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eLife Assessment

This fundamental study provides a major contribution to our understanding of
Amyotrophic Lateral Sclerosis (ALS) pathogenesis by utilizing a primate model that
overcomes the historical limitations of rodent paradigms. By demonstrating the
retrograde and trans-synaptic spread of pathological TDP-43 from the periphery to the
spinal cord and motor cortex, the authors propose a new model for the disease
spreading. The evidence supporting these findings is compelling, characterized by
rigorous post-mortem histological observations. This work will be of profound interest to
neuroscientists and translational researchers seeking to decode the mechanisms of
systemic disease progression in ALS.

https://doi.org/10.7554/eLife.109810.1.sa4

Abstract

Approximately 97% of patients with amyotrophic lateral sclerosis (ALS) have cytoplasmic
mislocalization and aggregation of the ubiquitous nuclear protein, TDP-43. Current rodent models
of this disease fail to replicate the progressive motor weakness and characteristic histopathology,
possibly because of fundamental neuroanatomical and genetic differences between rodents and
humans. In this study, the TDP-43 protein was overexpressed in the motor neuron pool of the
brachioradialis muscle unilaterally in two six-year-old female rhesus macaques, using an
intersectional genetics approach involving infection with genetically modified adeno-associated
virus. Magnetic resonance images demonstrated delayed signal hyperintensities limited to the
injected brachioradialis that persisted for 6-7 weeks, consistent with motor neuron degeneration
and denervation of the targeted muscle. At post-mortem, the virus-mediated focal protein
overexpression event was found to induce widespread deposits of pathological phosphorylated
TDP-43 throughout the cervical spinal cord and motor cortex bilaterally, indicating an ALS-like
spread of proteinopathy from the transfection site.

Introduction

Amyotrophic lateral sclerosis (ALS) is a rapidly progressive adult-onset neurodegenerative
disorder characterized by degeneration of both upper motor neurons in the motor cortex
(corticospinal cells) and lower motor neurons (a-motor neurons) in the spinal cord and bulbar
cranial nerve nuclei[1]. It affects 1-2 in 100,000 people globally[2], with over 90% of cases
occurring sporadically in patients with no family history of the disease[3]. Misfolded, protein-rich
inclusions are a frequent molecular hallmark of neurodegenerative disorders. In ALS, a
proteinopathy involving the 43-kDa trans-active response DNA-binding protein (TDP-43) is found
in 97% of cases[4]. TDP-43 becomes mislocalized to the cytoplasm of motor neurons and
hyperphosphorylated (pTDP-43), and aggregates to form pathological inclusions[5-7]. These
histopathological changes spread to adjacent neural tissue and also to more distant anatomically
connected regions[7], at the same time as the evolving patterns of disease observed clinically[8].
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The molecular mechanisms of pathological spread between affected cells remain unknown; in ALS
a secondary question concerns the direction of disease spread. One hypothesis is that the disease
process begins in the motor cortex and spreads from there to bulbar and spinal motor neurons
long corticospinal/corticobulbar axons, and their monosynaptic connections to alpha motor
neurons. It is supported by the post-mortem identification of pathological pTDP-43 in both upper
and lower motor neuron populations even in the first stage of disease[7], and by the functional
sparing of extraocular and sphincter muscles, whose innervating motor neurons do not receive
direct cortico-motoneuronal inputs[13, 14]. However, corticofugal spread does not account for
rarer ALS phenotypes which affect lower or upper motor neurons selectively (progressive
example that the disease is initiated in peripheral nerve following injury and propagates
backwards[16, 17] are reviewed by Baker [18].

responsible for monogenic familial amyotrophic lateral sclerosis, rodent models have dominated
research into ALS. However, as in patients with SOD1 mutations, SOD1 transgenic mice have no
TDP-43 proteinopathy and little evidence of upper motor neuron involvement[20, 21]. The rodent
motor system has fundamental differences from humans; importantly, it lacks the direct cortico-
motoneuronal connections which may be important in disease spread[22]. To address
fundamental questions of pathogenesis, and provide a means of testing novel disease-modifying
compounds, an animal model that accurately reproduces the progressive motor weakness,
characteristic histopathologies, extended pre-symptomatic phase and subsequent rapid
deterioration of human ALS is urgently required.

One previously published approach used adeno-associated virus (AAV) mediated TDP-43
overexpression in the spinal cord to recapitulate the ALS phenotype in adult macaque

pTDP-43 inclusions in post-mortem tissue. However, because viral transfection and gene
overexpression was widespread throughout the spinal cord, it was not possible to address
questions of disease spreading. Here we have built on this previous work, using an intersectional
genetics approach to overexpress wild-type human TDP-43 in a focal subset of spinal motor
Using magnetic resonance (MR) imaging, we detected regions of signal hyperintensities, which
developed exclusively in the injected brachioradialis muscle and persisted for six to seven weeks
in each animal. These bands of elevated signal, which were detected eight and fourteen weeks
after virus injection in each animal respectively, are consistent with signal changes previously
noted in denervated muscle[25-27] and likely indicate the onset of TDP-43 toxicity resulting from
TDP-43 overexpression within the transfected spinal motor neurons. In this way, muscle signal
increases on MRI could be used as a marker for the onset of virus mediated pathological change.
Animals were terminated seven months after viral transfection, and cervical motor neurons and
large pyramidal cells of the primary motor cortex examined histologically. Although initial
overexpression of TDP-43 was limited to the brachioradialis motor neuron pool, at post mortem we
found widespread deposits of pathological phosphorylated TDP-43 throughout the cervical spinal
cord and motor cortex bilaterally. The absence of fluorescent reporter protein, which had been
included in the viral genetic payload, together with a reduction in motor neuron counts within
spinal segments innervating brachioradialis, was consistent with complete degeneration of the
initially transfected motor neurons. These results demonstrate that focal overexpression of TDP-43
in a spinal motor pool is sufficient to induce widespread pathological TDP-43 inclusions
throughout the spinal cord and motor cortex. We expect that this animal model will allow novel
disease-modifying agents to be tested, with a high chance of results successfully translating to
human patients.

Starkxmethods
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REAGENT OR RESOURCE SOURCE IDENTIFIER
Antibodies
RFP Pre-adsorbed Polyclonal Antibody Rockland Cat#600-401-379;
RRID:AB_2209751
Goat Anti-Choline Acetyltransferase polyclonal antibody Sigma-Aldrich Cat#ab144P;
RRID:AB_2079751
TDP-43 Polyclonal antibody ProteinTech Cat#10782-2-AP;
RRID:AB_615042
Anti TDP-43, phospho-Ser409/410 mAb (Clone 11-9) CosmoBio Ltd Cat#CAC-TIP-PTD-MO01;
RRID:AB_1961900
Donkey Anti-Rabbit IgG H&L (Alexa Fluor® 594) Antibody abcam Cat#ab150076;
RRID:AB_2782993
Donkey Anti-Goat IgG H&L (Alexa Fluor 488) Antibody abcam Cat#ab150129;

RRID:AB_2687506

Bacterial and virus strains

AAV9-EF1a-FLEX-FLAG_TDP-43-WPRE This paper N/A
rAAV2-retro-pAAV-hSyn-CRE-tdTomato This paper N/A
Biological samples

Healthy Macaca Mulatta brain and spinal cord tissue
Chemicals, peptides, and recombinant proteins

