlot 2 Transfer Device (Thermo Fisher) and stained
with Revert 700 Total Protein Stain (LiCor). Probes for pan-TDP-43
(Proteintech Cat# 10782-2-AP, RRID:AB_615042) or human TDP-43
(Abnova Cat# H00023435-M01, RRID:AB_425904) and IR 800 sec-
ondary antibodies (LI-COR Biosciences Cat# 926-32213, RRID:AB_
621848; LI-COR Biosciences Cat# 926-32212, RRID:AB_621847).
The blots were imaged on a LICOR Odyssey scanner, and the protein
for each sample was quantified by normalising the signal against the
Total Protein Stain (Figure S1).

Statistics

Statistics were performed using GraphPad Prism software version
9. Survival was plotted as Kaplan-Meier curves and compared using
the Mantel-Cox test. Bars represent mean + SEM unless otherwise
stated. Statistical tests are described in figure legends.

RESULTS
Disease progression in the hTDP-43 mouse model

In order to better characterise the hTDP-43"8T8 mouse model, we
first followed the progression of gross disease phenotypes across the
lifespan. We monitored the progression of paralysis in hTDP-4378/T¢
mice using clinical scores (Table 1; Figure 1B), with a clinical score of
3 in any parameter indicating the humane endpoint for this model.
hTDP-43"8T8 mice represent a severe, rapidly progressing model of
TDP-43 proteinopathy, as originally described [23], and had a median
survival of 21days (Figure 1A). hTDP-43"®T8 mice became
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FIGURE 1 TDP-43 expression increases in the spinal cord and brain of the hTDP-43"T8 mouse. (A) Kaplan-Meier curve of hTDP-43T8/T¢
mice reaching humane endpoint of clinical score 3 vs non-transgenic (NTg) mice, n = 10 per group. (B) Progressive clinical scores of hTDP-4378/T8
mice. Each line represents an individual mouse. (C) Body weights of hTDP-43"¢"8 compared with NTg mice, n = 10 per group. (D) Western blots
showing change of expression of TDP-43 in the spinal cord of hTDP-43"8T8 yvs NTg mice over time, mean * SEM, n = 3 per time point.

(E) Western blots showing change of expression of TDP-43 in the brain of hTDP-43"8/T8 yvs NTg mice over time, mean + SEM, n = 3 per time
point. (F-H) Immunohistochemistry of spinal cord from (F) hTDP-43NT8 mouse (x 20 magnification), (G) hTDP-43"8T mouse (x 20 magnification),
(H) hTDP-438T& mouse (x 60 magnification) choline acetyltransferase (ChAT), TDP-43 and DAPI. Stars indicate ChAT-positive motor neurons,
and arrows indicate TDP-43 cytoplasmic localisation. Scale bars = 50 pum.

NTg [®)]
*¥k
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15— s 1 e P8
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FIGURE 2 Significant motor neuron loss in the spinal cord of hTDP-43"8/T8 mice from P17. (A) Example section of hTDP-43"8T8 mouse
lumbar (L1-L3) spinal cord highlighting grey matter (yellow dotted line) and ventral horn (VH; white dotted line). Scale bars = 200 um. Alpha-
motor neurons were classified as being located in the ventral horn (VH) with a cell body of >20 um. (B, C) Example images of ventral horn regions
from hTDP-43"8/T8 mouse (Tg/Tg) and littermate control (NTg). Scale bars = 20 um; motor neurons indicated by white arrows. (D) Quantification
of motor neurons per time point per genotype. Each point represents an average of six ventral horn sections from an individual mouse. Two-way

ANOVA with Sidak’s multiple comparisons test. ns, non-significant, * = p < 0.05, ** = p < 0.01.

distinguishable from control littermates at around 14 days, with the
onset of progressive hindlimb paralysis and stabilisation, ultimately
leading to a plateau of body weight compared with the weight gain
observed in littermates (Figure 1C).