MRC Centre for Macaques N/A

Tween-20 Sigma-Aldrich Cat#P1379; CAS: 9005-64-5
Donkey Serum Bio-Rad Laboratories Cat#C06SB
Sudan Black B Sigma-Aldrich Cat#199664; CAS: 4197-25-5
Fluoroshield mounting medium with DAPI Abcam Cat#ab104139
Histo-clear Il Scientific Laboratory Cat#NAT1334
Supplies Ltd
VectaMount® Express Mounting Medium Vector Laboratories Cat#H-5700-60
Critical commercial assays
ImMmPRESS HRP goat anti-rabbit IgG polymer reagent Vector Laboratories Cat#MP-7451
DAB Substrate Kit, Peroxidase (HRP), with Nickel, (3,3'- | Vector Laboratories Cat#SK-4100

diaminobenzidine)
Deposited data

Raw and analyzed data | This paper | https://data.ncl.ac.uk
Experimental models: Organisms/strains

Macaca Mulatta wild-type MRC Centre for Macaques N/A

Software and algorithms

ImageJ Schneider et al.[28] https://imagej.nih.gov/ij/
MRtrix3 Tournier et al.[29] https://www.mrtrix.org/

Key resources table.
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Method details

Animals

The main study was performed on two adult female monkeys (Macaca mulatta; Monkeys Mi and
Ma, age six years, weight 6.1 and 6.9kg at outset). Viral vector efficacy studies were performed in 5
adult female macaques (Monkeys Wa, Wi, Y, Sd, Sp; ages four to five). In addition, control spinal
cord tissue was collected post-mortem from one female macaque (Monkey Z, age 3 years), and
control M1 tissue from another female macaque (Monkey W, age 3 years). Neither had been
involved in electrophysiological recordings, and were housed at the MRC Centre for Macaques. All
animal procedures were performed under appropriate licenses issued by the UK Home Office in
accordance with the Animals (Scientific Procedures) Act (1986) and were approved by the Animal
Welfare and Ethical Review Board of Newcastle University.

Surgical preparation

During the MRI acclimatization phase (see below), an MRI scan of the head was performed under
general anesthesia. This was used to design an annular headpiece with underside shaped to fit the
skull; the headpiece was manufactured from MRI-compatible plastic (TECAPEEK MT CF30,
Ensinger, Nufringen, Germany) using a computer-controlled milling machine.

After MRI acclimatization was complete, both monkeys underwent a sterile implant surgery. After
initial sedation with ketamine (10mg-kg'1 IM), anesthesia was induced with medetomidine (3
ug-kg™! IM) and midazolam (0.3mg-kg™! IM). The animal was intubated, and anesthesia maintained
using inhalation of sevoflurane (2.5-3.5% in 100% O,) and IV infusion of alfentanil (0.4

ugkg 1-min~1). Methylprednisolone was infused to reduce oedema (5.4 mg-kg -hr’! Iv). Blood-
oxygen saturation, heart rate, arterial blood pressure (using a non-invasive blood pressure cuff on
the leg), core and peripheral temperature and end-tidal CO, were monitored throughout;
ventilation was supported with a positive pressure ventilator. Hartmann’s solution was infused to
prevent dehydration (total infusion rate including drug solutions 5-10 ml-kg"l-h'l). Body
temperature was maintained at 37°C using a thermostatically controlled electric heating blanket
placed under the animal and a warm air blanket (3M Bair Hugger, Ontario, Canada) on top of the
animal. Intraoperative prophylactic antibiotics (cefotaxime 20mg-kg ™! IV) and analgesia (carprofen
5 mg-kg ! SC) were given. The headpiece was fixed to the skull using ceramic bone screws (Thomas
Recording, Giessen, Germany) and dental acrylic. In the same surgery, fine wire EMG electrodes
were implanted in eight muscles in each forelimb, and nerve cuffs placed on the median and
radial nerves bilaterally; wires from these electrodes were tunneled to connectors on the
headpiece. Data from EMG and nerve cuff implants are not presented in this publication. Post-
operative care included a full program of antibiotics (co-amoxiclav, dose as above) and analgesics
(meloxicam, 0.2mg-kg™! oral plus a single dose of buprenorphine 0.02mg-kg ™! IM).

MRI scans of the forearm

Animals were acclimatized to undergo MRI scans of the forearm in the awake state, using positive
reinforcement training. A laser scanner (Go!Scan, Creaform 3D, Levis, Quebec, Canada) was used
to create a digital model of the forearm, from which a rigid plastic cast was manufactured by 3D
printing. This individualized cast slid into a cylindrical attachment on the door of the primate
chair, fixing the elbow in 90° flexion, with the forearm semi-pronated so that the radius and ulna
were oriented in a vertical plane. Within the attachment was a custom transmit/receive
radiofrequency coil, positioned directly over the region of interest in the forearm. This allowed
regular MRI scanning with the upper limb held in a consistent position throughout and between
sessions. A camera on the MRI chair allowed behavior to be monitored constantly; the monkey
was given fruit juice rewards for sitting quietly while in the bore of the scanner via a pump system
operated by the investigator. After the headpiece implant (see above), the monkeys were also
trained to accept atraumatic head-fixation during scans to reduce motion artefact. Both right and
left arms were scanned on different days in each week, allowing progressive changes to be
tracked.
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MRI scans were acquired using a vertical 4.7 Tesla research MRI scanner (Bruker BioSpin,
Ettlingen, Germany). T2-weighted Rapid Acquisition with Relaxation Enhancement (RARE) scans
were used. A fat-selective radiofrequency pulse was used to reduce signal artefacts produced by
fat in the subcutaneous fat layer, bone marrow and surrounding the muscles of the forearm.
Repetition time (TR) was 7900ms, and echo time (TE) was 57.3ms. The scans were acquired as axial
slices with a resolution of 0.55mm, a 128x128 in-plane matrix, and 64 slices with a slice thickness
of 1.88mm. Eight scans were acquired in 18min and combined with median averaging to improve
the signal-to-noise ratio and reduce motion artefacts.

MRI post processing

Raw scans were pre-processed, segmented and filtered (median and Gaussian) in Fiji Image] (NIH)
Scans from each session were ordered by date and concatenated. Each image was normalized
against a Gaussian-filtered region of interest (ROI) measured in the flexor compartment, an area
not expected or shown to display virus-related signal change. For all slices along the proximo-
distal axis (Monkey Mi: 34 slices; Monkey Ma: 40 slices), the brachioradialis muscle was
demarcated with a hand-drawn contour within which signal intensity measurements were taken.
Mean signal intensity was computed by averaging all voxels within the obtained ROL
Intramuscular blood vessels were masked to remove signal artefacts. Both left and right arm scans
were analyzed using identical methodology.

To compare between sessions, the mean signal intensity (S) from each session (V) was normalized

by subtracting the mean signal intensity in the baseline sessions (b), and dividing by the standard
deviation of the baseline gy, to give a t score for each session, as described in Equation (1):

SnN—b
ty = 5L

Data were analyzed using custom scripts written in the MATLAB environment (R2020a,
MathWorks). Mean signal intensity in the proximal to distal z slices was smoothed with a
moving window of five z slices. Z slice windows were tested against their respective baseline
sessions. A total of nine scans spanning sessions prior to and immediately following the virus
injections contributed towards the baseline period for the left and right arms of both animals.
All statistical tests were performed using custom MATLAB scripts. The Benjamini-Hochberg
procedure was performed to correct for multiple comparisons[30].

Virus injections

The objective of the viral transfection was to overexpress TDP-43 in motor neurons projecting to a
single muscle, the brachioradialis. We performed pilot experiments in 5 adult female macaques
(Monkey Wa, Wi, Y, Sd, Sp) as part of different studies, to test different viruses, serotypes and viral
was low, with around one motor neuron expressing detectable fluorescent tag (tdTomato) per
40um section. We therefore chose to use an intersectional approach for our main study, in which a
flipped, antisense copy of the TDP-43 gene was introduced into many motor neurons throughout
the spinal cord. A second virus was delivered to a single motor neuron pool selectively by
retrograde transport from the muscle. This inverted the TDP-43 gene, allowing it to be selectively
expressed (Fig. 1@).

While anesthetized and under sterile conditions, Monkeys Mi and Ma underwent a lumbar
puncture in which a 21G hypodermic needle was inserted between the fourth and fifth lumbar
spinous processes, identified by palpation of spinal landmarks. An intrathecal injection through
this needle was made of AAV9-EF1a-FLEX-FLAG_TDP-43-WPRE (5.71 x 1013vg/m1, volume injected
1ml). This injection was followed by an epidural blood patch to minimize the risk of CSF leak. The
animal was moved from the lateral decubitus position into the Trendelenburg position, in which
the animal lay supine, head downwards at a 15-30° angle for 10 minutes. This position has been
shown to improve transduction efficacy of cervical motor neurons following intrathecal
administration of AAVs [31]. While in this position, the animal was injected with rAAV2-retro-

PAAV-hSyn-CRE-tdTomato (8.96 x 1012 vg/ml in 500pl) into five sites in the right brachioradialis
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Figure 1. Intersectional genetics approach to overexpress TDP-43 in a single spinal motor neuron pool of
two rhesus macaques.

(A) The FLEx system exploits Cre recombinase to trigger the inversion and excision of the gene of interest from between two
loxP sites, thus ‘flipping’ the gene into an active configuration. (B) Inactive human wild-type TDP-43 DNA packaged in an
AAV9 vector was injected intrathecally via lumbar puncture. The animals were placed in the Trendelenburg position for 10
minutes after this injection to facilitate rostral spread of the virus to the cervical segments [31]. In the same procedure, a
second virus, rAAV2 retro, was injected into the right brachioradialis muscle. This vector encoded Cre recombinase. The TDP-
43 gene will be switched into the active, readable state in any cells expressing both viruses. This system ensured that

transduction was limited to the motor neurons innervating the right brachioradialis muscle.
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muscle (Fig. 1%). The injection needle was insulated apart from its tip; injections were made at
sites with low threshold for eliciting a twitch after electrical stimulation through the needle,
presumed to correspond to the motor end plates (biphasic pulses, 0.2ms per phase using isolated
constant current stimulator, AM Systems model 2200). Twitch thresholds were 100-250pA for
monkey Mi, and 50-150pA for monkey Ma. After this procedure, the non-steroidal anti-
inflammatory drug meloxicam was given (0.2 mg/kg, immediately after the procedure and once on
the following day).

Tissue preparation for histology

Following the completion of the study (224 days after virus injection for both monkeys Mi and Ma),
the monkeys were killed by overdose of anesthetic (propofol IV) and perfused through the heart
with phosphate buffered saline (PBS) followed by 10% neutral buffered formalin. The cortex,
cerebellum, brainstem and spinal cord were removed and immersed in 10% neutral buffered
formalin for 16 hours at 4°C before progressing through ascending concentrations of PBS sucrose
(10%, 20%, 30%) for cryoprotection. Cortical blocks containing the mediolateral extent of the left
and right sensorimotor cortex were removed. The spinal cord from C1-T1 was separated into
blocks. A freezing sledge microtome (8000-01, Bright Instruments Co. Ltd, United Kingdom)
connected to a solid-state freezer (53024-01, also Bright Instruments Co. Ltd) was used to cut the
spinal cord segments into 40um coronal sections and cortical blocks into 60um parasagittal
sections. All sections were stored free floating in PBS at 4°C until further processing.

Tissue underwent either fluorescent immunohistochemistry to detect the fluorescent viral tag,
tdTomato, and for the identification and counting of motor neurons with choline acetyl
transferase (ChAT) or DAB immunohistochemistry for TDP-43 and phosphorylated TDP-43.
Brightfield images of TDP-43 and pTDP-43 labelled sections were acquired using a Zeiss
Axiolmager (Carl Zeiss AG, Oberkochen, Germany), which allowed for tiling using a 10x objective.
Fluorescently labelled spinal cord sections were imaged using a Zeiss CellDiscoverer 7 (Carl Zeiss
AG, Oberkochen, Germany) connected to a highly sensitive Hamamatsu Fusion sCMOS camera,
which allowed for multi-slide imaging. Full details of histological protocols are available in the
Supplementary Methods.

Immunohistochemistry to detect fluorescent viral tag

This procedure aimed to detect the tdTomato fluorescent protein, which was encoded in the
genetic payload of the rAAV2-retro virus. Sections were collected at 960um intervals from
segments C4-C8 (known to supply the brachioradialis muscle) and labelled with an antibody
against red fluorescent protein and its variants (600-401-379, RFP Pre-adsorbed Polyclonal
Antibody, Rockland; 1:1000). Primary antibody dilutions were performed using a PBS solution
containing 0.3% Tween-20 (Sigma-Aldrich) and 5% donkey serum (Bio-Rad Laboratories). The
primary antibody solution was applied to the sections overnight at 4°C. The sections were washed
in PBS three times before donkey anti-rabbit Alexa Fluor 594 (ab150076, abcam; 1:1000) was
applied as a secondary antibody for two hours at room temperature. The sections were shielded
from light during the secondary incubation and for all subsequent steps to prevent bleaching of
the signal. The sections were washed three times in PBS before being mounted onto slides
(Superfrost Plus, Thermo Scientific). Once the sections had dried and adhered onto the slides, they
were dehydrated in 70% ethanol for five minutes and immersed in Sudan Black B (199664, Sigma-
Aldrich) dissolved in a 70% ethanol solution for 10 minutes. Following this the slides were washed
twice in PBS to remove any residual Sudan Black deposits. Sudan Black binds to and quenches the
autofluorescent protein lipofuscin, which builds up in the cytoplasm of cells of the CNS with
age[32]. Fluoroshield mounting medium with DAPI (4',6-diamidino-2-phenylindole) (ab104139,

Abcam) was used to counterstain cell nuclei and coverslips were placed.

Motor neuron labelling

To allow quantitative counts of motor neuron number, spinal cord sections were collected at 480-
720pm intervals and labelled with a primary antibody for choline acetyl transferase (ChAT)
(ab144P, Sigma-Aldrich; 1:500). Primary antibody dilutions were performed using a PBS solution
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containing 0.3% Tween-20 (Sigma-Aldrich) and 5% donkey serum (Bio-Rad Laboratories). A goat
anti-ChAT polyclonal antibody (Sigma-Aldrich; 1:500) was applied to the sections overnight at 4°C.
The sections were washed in PBS three times before donkey anti-goat Alexa Fluor 488 (ab150129,
abcam; 1:1000) was applied as a secondary antibody for two hours at room temperature.
Subsequent steps were repeated as above.