The hTDP-43 transgene in this model is under the Thyl pro-
moter, which is neuronal specific and increases in expression over the
neonatal period [29]. We therefore sought to determine TDP-43
expression over time compared with non-transgenic littermate con-
trols (NTg). Using a TDP-43 antibody that recognises both human and
mouse protein, we could assess the expression of both endogenous
TDP-43 and the transgene. At the earliest time point analysed, P3,
there was already twice the amount of TDP-43 in the total spinal cord
lysate of hTDP-43"T€ mice (Figure 1D). TDP-43 expression contin-
ued to increase in hTDP-43"8T8 mice, until end-stage, where there
was a 3-fold increase in the spinal cord compared with P3 NTg con-
trols (Figure 1D). In comparison, there was decreasing expression of
endogenous TDP-43 expression in the spinal cord of NTg controls
(Figure 1D). We observed a lower overall expression of TDP-43 in
total brain lysate of hTDP-43"8T8 mice that remained between 1.5-
and 2-fold over NTg controls at P3 (Figure 1E). Using an antibody spe-
cific to human TDP-43 (i.e., the transgenic form), we confirmed the

pattern of increasing expression from P3 onwards in both the brain

and spinal cord compared with littermate controls (Figure S2). This
increase in TDP-43 expression is evident in the nucleus and was also
accompanied by the mislocalisation of TDP-43 to the cytoplasm of

motor neurons at P19 (Figure 1F-H).

Motor neuron cell death begins at P15

Using a fluorescent Nissl stain, we quantified the number of alpha
motor neurons in the ventral grey horn of the lumbar spinal cord
(Figure 2A-C). Using four different time points (pre-symptomatic P8,
early symptomatic P15, symptomatic P17 and late symptomatic P19),
we determined that motor neuron loss in the lumbar spinal cord corre-
lated with symptom progression. We found no significant difference
in motor neuron number in hTDP-43"8T8 mice at P8 compared with
NTg control (p = 0.76; Figure 2D). Motor neuron count began to
decrease at the early symptomatic time point of P15 with a further
decrease of nearly 50% compared with P8 NTg controls (5.92 + 0.57
motor neurons per VH; p < 0.05), with motor neuron number further
declining through symptomatic time points to only 3.94 + 0.73 motor
neurons in the ventral horn of P19 hTDP-43"8 mice (p < 0.001;
Figure 2D).
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hTDP-43 overexpression phenotype is not altered by
the genetic background of mice

hTDP-43"®T8 mice were purchased from Jackson Labs on a
C57BL/6JxSJL mixed genetic background. The background strain of a
mouse model can have a dramatic impact on phenotype, for example,
in a model of spinal muscular atrophy, where shifting the background
strain changed the phenotype from a median lifespan of 5 days to
being embryologically lethal [30]. Mixed background strains may
therefore introduce an unnecessary element of variability, even within
litters. We therefore crossed the hTDP-43 transgene onto the FVB
background, a strain that is often used for transgenic line creation.
After five generational crosses onto the FVB background, we com-
pared clinical phenotypes and transgene expression between the
FVB-hTDP-43"8T8 mice and the original C57BL/6J x SJL-hTDP-
43"/Te mice. FVB-hTDP-43"8T8 mice retained the severe ALS-like
phenotype, with progressive muscle weakness leading to paralysis by
day 22 (Figure S3A). FVB mice were on average larger than C57BL/6J
mice, and this was observed in the FVB-hTDP-43"8/T8 animals, which
were significantly heavier than C57BL/6J x SJL-hTDP-43T¢/Te
animals from the pre-symptomatic time point P8 (Figure S3B). This
increased body weight likely contributed to the modest increase in
median survival of FVB-hTDP-43"8/T8 mice (Figure S3A). Expression
of the hTDP-43 transgene was not significantly different between
FVB-hTDP-43""8 mice and C57BL/6J x SJL-hTDP-43"¢'T€ mice
(Figure S3C-F). We therefore conclude that differences in background
strain do not have a major impact on this TDP-43 overexpression
model and that FVB-hTDP-43"8T€ mice can be used as an alternative
to the mixed background C57BL/6J x SJL-hTDP-43"¢T8 model
where required.

Pronounced NMJ denervation in hindlimb muscles at
end-stage

Denervation of the NMJ is a key pathological marker of motor neuron
diseases [1, 6]. We therefore sought to characterise the pattern of
denervation in different muscle groups across body regions of hTDP-
43™Te mice, firstly at the end-stage of disease. When assessing
NMUJs, each NMJ was classified as either fully innervated (where the
presynaptic neuron covered the entire endplate), partially innervated
(between 20% and 80% of endplate covered by nerve terminal) or
vacant (where there is an endplate without any presynaptic coverage).
Muscles from four different regions were assessed for their denerva-
tion status: hindlimb muscles, forelimb muscles, trunk and cranial mus-
cles. Hindlimb muscles (lumbricals, FDB, TA, EDL, PL, PB, SOL, GC,
plantaris) showed the most pronounced denervation, with an average
of 40% NMlJs being fully innervated, whereas 25% of NMJs were
vacant (p < 0.01; Figure 3A). By comparison, forelimb muscles (lumbri-
cals) and trunk muscles (TVA) were not affected, with no significant
increase in denervation (Figure 3C,D). Interestingly, cranial muscles
(IS, LALr, LALc, AS, AAL) did show a mild denervation pattern, with
~5% NMUJs being vacant (p < 0.05; Figure 3B).