Labelling of TDP-43

Spinal cord sections were collected at 960um intervals, and cortical sections were collected at
1440um intervals for TDP-43 immunostaining (10782-2-AP, TDP-43 Polyclonal antibody,
ProteinTech; 1:2000). Further spinal cord sections were collected at 320-480pm (Mi = 1/12, Ma =
1/8) intervals, and sensorimotor cortex sections were collected at 720um intervals, for
phosphorylated TDP-43 (pTDP-43) immunostaining (CAC-TIP-PTD-M01, Anti TDP-43, phospho-
Ser409/410 mAb (Clone 11-9), CosmoBio Ltd; 1:500)[33]. Sections were washed with 0.1M PBS
before being incubated with 3% H,0, for five minutes to quench any endogenous peroxidase
activity. Following this, the sections were washed with PBS three times. Primary antibody dilutions
were performed using a PBS solution containing 0.3% Tween-20 (Sigma-Aldrich) and 5% goat
serum (Vector Laboratories). A rabbit anti-TDP-43 polyclonal antibody (ProteinTech; 1:2000) was
applied to the sections for TDP-43 analysis overnight at 4°C, while sections for pTDP-43 processing
were incubated with a mouse anti-TDP-43 phospho-Ser409/410 polyclonal antibody (CosmoBio Ltd;
1:500) overnight at 4°C. The following day the sections were washed three times with PBS prior to
a 30-minute incubation with an ImmPRESS HRP goat anti-rabbit IgG polymer reagent (MP-7451,
Vector Laboratories) at room temperature. The sections were again washed with PBS 3 times to
remove any residual secondary antibody. A DAB substrate (3,3’-diaminobenzidine) (SK-4100,
Vector Laboratories) was applied to the sections until a desired stain intensity developed (two
minutes). The DAB substrate produces a brown precipitate in the presence of the peroxidase (HRP)
enzyme. Tap water was applied to the sections for five minutes to quench the reaction. At this
point sections were mounted onto slides and allowed to air dry. Sections were dehydrated in
ascending ethanol solutions (70%, 90%, 100%) and cleared in histoclear (Sigma-Aldrich) for 10
minutes. Sections were coverslipped with VectaMount (Vector Laboratories).

Microscopy and quantification

Spinal cord motor neurons were identified by their morphology, as large multipolar neurons, and
location within lamina IX of the ventral horn grey matter. Non-motoneuronal cell types were
excluded from counts based on these criteria. Brightfield images of TDP-43 and pTDP-43 labelled
sections were acquired using a Zeiss Axiolmager (Carl Zeiss AG, Oberkochen, Germany), which
allowed for tiling using a 10x objective. Fluorescently labelled sections were imaged using a Zeiss
CellDiscoverer 7 (Carl Zeiss AG, Oberkochen, Germany) connected to a highly sensitive
Hamamatsu Fusion sSCMOS camera which allowed for multi-slide imaging. Motor neurons labelled
for pTDP-43 or ChAT were counted using the Image] Cell Counter tool[34] in the left and right
ventral horn of all cervical segments for both monkeys.

Betz cells were identified based on their location in layer V of the motor cortex and their large
pyramidal cell body. All brightfield and widefield fluorescence images were acquired using a Zeiss
Axiolmager (Carl Zeiss AG, Oberkochen, Germany), which allowed for the capture of high
magnification images as well as tiling using a 10x objective. For analysis, the primary motor cortex
was divided into Old M1 and New M1 based on previously described anatomical landmarks[35,

of Old M1 and most caudal border of New M1 for each section analyzed. Betz cells positive for
pTDP-43 immunoreactivity within these regions were counted in every 12 section throughout the
mediolateral extent of the motor cortex (every 720um) using the Image] Cell Counter tool[34]. The
number of counted cells were averaged for each area. To compensate for differences in the size of
0ld M1 and New M1, the density of pTDP-43 positive cells was measured. Cell density was
calculated by dividing the number of counted cells per section by the rostro-caudal length of layer
Vb, measured in Image]. Before the length could be measured, each image was spatially calibrated

to convert the number of pixels into a real distance in micrometers.
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Statistical analysis

Data were analyzed using custom scripts written in the MATLAB environment (R2021a,
MathWorks). Statistical tests were performed using MATLAB. Paired t-tests were used to compare
pTDP-43 and ChAT positive cell counts from contralateral sides of each spinal segment. A two-way
ANOVA was used to compare both the effects of side (ipsilateral-contralateral) and the effect of
segment on pTDP-43 cell counts. To examine intersegmental differences, pairwise t-tests were
performed to compare each segment against the group of segments in which significant
reductions in ChAT+ motor neurons were counted. Unpaired t-tests were used to compare counts
from different hemispheres and between cortical subdivisions. Benjamini-Hochberg corrections
significance level of p<0.05; in the text, uncorrected p values are given, together with a statement
of whether these should be considered significant after this correction.

Results

MRI can detect the onset of virus-mediated denervation in
brachioradialis muscle

RARE-MRI scans of equivalent axial slices of the left and right forearms of both monkeys are
constant throughout the muscles of the forearm, including the brachioradialis muscle (delineated
inred in Fig. 2(%) prior to the virus injections, except for a mild hyperintensity throughout the
extensor compartment in the right forearm of Monkey Mi. This may relate to earlier slight damage
to the radial nerve in this arm, caused during the implantation of a nerve cuff. This diffuse
hyperintense signal had normalized by 6 weeks after the virus injection, when the signal was

uniform in all forearms scanned (Fig. 2C, D®).

At 8 weeks (monkey Mi) and 14 weeks (monkey Ma) after viral transfection, bands of high signal
began to appear localized to the brachioradialis muscle (Fig. 2E, F). These continued to increase
before again normalizing (Fig
abnormal signal pattern.

To quantify the time course of these changes in MRI signal, hand-drawn boundaries were used to
demarcate the brachioradialis in every proximo-distal axial slice along the muscle (example red
normalized to the baseline to give a t score as described in Methods. On the left (non-injected) side,
there were no significant changes for any proximo-distal location along the muscle (different lines
on Fig. 3A, C@). On the right (injected) side, the mean signal intensity increased significantly

proximal location within the brachioradialis muscle, and the x axis time relative to the virus
injection (dotted line). In monkey Mi, the significant increase in signal intensity started in a
proximal region of the muscle and then moved more distally. In monkey Ma, an initial increase
over a wide proximo-distal range became larger and focused more distally.

The results from the right brachioradialis muscle in Monkey Mi showed not only an increase in
signal intensity was also evident in the left brachioradialis of Mon.lgé;.l.\;l.i"{éﬂuweeks after virus
injections, 7 weeks earlier than the reduction in right brachioradialis signal intensity (P=0.00072,
Fig. 3A, EC2).
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BASELINE

14 Weeks

28 Weeks

Figure 2. Muscle signal intensity from T2-weighted Rapid Acquisition with Relaxation Enhancement (RARE)
scans.

All panels show cross-sectional images of the left and right arms from two monkeys. For orientation, on a single scan for each
animal the brachioradialis muscle is demarcated with a red boundary, the ulnar (U) and radius (R) bones are labelled, and a
superficial blood vessel indicated with the filled arrowhead. In some scans, artifacts caused by the implanted EMG wires can
be seen in both a flexor and extensor muscle of monkey Ma, indicated with an open arrowhead. (A, B) Baseline scans prior to
virus injection. (C, D) 4-6 weeks after virus injection, no signal abnormalities are seen. (E, F) 8-14 weeks after virus injection,
bands of hyperintense signal are seen localized to the brachioradialis muscle. (G, H) Signal abnormalities normalize after 8
weeks in both animals
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Figure 3. Quantification of RARE-MRI signal intensity changes in the brachioradialis muscle.

(A-D) Change in signal intensity with time after the virus injection (time 0, vertical dashed line), for left and right sides in two
monkeys. Intensity has been normalized by subtracting the mean and dividing by the standard deviation of a baseline period
(grey shading). Each colored line presents data from a different proximo-distal slice through the forearm. Horizontal dotted
lines mark the significance limits of P<0.05, 0.01, 0.005 and 0.001 after correction for multiple comparisons by the Benjamini-
Hochberg procedure. Note the peaks in signal seen on the right side in both animals. (E, F) The same data as (A-D), replotted
as color maps to show the spatiotemporal pattern. The color scale has been chosen such that black indicates non-significant
changes, while red and blue represent significant increases and decreases, respectively. Significance was determined at a
threshold of P<0.0017 after correcting for multiple comparisons. Both monkeys showed a focal, time-limited increase in signal
in the right BR; in monkey Mi (C) this was followed by a signal decrease. A signal decrease was also recorded during this time
in the left BR of monkey Mi. No signal decreases were recorded in the left or right BR of monkey Ma (D).
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Figure 4. Evidence for motor neuron degeneration in spinal segments innervating the brachioradialis
muscle.

(A) Image from a previous study in our group (Monkey W) involving retrograde viral transfection with rAAV2retro with a
tdTomato genetic payload. Motor neurons labelled with the fluorescent protein could be clearly seen. (B) Example image
from monkey Mi, showing that no motor neurons with tdTomato could be seen. (C) Image of ventral horn of the spinal cord
from monkey Mi, stained for choline acetyl transferase (ChAT) to identify motor neurons. Scale bar for (A-C) = 200pm. (D)
Motor neuron counts per section in a healthy control macaque (Monkey Z). There were no significant differences in cell
numbers between left and right sides in any segment between C1 and T1. (E) Motor neuron counts for the two monkeys
infected with TDP-43 constructs as in Figure 1 &, Asterisks mark significant differences between left and right side (*, P<0.05;

** P<0,01; *** P<0.0001). Bars are the mean of 6-18 sections; error bars indicate standard errors of the mean.
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Loss of brachioradialis motor neurons on the injected side

The fluorophore tdTomato is a commonly used component of the genetic payload included in AAV
viruses, as it reliably allows transfected cells to be identified. In a preliminary experiment using a
monkey W). However, examination of 26 sections throughout the C4-C8 segments in both monkey
Mi and Ma revealed no motor neurons expressing tdTomato (Fi Z). We hypothesized that this
may be because all transfected motor neurons had degenerated by the time the tissue was
examined, seven months after the viral injection. To test for this, 12-18 sections per spinal segment
were stained for ChAT (Fig. 4C (%), and the number of motor neurons on each side counted.

(Monkey Z), which had not undergone viral transfection. Cell counts rose to a maximum in
segment C6, corresponding to the cervical enlargement[37, 38]. There was no significant difference
between counts on the left and right side at any segmental level (P>0.05). By contrast, in both
animals with virus injections there were significantly fewer motor neurons on the right (injected)
(Monkey Mi: C6, P=7.8x107>; C7, P=0.0062; Monkey Ma, C7, P=0.0108; C8, P=0.00074; all other
comparisons not significant). These results are consistent with focal degeneration of
brachioradialis motor neurons transfected by the virus, which would explain the lack of tdTomato

fluorophore.

TDP-43 histopathology in spinal cord

Figure 5AZ presents example results from cervical spinal cord tissue stained against an antibody
for the physiological TDP-43 protein, in the healthy control animal without viral transfection
(monkey 7). As previously reported in healthy tissue, dense TDP-43 staining was confined to the
nucleus of motor neurons. By contrast, in both animals with viral transfection, TDP-43 was also
present in the motor neuron cytoplasm, where it was seen uniformly throughout the cell body and
brachioradialis muscle, where a significant reduction in ChAT-expressing motor neurons had been
seen (Fig. 4 2). Some of these cells showed a loss of clear nuclear protein expression alongside
substantial dense aggregates throughout the cytoplasm. However, changes were not confined to
these segments, but were widespread (Fig. 5C2) and included smaller interneurons as well as

motor neurons.

To examine this neuropathology in more detail, we stained the spinal tissue for an antibody
against the pathological phosphorylated TDP-43 serine groups 409/410 (pTDP-43). In the control
macaque without viral transfection, only very light staining was seen (Fi (%). This is most

animals, pTDP-43 was detected in the cytoplasm of motor neurons and smaller dorsal horn and
intermediate zone cells, throughout all cervical segments bilaterally (Fig. 5F-H%). Nuclear

expression of pTDP-43 was also identified. However, this was less pronounced in segments
innervating the brachioradialis muscle (Fig. 5H ).

Quantification of these results was achieved by counting pTDP-43+ motor neurons in each spinal
segment for both transfected monkeys (Fig. 512, ]). A two-way ANOVA confirmed no effect of side
(Mi P=0.191; Ma P=0.107) but revealed an effect of segment (Mi, P=3.1x10"5; Ma, P=7.5x10"7). To
elucidate the intersegmental effects, pairwise t-tests were performed, comparing each segment to
the two segments from each animal with significantly reduced ChAT positive motor neurons (Mi:
C6-C7; Ma: C7-C8; Fig. 4E (4). These post hoc tests revealed significant differences between the
segments innervating brachioradialis and C1-C3 in Monkey Mi (C1 P=2.1x10">; C2 P=1.8x107%; C3
P=7.4x10"% and C2-C4 and T1 in Monkey Ma (C2 P=4.7x10"%; C3 P=9.8 x10~%; C4 P=0.0068; T1

P=2.2x1073).
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Figure 5. Spinal distribution of TDP-43 and phosphorylated TDP-43 (pTDP-43).

(A-D) Enlarged view of spinal motor neurons within lamina IX stained for TDP-43 in brown, using DAB. (A), from a control
animal without virus transfection (monkey Z); TDP-43 was restricted to the nucleus of motor neurons. (B) from the C7
segment of Monkey Mi. (C) from C6 segment of Monkey Ma. (D) from C5 segment of Monkey Mi. Note dense staining in the
cytoplasm, with visible clumps of TDP-43, indicated by asterisks (*), and the less prominent nuclear staining in some cells
(arrows) in segments which innervate the brachioradialis muscle. (E-H) Enlarged view of spinal motor neurons stained for
pTDP-43(pS409/410). (E) no pTDP-43 staining was identified in a control macaque (monkey Z) without virus transfection. (F)
from C7 segment of Monkey Ma. (G) C6 segment of Monkey Mi. (H) C5 of Monkey Ma. Nuclear staining was less prominent in
motor neurons of segments innervating the brachioradialis muscle (arrows), than more distant segments. (L)) Bar charts
showing the counts of pTDP-43+ motor neurons in each spinal segment on the left and right side. There were no significant
differences between sides. Asterisks mark segments with significantly different cell counts from the segments which had
reduced ChAT+ motor neuron counts. Bars show the mean over 6-18 sections; error bars show the standard error of the
mean.
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TDP-43 histopathology in primary motor cortex

Staining for unphosphorylated TDP-43 in M1 of a control monkey (monkey W) revealed
widespread nuclear staining as expected, but also a band of light-staining in both the nucleus and

was clearly seen in the cytoplasm, but not the nucleus of the Betz cells in the transfected animals
(Fig. 6E, F(2). The expression appeared uniform throughout the cytoplasm and did not show any

signs of aggregation or clumping. This is consistent with the report that TDP-43 proteinopathy in

Betz cells differs from that in spinal and bulbar motor neurons[41].

In primates, M1 can be subdivided into New M1, which lies within the bank of the central sulcus
and has many fast direct cortico-motoneuronal connections, and Old M1, which is situated on the

cortical surface and makes indirect, as well as slower direct connections to motor neurons[35, 36].

We quantified the distribution of pTDP-43+ Betz cells within these two divisions as indicated on
i 2. Previously described anatomical markers[35] were used to define the boundary

To account for differences in size of New and Old M1, we calculated the density of pTDP-43+ cells
by dividing the raw counts by the linear extent of layer Vb in each area. Labelled cell density was
significantly higher in New M1 than in Old M1 for the left hemisphere in both animals (Monkey
Mi, P=0.0359; Monkey Ma, P=0.0037). No such differences between New and Old M1 were seen in
the right hemisphere (Fig. 6I-L (%).