70f17
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NMJ denervation is seen in all muscle fibre types

Based on evidence from the SOD1 mouse models, fast-twitch muscle
fibres are considered more vulnerable to disease, whereas slow-twitch
muscle fibres are relatively resistant [15]. We therefore separately
quantified NMJ denervation per muscle in the hindlimb and cranial
muscles. We quantified pathological NMJs to be either partially
denervated or fully vacant, as even partial denervation is exceptionally
rare to observe in wild-type NMJs. Within the group of hindlimb mus-
cles assessed, the most distal muscles, lumbricals and FDB, were sig-
nificantly affected with 45.4% (p < 0.0001) and 78.8% (p < 0.001)
pathological NMJs, respectively, compared with NTg controls
(Figure 4A,C, representative images in Figure S4). The more proximal
hindlimb muscles also showed significant denervation, with the fast-
fibre type muscles TA and EDL showing a percentage of pathological
NMUJs of 34.6% and 33.7%, respectively (p < 0.05), whereas the mixed
fibre type muscles PL, PB, GC and plantaris had 64.8%, 59.9%, 63.4%
and 66.8% pathological NMJs, respectively (p < 0.01), although there
was marked heterogeneity across animals (Figure 4A,C). The SOL
muscle, mainly slow-twitch, showed a low degree of pathological
NMUJs at 24.3% (p < 0.01). By comparison, of the cranial muscles ana-
lysed, only the AS and IS showed a significant number of pathological
NMUJs (23.1% and 18.8%, respectively; p < 0.05), whereas the consid-
erable degree of heterogeneity observed in the AAL, LALr and LALc
obscured any significant differences (Figure 4B,D, representative
images Figure S5). These trends of denervation are consistent with
the analysis of vacant NMJs alone (Figure S6). These data show that
all hindlimb muscles analysed display consistent denervation to some
degree in hTDP-43"T8 mice at end-stage. This is contrary to evi-
dence from the SOD1 mouse, where NMJ denervation is pronounced
in the fast-twitch muscle TA, whereas the slow-twitch SOL is fully
innervated at symptomatic time points [13]. Denervation in other
TDP-43 mouse models is variable (reviewed in [17]). For example, the
inducible ANLS TDP-43 model was analysed after 11 weeks of TDP-
43 mislocalisation and showed 80% denervation in the TA and 50%
denervation in the SOL [31], whereas the knock-in human mutant
TDP-43M337V and TDP-43%?785 mouse models only showed around
5% denervation in the TA at >2 years of age [21]. Although the most
affected muscles identified in our model—hindlimb FDBs and lumbri-
cals—were not analysed in any of these other TDP-43
mice models, the clear evidence of TDP-43-driven denervation in
the hTDP-43"®T8 mice makes it an important model of NMJ
dysfunction.

Terminal Schwann cell pathology at end-stage

The third cellular component of the NMJ is the tSC, a non-myelinating
Schwann cell type that is crucial for synapse development and mainte-
nance [26]. In a healthy NMJ, tSCs are found overlying the motor neu-
ron and muscle endplate, with an average of 1.7 tSCs per NMJ in
mice [26]. tSCs are known to show pathology in ALS patient tissue,
with reduced S100 staining and abnormal cytoplasmic projections
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FIGURE 3 Regional denervation
assessment in the hTDP-43"8T8 mouse at
end-stage shows pronounced denervation
in hindlimb muscles. Bar charts show the
percentage of NMJs as an arithmetic
mean from the pooled muscles of

(A) hindlimb muscles and (B) cranial
muscles and from (C) forepaw lumbricals
and (D) TVA muscles. Bar charts
quantifying the degree of endplate
innervation (% fully innervated, % partially
innervated, % vacant). The accompanying
charts (% vacant NMJs) are averages