Discussion

Focal overexpression of TDP-43 produces widespread
neuropathology

A critical question in motor neuron disease research is the role of TDP-43 pathology. While
mislocalized TDP-43 aggregates are a consistent histopathological hallmark observed in the tissue
from almost all patients, it remains unclear whether this plays a causal role in the initiation and
spreading of pathology. The alternative, that TDP-43 abnormalities are a (maladaptive or adaptive)
response to disease progression remains a viable possibility. Here we addressed this issue
experimentally by producing highly focal overexpression of TDP-43 in a single motor neuron pool
using an intersectional genetics approach. Whatever the role of TDP-43 in human disease, we
might expect that powerful overexpression of a single protein would be toxic to healthy cell
function. It is unsurprising that such transfected cells should eventually die, as appears to have
happened in our model (Fig. 4E ©2). However, if TDP-43 is a purely downstream effect of
degeneration, pathological changes should be confined to the initially targeted cell population.
Contrary to this, we observed widespread TDP-43 pathology extending throughout the spinal cord
and reaching the motor cortex. These findings support the hypothesis that TDP-43 dysfunction
itself is involved in the dissemination of neuropathology beyond the site of initial insult,
implicating it as an active contributor to disease progression.

The extent of TDP-43 pathology observed here was remarkable. High levels of pTDP-43 were seen
in motor neurons and in smaller cells outside Rexed’s lamina IX (presumed interneurons) on both
sides of the spinal cord, and over a wide range of spinal segments (Fig. 51, ] (2). In M1, pTDP-43 was

Spread of pTDP-43 was not therefore confined to cells directly connected to the transfected motor
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Figure 6. TDP-43 and pTDP-43 in the sensorimotor cortex.

(A-F) Images show parasagittal sections of the cortex in the region surrounding the central sulcus (CS). Pre-central (primary
motor cortex, M1) and post-central (primary somatosensory cortex, S1) cortices are labelled. Sections have been stained to
label TDP-43 or pTDP-43 in brown, using DAB. (A) TDP-43 was found in the cytoplasm of the large Betz cells of layer V
(indicated by arrows) in M1 of a healthy control macaque (Monkey W), without virus transfection (see enlarged view). (B, C) In
the transfected animals, Monkey Mi and Monkey Ma, staining was more dense, with clear cytoplasmic staining of Betz cell
cytoplasm and nuclei in the enlarged images. (D) No pTDP-43 expression was detected in M1 of the healthy control macaque
(Monkey W). (E, F) Staining for pTDP-43 in the transfected animals identified dense staining in the cytoplasm of layer Vb cells
(indicated by arrows). Nuclear staining was present but less prominent. (G, H) Counts of pTDP-43+ Betz cells in two
subdivisions of M1, in two transfected animals. Examples of the division of New M1 and Old M1 are shown in (B). (L-O) the
density of pTDP-43+ cell was calculated as cells per unit length of layer Vb. Plots show results for left and right M1, for each
monkey separately. Scale bars: low power images: 1000um; high power images: 100um. Bars in (G-L) are the average over 15-
22 sections sampled from the mediolateral extent of M1; error bars indicate standard error of the means. Asterisks indicate
significant differences: *, P<0.05; **, P<0.005.
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neurons innervating the brachioradialis muscle. This is likely to reflect multiple waves of disease
spread, in which successively more indirectly connected neurons were recruited to the
pathological process. By the time the animals were killed and tissue examined, this process seems
to have become well advanced, and little signature of the initial overexpression site remained.
However, it was notable that in the cortex of both monkeys, a higher density of pTDP-43+ Betz cells
were seen in left New M1 than Old M1 (Fig. 6], ] (2); left New M1 has the most direct connections to
the motor neurons of the right cord where initial overexpression occurred. Due to the advanced
stage of neuropathological spread, we can provide limited information on the route of that spread.
For example, spread to the ipsilateral intermediate zone and to the contralateral spinal cord could
equally have occurred via intra-spinal connections, or passed via the cortex. However, since in our
model the initial overexpression was confined to lower motor neurons, the presence of pTDP-43 in
the cortex implies that retrograde spread is possible, consistent with the ‘dying backward’
hypothesis. Our results do not exclude the possibility of anterograde spread, from cortex to spinal
cord, as posited by the ‘dying forward’ model.

As previously reported, we found that TDP-43 was restricted to the nucleus in healthy spinal
tissue. Surprisingly, in healthy macaque M1 this was not the case: the cytoplasm of large layer Vb
Betz cells stained lightly for TDP-43. This raises the possibility that these unusual corticospinal
cells, with their long, fast conducting axons, extensive terminal arborization and membrane
conductance specialized for fast discharge rates, may be uniquely vulnerable to pathological
phosphorylation of TDP-43 since they have higher levels of functional protein available.

Research in non-human primates necessarily places ethical and financial limits on the number of
animals which can be used. In this study, this meant that we were only able to examine tissue at a
single time point 32 weeks after virus injection. At this time, although both animals showed
extensive pTDP-43 neuropathology, there was no evidence of widespread motor neuron
degeneration. The animals showed no sign of clinical weakness, and there were no further regions
of hyperintensity on the MRI scan after the initial transient signals starting 9-15 weeks after viral
injection. It is possible that the experiment was ended before the accumulation and cytoplasmic
mislocalization of pathological TDP-43 outside the brachioradialis motor neuron pool became
sufficiently toxic to produce cell death. Alternatively, further degeneration may have occurred, but
at a steady low rate which was subthreshold for detection on MRI. In humans, motor unit number
estimation techniques identify deficits prior to clinical presentation of disease[42, 43], and it is
estimated that around 20% of motor neurons are lost before patients first complain of
weakness[44]; we would presumably also be unlikely to detect overt weakness in monkeys before
many motor neurons have been lost. This model allows us the unique opportunity to study the
early phase of disease, and so better understand the initial pathological propagation of TDP-43.

It is important to consider possible confounding factors which may have led to the widespread
TDP-43 pathology. With our intersectional genetics approach, viral transfection with AAV9 was
intentionally widespread throughout the cord. Viral transfection of rAAV2 relied upon retrograde
transport and thus was confined to the motor neurons supplying the brachioradialis muscle. In
this way, viral transfection and thus, transduction and overexpression of TDP-43 would be
restricted to only the motor pool of the right brachioradialis muscle, providing a focal site of onset.
Several lines of evidence support that this was indeed the case. Firstly, an extensive literature has
reported focal retrograde transport and expression following intramuscular injections of viral
intravenous administration in primates[47-49] and after intramuscular administration in neonatal
mice[50]. Secondly, some 8-14 weeks after the initial viral injection, focal changes became
apparent in the right brachioradialis muscle on MRI scans. There were no more diffuse changes at
this time, as would be expected if the virus had spread more widely. Finally, any TDP-43 produced
from overexpression following viral transfection should be accompanied by the fluorescent tag
tdTomato, which was incorporated into the genetic payload in the rAAV2 virus. In prior viral
delivery experiments, we reliably detected tdTomato labelled cells, confirming successful

study, no tdTomato labelled cells were identified at the time of post-mortem analysis. Given our

Jones et al., 2026 eLife 15:RP109810. https://doi.org/10.7554/eLife.109810.1 17 of 32


https://doi.org/10.7554/eLife.109810.1
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/medicine
https://elifesciences.org/subjects/neuroscience

oy [ Medicine | Neuroscience
v eLife

previous success using the same construct and detection methods, the absence of tdTomato signal
in these animals may indicate that all such transfected cells had died by the time the tissue was
examined post-mortem. This interpretation is consistent with the reduction in ChAT positive cells
in the right side of cervical segments which innervate the injected muscle, as well as the bands of
signal intensity detected in the right brachioradialis on MRI. The absence of tdTomato labelled
cells in other regions of the spinal cord or motor cortex further supports the conclusion that the
rAAV2 vector did not spread systemically via the bloodstream, consistent with previous reports of
focal transfection following intramuscular delivery in adult primates[45, 46].

A primate model of motor neuron disease

An important aspect of this study was the use of macaque monkeys, an Old World primate with
very similar motor system to humans. Macaques have key differences from the rodent species
runs primarily in the dorsolateral funiculus, compared to the dorsal column in rats and mice.
Some corticospinal neurons in primates make monosynaptic connections to lower motor neurons,
a connection which is important for the performance of independent finger movements[37]. These
connections originate mainly in the subdivision of M1 referred to as New M1 by Strick and co-
workers[35, 52] (although not exclusively[36]), which is unique to primates. In rodents, the
corticospinal tract connects primarily to dorsal horn interneurons, involved in sensory processing;
in primates most connections are by contrast to the intermediate zone, providing indirect control
spreads trans-synaptically, especially between the cortex and the spinal cord. In our data, the
density of pTDP-43+ cells was higher in New M1 than Old M1 in both monkeys on the side
contralateral to the initially transfected brachioradialis motor neuron pool. Since New M1 is the
main location of fast cortico-motoneuronal cells, this suggests that these uniquely primate
connections may be of importance for disease spread.

In both rodents and primates, the majority of corticospinal axons are slowly conducting; however,
primates also have a small number of cells with fast conduction velocities >50 m/s[53]. These cells

Kv3.1b is seen only in fast-spiking interneurons not in pyramidal cells. This is likely to be just one
of the specialist adaptations of primate Betz cells to permit high discharge rates and fast axonal
conduction velocities. Interestingly, in control tissue from a healthy macaque we observed light
cytoplasmic staining for TDP-43 in the Betz cells of the motor cortex (Fig. 6A %), which is not seen

specialization and high energy turnover of these cells. This may make these upper motor neurons
especially vulnerable to pathological protein aggregation, since they have a ready store of
cytoplasmic functional TDP-43 which can be converted to pathological pTDP-43.

The function and conformation of TDP-43 is highly conserved between humans, rodents and
eukaryotes[56, 57]; however, recent reports have identified key differences in its role in mRNA
regulation between species. Recent advances have identified an important role for TDP-43 in the
repression of non-conserved cryptic exons, with loss of nuclear TDP-43 associated with mRNA
splicing defects and anomalous translation [58]. Stathmin-2 (STMN2) mRNA, which encodes a
protein essential for axonal growth and repair in neurons, is one of many mRNAs found to be
regulated by TDP-43 [59-61]. The loss or altered functioning of TDP-43 in human motor neurons
has been shown to induce aberrant splicing and polyadenylation of stathmin-2 mRNA, causing a
significant reduction in levels of functional mRNA [62, 63]. Aberrant alterations of stathmin-2
mRNA in motor neurons of ALS patients, as well as the ability of the functional protein to rescue
the disease phenotype have implicated the TDP-43-stathmin-2 interaction in motor neuron
degeneration. Stathmin-2 shows sequence homology between humans, Old World and some New
World primates, but not rodents[63]. A model such as ours would enable the study of these

conserved downstream molecular components at various stages of disease presentation.
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Muscle MRI for detection of motor neuron degeneration

Structural MRI scans have long been used to assess cortical thinning and, more recently, structural
differences in the motor cortices have been used to distinguish ALS patients from healthy
controls[64, 65]. In addition to these cortical assessments, scans of muscle could reveal on-going
denervation in ALS patients and have potential as a disease biomarker[66]. T2-weighted RARE
scans detect fluctuations in the proportion of water within a muscle. Following denervation,
muscle cytoarchitecture becomes destabilized, leading to hyperintense signal[26]. In this study we
detected bands of high signal in the transfected brachioradialis muscle, eight and fourteen weeks
after the virus injection in the two respective monkeys, which increased and spread through the
muscle before recovering. This increase occurred too late to be associated merely with
inflammation caused by the intramuscular virus injections, and is most likely explained by
denervation caused by TDP-43 overexpression in transfected motor neurons. The recovery of this
signal after around eight weeks is presumably explained by compensatory reinnervation and

motor unit remodeling.

In monkey Mi, hyperintense signal from the brachioradialis muscle on MRI began eight weeks
after injection, compared with fourteen weeks after injection for monkey Ma. This suggests that
overexpression of TDP-43 may have reached toxic levels earlier in monkey Mi than Ma. At post-
mortem, monkey Ma showed a characteristic peak in motor neuron number around the cervical
enlargement (C6-C8), similar to that seen in the control animal (Fig. 4D, E(2). By contrast, in
monkey Mi this peak was abolished, which may reflect the onset of secondary degeneration of
motor neurons close to, but not part of, the transfected brachioradialis motor neuron pool

following the earlier disease spread in this animal.

While the time of onset of the hyperintense MRI signal differed between the two animals, the
duration and spatial progression throughout the muscle was conserved. No further indication of
denervation was recorded in either the virus-targeted muscle or any of the other forearm muscles.
Whilst the initial denervation event provoked widespread cytoarchitectonic destabilization
throughout the right brachioradialis, later more gradual reorganization caused by progressive
spread may not have generated sufficiently extensive or coordinated changes that could be
resolved with this technique. Alternatively, denervation in other forearm muscles may not have
been detected on MRI as the experiment may have been terminated before spread of pTDP-43
reached levels sufficiently toxic to induce motor neuron cell death in these motor pools.

Outlook

In this report we have described the development of a non-human primate model of amyotrophic
lateral sclerosis, which replicates the progressive spread of TDP-43 pathology seen in humans.
Importantly, non-invasive MRI scans allowed us to monitor the onset of the initial transfection-
induced degeneration event. This occurred at variable times after virus injection in the two
monkeys; pinpointing degeneration onset in this way could allow subsequent experimental
disease-modifying therapies to be initiated with accurate timing. This model has great potential for
pre-clinical testing; the use of a primate species with close similarities to humans increases the
likelihood of promising results translating to clinical benefit. In addition, the availability of such a
model could allow the testing and validation of early biomarkers[67], which is not possible in
patients who are typically diagnosed quite late in the disease time course.

Data availability

Raw MRI data, and spreadsheets containing cell counts, will be made publicly available on the
server https://data.ncl.ac.uk@ after acceptance of this paper.
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Peer reviews
Reviewer #1 (Public review):

Summary:

The authors have used a macaque (two animals only) to follow the migration of 'seeded’
TDP43 protein in neuronal pathways - thus mimicking the spread of ALS in the human CNS.
Previous experiments in rodents failed to demonstrate this, posing interesting and important
biological differences, possibly related to the UMN-LMN system in higher order apes and
humans.

Strengths:
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An important step forward.
Weaknesses:

No weaknesses were identified by this reviewer. Only 2 animals were used, but that is
appropriate given the sensate status of the macaque. In the opinion of this reviewer, the
results are entirely convincing.

https://doi.org/10.7554/eLife.109810.1.sa3

Reviewer #2 (Public review):
Summary:

There are astonishingly few papers trying to reproduce the process of initiation and
spreading that Braaks studies have suggested and postulated. The authors should be
applauded for pioneering such a difficult experiment. They overexpressed the TDP-43 protein
in the motor neuron pool of the brachioradialis muscle and showed that by this technique,
motor neurons in this pool died, and the muscle got denervated. They had evidence of a
spreading process from the spinal cord to the cortex, demonstrated by showing widespread
deposits of phosphorylated TDP-43 bilaterally in the cervical cord and the motor cortex. By
their experiment, they created a dying-backwards model, not a model of corticofugal spread,
like that shown by Braak. No muscle weakness was observed, not even in the brachioradialis.