+ SEM. Data points represent the pooled
muscles from one animal, N = 5 animals,
Mann-Whitney test, * = p < 0.05,

** = p < 0.01. Representative confocal
images of muscle samples NTg and Tg/Tg
NMJs from the corresponding body
region. Endplates are labelled by
a-bungarotoxin (magenta); nerve terminals
and axons are labelled by anti-SV2 and
anti-2H3 antibodies, respectively (cyan).
Partially innervated NMJs are indicated by
yellow arrows, and vacant NMJs are
indicated by red arrows. Scale bars are
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FIGURE 4 Denervation assessment of individual hindlimb and cranial muscles shows significant denervation across all types of muscle at
end-stage in the hTDP-43"8T8 mouse. (A) Percentage of diseased NMJs (partially innervated and vacant combined) in each hindlimb muscle.

(B) Percentage of diseased NMJs (partially innervated and vacant combined) in each cranial muscle. Points indicate a minimum of 30 NMJs per
animal, average + SEM, n = 6-8 animals. Mann-Whitney test, * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. (C, D) Breakdown
of innervation per muscle group in hindlimb and cranial muscles, respectively. FDB, flexor digitorum brevis; TA, tibialis anterior; EDL, extensor

digitorum longus; PL, peroneus longus; PB, peroneus brevis; GC, gastrocnemius; SOL, soleus.
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[32, 33], as well as in SOD1 mouse models [13, 34]. We therefore
used an S100 antibody to assess tSC morphology in hTDP-43T¢/T¢
mice at end-stage. The pattern of tSC coverage as indicated by S100

staining was similar to the pattern of denervation described above.

$100 SV2/2H3

Cranial muscle
No S100 loss

Gastrocnemius
Partial S100 loss

Plantaris
Complete S100 loss
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Hindlimb muscles such as GC and plantaris showed substantial loss of
5100 staining (Figure 5A-C), with 50% of NMJs from hindlimb mus-
cles losing their tSC coverage either partially or completely

(Figure 5E); in contrast, cranial muscles did not show any loss of S100

=P No loss of S100 Partial loss of S100 = Complete loss of S100
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FIGURE 5 Terminal Schwann cell loss in hTDP-43T8T€ mice correlates with denervation at end-stage. Representative confocal micrographs
of hTDP-43"¢'T8 mouse NMJs from (A) cranial muscles, (B) gastrocnemius and (C) plantaris at disease end-stage with $100 labelling for terminal
Schwann cells. Red arrows indicate complete loss of the S100. Blue arrows indicate complete labelling of the S100. Orange arrows indicate partial
loss of the S100 labelling. Endplates are labelled by a-bungarotoxin (magenta); nerve terminals and axons are labelled by anti-SV2 and anti-2H3
antibodies, respectively (cyan). tSCs are labelled by anti S100 (yellow). Scale bars = 20 um in all images. (D, E) Percentage of NMJs that are fully
covered by tSCs in pooled cranial and hindlimb muscles. Each data point represents the mean values of all pooled cranial or hindlimb muscles
from one animal, a minimum of 30 NMJs per animal. (F) Strong negative correlation between the percentage of vacant NMJs and percentage of
NMUJs covered by tSCs in hindlimb muscles of five hTDP-43"T€ animals at disease end-stage. Each data point represents one hindlimb muscle,
simple linear regression, slope = —0.578, p < 0.0001. (G) Pie charts show that the vast majority of partially innervated NMJs were partially
covered by tSCs (90%), whereas more than 60% of vacant NMJs have completely lost their tSCs coverage.
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staining (p = 0.26; Figure 5D). When examining the NMJs that
showed a loss of S100 staining, we noted a correlation between those
that were denervated and those that had a loss of S100 staining. Lin-
ear regression showed a strong negative correlation (r = —0.578)
between % denervation and % coverage of tSCs (p < 0.0001;
Figure 5F) (as NMJ denervation increases, tSC coverage decreases).
Out of the vacant NMJs, 60.3% showed a complete loss of S100
staining, and the remaining showed a partial loss. In contrast,
partially innervated NMJs showed partial S100 staining, with only
10% of partially innervated NMJs showing a complete loss of S100
(Figure 5G).

Presynaptic morphological changes at the NMJ

A more detailed assessment of the morphological changes occurring
at the NMJ was made using NMJ-morph. NMJ-morph is a semi-
automated ImageJ plug-in that allows quantitative assessment of sev-
eral presynaptic and postsynaptic variables at the NMJ, providing a
detailed and objective approach to NMJ assessment [27, 28, 35].
NMJs from the seven hindlimb muscles were analysed using NMJ-
morph. In general, presynaptic variables such as nerve terminal area
and axon diameter were significantly altered in hTDP-43"¢/T8 mice,
whereas no changes were observed in postsynaptic variables such as
endplate area and fragmentation, between hTDP-43"8"8 mice and
NTg controls (Table 2). This distinction between presynaptic and post-

synaptic changes highlights the motor neuron-specific nature of this
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model. The percentage ‘overlap’ between the presynaptic and
postsynaptic components of the NMJ provides an exact measurement
of the degree of synaptic contact between nerve terminal and
endplate (and thus innervation). Because this approach measures the
number of overlapping pixels from presynaptic and postsynaptic
structures, fully innervated NMJs from wild-type mice are calculated
to have an overlap of 40%-50% (Table 2) in keeping with previous
reports [35]. Importantly, this overlap is consistent over the whole
NMJ (Figure 3). This value is therefore not to be confused with the
qualitative assessment of denervation described previously, which
considers partially denervated NMJs to be those where at least 30%
of the whole endplate is not in contact with an associated nerve ter-
minal, being partially vacant. Here, we found that quantitative assess-
ment of overlap of the NMJ shows the same trends as the qualitative
denervation assessment, where there was a significant decrease in
overlap (indicating denervation) in all hindlimb muscles analysed
except for the TA, where there was a high degree of variation
(Table 2).

Quantification of the presynaptic variable ‘nerve terminal area’ is
shown in Figure 6A. Interestingly, changes in the nerve terminal area
did not entirely correlate with the degree of denervation. Although
PB and plantaris muscles continued to be most affected in hTDP-
43™8'Te mice followed by PL, GC and lumbricals, SOL also showed a
significant decrease in nerve terminal area, whereas the TA was not
significantly affected (Figure 6A). In contrast, the postsynaptic variable
of the AChR area was not significantly changed in any of the muscles

analysed (Figure 6B).
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FIGURE 6 aNMJ-morph analysis of
hindlimb muscles shows pathology in the
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variable (nerve terminal area) comparing
non-transgenic littermates (NTg) with
hTDP-43"¢T€ mice (Tg/Tg). (B) Example
postsynaptic variable (acetylcholine
receptor area) comparing non-transgenic
littermates (NTg) with hTDP-43"8/T& mice
(Tg/Tg). TA, tibialis anterior; PL, peroneus
longus; PB, peroneus brevis; GC,
gastrocnemius; SOL, soleus. Points
indicate a minimum of 40 NMJs per
animal, average + SEM, n = 3-8 animals.
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NMJ denervation begins at early symptomatic stages

In order to establish the time course of NMJ denervation in hTDP-
437878 mice, NMJ denervation was assessed in the severely
affected muscles PL and plantaris as well as the least-affected
muscle SOL over 3 time points—pre-symptomatic (P8), early
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symptomatic (P15) and end-stage (P19) (Figure 7). There was no
denervation evident at the earliest time point P8 in any of the
muscles analysed (Figure 7B). At the early symptomatic time point
P15, the plantaris muscle showed 10% denervation (Figure 7A,B),
whereas there was no change in innervation for the PL and SOL
muscles (Figure 7B).

SV2/2H3

Partial innervation

=» Vacant
*ok

:100—-- nnAl 1 P8
2 g0 4 = P15
E 1 [ End-stage
c 60
£ ]
S 40+
S i
X 20

0 1 I
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FIGURE 7 |Innervation analysis at earlier time points shows denervation in plantaris muscle at an early symptomatic time point.

(A) Representative confocal micrographs of plantaris NMJs in hTDP-43T8/T€ mice at different time points: pre-symptomatic (P8), early
symptomatic (P15) and at disease end-stage. Scale bars = 20 um in all images. (B) Quantification of % innervation per time point, points indicate
average % NMJ innervation per individual animal, minimum 30 NMJs per animal. Bars are averages + SEM. Mann-Whitney test, * = p < 0.05,

*=p<001
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Modelling motor neuron cell death and the accompanying NMJ dys-
function underlying ALS is difficult because of the complex genetic
background, yet vital in terms of further understanding disease patho-
genesis and developing drug therapies for patients. Here, we have
presented a systematic analysis of pathology seen in the severe ALS
mouse model Thy1-hTDP-43"T, which recapitulates many aspects of
ALS seen in human patients including progressive paralysis, muscle
weakness and weight loss. Furthermore, we demonstrate recapitula-
tion of many key aspects of pathology seen in ALS, including loss of
motor neurons, progressive denervation at the NMJ, loss of tSCs from
the NMJ and accumulation of cytoplasmic TDP-43.

TDP-43 is an RNA-binding protein that plays a role in the splicing
of thousands of RNA transcripts [36]. Although there are more than
40 rare ALS-associated mutations found in the TARDBP gene encod-
ing the TDP-43 protein [37], pathological TDP-43-positive inclusions
are found in neurons of over 95% of ALS patients [5, 18]. Indeed,
pathological inclusions are the same in sporadic cases with or without
a mutation in TARDBP [19]. Importantly, we have confirmed cytoplas-
mic mislocalisation of TDP-43 in the Thy1-hTDP-43"VT model. These
mice overexpress human ‘wild-type’ TDP-43 at a supraphysiological
level rather than expressing one of the rare mutant forms of TDP-43.
ALS arising from TDP-43 mutations accounts for a very small propor-
tion of patients [38, 39], and so a toxic gain-of-function from mutant
TDP-43 may not be applicable to the rest of the patient population.
Instead, ‘wild-type’ TDP-43 is dysregulated through as-yet-unknown
mechanisms, which is modelled here through increased expression.
TDP-43 is essential for development, because Tardbp ~/~ embryos die
at early embryonic stages, and is expressed throughout embryogene-
sis into adulthood [40, 41]. Our data confirm previous reports that
expression of TDP-43 decreases over time in non-transgenic mice

3T mice showed slowly

during postnatal development. Thy1-hTDP-4
increasing expression of TDP-43 in both the brain and spinal cord in
line with known Thy1 promoter activity [29], apparently overwhelm-
ing the TDP-43 autoregulatory machinery [42], reaching a 3-fold
increase in TDP-43 at endstage compared with NTg P3 controls.
However, although there was increased TDP-43 expression at all time
points measured, Thy1-hTDP-43"T mice did not develop muscle
weakness until P14, implying a threshold of tolerance for TDP-43 dys-
regulation. This correlated with the timeline of motor neuron cell
death, where we found significantly fewer motor neurons
Thy1-hTDP-43WT spinal cord from P15 onwards. As well as a com-
mon phenotype across various forms of ALS, TDP-43 pathology is
found in other neurodegenerative diseases such as frontotemporal
lobar degeneration (FTLD), including behavioural variant frontotem-
poral dementia, and limbic-predominant age-related TDP-43 encepha-
lopathy neuropathologic change (LATE-NC) with and without
Alzheimer's disease [43, 44]. FTLD-TDP and ALS are considered to be
on a spectrum because of their overlapping TDP-43 pathology and
clinical presentation [45], and so, although we have focussed on
describing motor neuron-related pathology here, this model may also

be of interest for studying other TDP-43 proteinopathies.

Denervation at the NMJ is a critical component of motor neuron
disease pathology. A key study into the progression of ALS
pathology examined a patient who, having been evaluated in the
clinic for ALS-like symptoms, died unexpectedly 2 weeks later of an
unrelated cause [46]. This patient had shown evidence of denerva-
tion following electromyographic examination but demonstrated no
overt neuronal loss in the spinal cord on post-mortem examination.
This rare insight into early ALS pathology implies that distal regions
of the motor axons and the NMJ are involved at the beginning of
the cascade of events leading to motor neuron cell death, supporting
the so-called ‘dying-back hypothesis’. Here, we show in the
Thy1-hTDP-43"T mice that denervation is similarly observed at early
symptomatic time points, alongside the earliest evidence of motor
neuron loss. Denervation in this model was pronounced in distal
muscles (lumbricals, FDB), with statistically significant differences in
denervation between NTg and Tg/Tg mice observed in all hindlimb
muscles assessed, whereas the trunk muscle (TVA) and forelimb
lumbricals were not affected, and only a small degree of denervation
was observed in cranial muscles. This model therefore mimics com-
mon presentations of ALS where distal muscles are the first to be
affected [47]. Interestingly, although it is known that the subclass of
fast-fatigable muscles in SOD1 mice are the first to be affected [48],
here we show similar denervation patterns between the fast-
fatigable TA and the slow-twitch SOL. It therefore seems that in this
TDP-43-driven model, a vulnerability pattern of distal muscles com-
pared with proximal muscles is more pronounced than any pattern
regarding fibre type.

Because Thy1 drives hTDP-43 transgene expression from around
day of birth, and the Tg/Tg mice showed significantly heightened
expression as early as P3, TDP-43 overexpression is present in our
model during the postnatal NMJ maturation period [49, 50]. We
therefore cannot discount an influence of hTDP-43 overexpression
on the normal developmental maturation of the NMJ alongside the
observed contribution to denervation and motor neuron death. We
did not observe any NMJ denervation until behavioural symptoms
were observed (at P15), but there may be subtle changes to the NMJ
at earlier stages that remained undetected. Regardless, this model,
showing early and severe motor neuron pathology represents an
important in vivo tool for ALS research, as it reduces the timeline
required for experiments compared to longer-lived, less severe ALS
models, such as the SOD1%73 mouse. Although the first loss of MNs
occurred around P15, not all muscles displayed NMJ denervation at
P15. It remains unresolved, therefore, whether the MNs lost from the
spinal cord correlate directly with the loss of NMJs in the earliest
affected muscles. It is clear, however, that not all MNs and NMJs
degenerate at the same time in this model, reflecting the consistent
finding of differential motor unit vulnerability in ALS patients and
rodent models.

We used the Imagel-based workflow ‘NMJ-morph’ to quantita-
tively analyse presynaptic and postsynaptic features of the NMJs in
hindlimb muscles. Traditionally, denervation has been determined by
qualitative assessment of NMJs, as was performed in Figures 3 and 4.

However, this subjective methodology is reliant on a consistent
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approach between researchers, which is difficult to achieve in prac-
tise. NMJ-morph therefore represents a potentially powerful tool for
motor neuron disease research, providing deeper insight into patho-
logical features of the NMJ in a more reproducible manner than tradi-
tional simple denervation counts that are subject to investigator bias
[27, 35, 51]. For example, NMJ-morph highlighted that the NMJ
changes manifested in Thy1-hTDP-43"T mice are found solely on the
presynaptic (motor neuron) side of the NMJ, with significant changes
in presynaptic variables such as axon diameter and nerve terminal
area, whereas postsynaptic variables such as AChR area or number of
AChR clusters were unchanged compared with wild-type controls.
Because the transgene is expressed under a neuron-specific promoter,
expression of TDP-43 in muscle was unchanged. These NMJs there-
fore model defects solely driven by pathological neuronal influence.
Although it is unlikely that ALS pathology is restricted to motor neu-
rons and that muscle-restricted expression of mutant SOD1 protein
alone is sufficient to cause motor neuron degeneration [52], this sim-
plified model of TDP-43-related NMJ denervation represents a pow-
erful model system to study motor neuron-derived pathology at
the NMJ.

As the third element of the tripartite NMJ, tSCs offer support to
the presynaptic compartment and motor endplate [7]. tSCs are espe-
cially important following nerve injury, where they extend projections
between denervated and innervated NMJs allowing re-
innervation [53]. Sprouting, and therefore re-innervation, is deficient
in the SOD1 ALS mouse model, particularly in fast-fatigable mus-
cle [48]. Here, we reported a loss in S100-positive tSCs in the vulnera-
ble hindlimb muscles of the Thy1-hTDP-43"T mice but no change in
tSC coverage of the NMJs in the cranial muscles. Importantly, we
show that the coverage of the NMJ by tSCs had a significant negative
correlation with the percentage of denervation in each muscle. Under-
standing the role of tSCs and the point at which they are lost in the
sequence of pathology could be crucial to further understand ALS and
other neuromuscular pathologies. Our work suggests that
Thy1-hTDP-43™T mice represent an ideal model system for such
studies.

The Thy1-hTDP-43"T mouse model provides a much-needed
platform in ALS research, with significant ALS-associated phenotypes
of motor neuron loss and NMJ denervation in a model that is not reli-
ant on SOD1 mutations. Although severe, another facet to the
Thy1-hTDP-43"T mouse model is that the phenotype takes weeks to
develop, rather than months or years, allowing for more rapid drug
discovery that is so desperately needed by ALS patients. This model
will therefore provide a powerful tool in future research for examining
the crucial role of NMJ denervation in ALS progression both at the

molecular level and as a drug target.
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