Strengths:

The strength of this innovative study is the fact that this spreading experiment uses the
phylogenetically young connectome of primates (macaques). They also made the thought-
provoking observation of spreading from the cord to the motor cortex, not the corticofugal
spread model observed by Heiko Braak. This is thought-provoking because this enables the
observer to compare their model with the findings in humans.

Weaknesses:

The following aspects are not a weakness but need to be better explained for the interested
reader - and potentially improved in future studies for which the authors laid the foundation:

(1) Why do the authors use the brachioradialis motor neuron pool to overexpress TDP-43?
More is known about other muscles and how they are embedded in the motor connectome of
primates. Why not the biceps brachii or the hand extensors or - even better - the small
muscles of the hand? These are known to be strongly monosynaptically connected with the
motor cortex. The authors should explain this. I am unclear if there was a specific reason
which I did not see or understand. In my view, the brachioradialis is not the best
representative of the primate connectome, for example, to examine this model and compare
it with the corticofugal spread.

(2) In the Braaks experiment, only (seemingly soluble) non-phoshorylated TDP-43 "crossed”
synapses. Phosphorylated TDP-43 did not do this. The authors of this study saw
phosphorylated TDP43 in motor neurons and the cortex. Is there any potential explanation
for how it crosses synapses? If it really does, there is an obvious difference to the human
situation which needs to be emphasized and explained (in the future).

(3) There were significant deposits of phosphorylated TDP-43 in oligodendrocytes in humans.
Whilst I understand that one experiment cannot solve every question - I am curious about
whether the authors saw anything in oligodendrocytes?

(4) Which was the pattern of damage? Of course, this pattern is not likely to have a
monosynaptic pattern - like in humans........ but was there a pattern? Did it have a
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physiologically meaningful basis? Was there any relation to the corticofugal monosynaptic
pattern? What are the differences? The authors speak of "multiple waves". Does this mean
that if this were a corticofugal model, for example, oculomotor neurons would also
degenerate?

https://doi.org/10.7554/eLife.109810.1.sa2

Reviewer #3 (Public review):

Summary:

In this paper by Jones and colleagues, a non-human primate model is described in which
wild-type TDP-43 is expressed in the cervical spinal cord. This gave rise to loss of motor
neurons in the ventral horn at that level in the cervical spinal cord. MRI of the muscles
allowed to see increased intensity in the mostly affected brachioradialis muscle, suggesting
this muscle becomes denervated. At the neuropathological level, TDP-43 and pTDP-43 staining
in the cytoplasm is increased, not only at the specific level of the cervical spinal cord, but also
at a distance.

Strengths:

A clear strength is the state-of-the art focal expression of the TDP-43 transgene at a focal site
in the cervical spinal cord. This is achieved by combining a general expression of a flipped
loxP flanked TDP-43 vector using AAV9 intrathecal administration, followed by an
intramuscular AAV2 hSyn CRE-TdTomato vector in the brachioradialis muscle in order to
induce focal recombination and expression of TDP-43 in motor neurons innervating this
muscle on one side.

Another strength is the non-human primate background, which is much closer to the human
situation.

Weaknesses:
Given the complexity and cost of the model, the n is very low.

The design of the experiments and the results shown about the toxicity induced by this focal
TDP-43 expression do not allow us to conclude that it is a good model for ALS for several
reasons. It is not clear that the TDP-43 overexpression results in spreading weakness or in
spreading motor neuron loss. The neuropathological changes described suggest that there is a
kind of stress response, which extends to regions away from the site of primary damage, but
more is needed to provide convincing evidence that there is spreading of disease pathology
reminiscent of human ALS.

https://doi.org/10.7554/eLife.109810.1.sa1

Reviewer #4 (Public review):

Summary:

In this manuscript, the authors present data describing the development of a model of ALS in
rhesus macaques. They use a viral intersectional model to overexpress TDP-43 in a
population of motor neurons and then study the spread of the pathology about 7 months
later. They demonstrate that both the cervical spinal cord and motor cortex (new and old M1)
are full of TDP-43, suggesting that the pathology spreads from the single motor pool to
presumably related neurons.

Strengths:
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This is a super-important study in two main ways:

(1) This could be the birth of a really important model, one that is really needed for making
progress in understanding ALS and the development of therapeutics. There are shortfalls
with all the rodent models. Models dependent on cell cultures are superb for understanding
cell-autonomous processes, but miss out on connectivity, particularly the long-range
connectivity. Organoids may ultimately prove to be beneficial, but they would need cortex,
spinal cord, and muscle, and translatability from them is not assured. So a NHP model is
needed, and this may be it. Furthermore, the Methods are meticulously described and will
undoubtedly facilitate reproducibility.

(2) The concept of the spread of pathology has been proposed for some time, I think, based
initially on the detailed clinical observations of Ravits and colleagues. The authors have
looked at this directly and provide supporting evidence for this interesting hypothesis. They
show spread locally and contralaterally in the spinal cord (although a figure would be nice)
and to the motor cortex.

Taking only these 2 points into account is more than sufficient for me to be enthusiastic about
this work.

Weaknesses:

I'd like to make a couple of points that if addressed, could, in my view, help the authors
strengthen this work.

(1) We don't know how many MNs were transduced by the rAAV. There was no tdTom
expression, for whatever reason. The authors show an image of a control experiment with a
single MN transduced, but there should be a red motor pool, at least in the control
experiments. The impression that I get is that very few were transduced, and, in my mind,
this makes the findings even more interesting - maybe you don't need many "starter" MNs.

(2) Continuing on this point, this leads the authors to conclude that all BR MNs have died.
They support this by the reduced MN count (see point 3). Firstly, do we know how many BR
MNs there are in the rhesus macaque, and does the reduction seen correspond to this
number? Secondly, and more importantly, the muscle looks normal on MRI at 28 weeks - it
does not look like a denervated muscle. The authors state that it has maybe been
reinnervated, but by what, if all the BR MNs are dead? This does not seem like a plausible
explanation to me. Muscle histology, NMJs, and fibre typing would have been useful to
understand what's going on with the MNSs. (And electrophysiology would have been
wonderful, but beyond the scope of this study.)

(3) Some MN biologists, like me, fuss a lot about how to count MNs, which is almost as
difficult as counting the number of angels on the head of a pin. Every method has its
problems. Focusing on the two methods here: (a) ChAT immunohistochemistry is pretty good
in healthy states, but we don't know what happens to ChAT expression in different diseases,
particularly when you have a new model. If its expression is decreased, then it is not a good
marker for MNs; (b) Identifying MNs based on the size and morphology of neurons in the
ventral horn is also insufficient. For example, ~30% of neurons in a typical pool are small
gamma MNs, and a significant proportion (depending on the muscle) of the remainder will be
small alpha MNs. So what one is counting is, at best, the large alpha MNs, not all the MNs in a
pool. And in ALS, it's these largest MNs that are affected at the earliest stages. The small ones
might be fine. So results will be skewed. (Hence, it would be interesting to see if the muscle
had a higher proportion of Type I fibres after being reinnervated by S-type MNs.)

(4) Statistics. These are complex experiments looking at the spread of a disease. The
experimental unit is therefore the monkey, n=2. In each monkey, multiple sections are
analysed, which are key technical replicates and often summative. For example, do we care
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about the average cell number in Figures 4D, E, 51, ] or 6G, H, or rather the total cell number?
Do the error bars mean anything? To be clear, I am by no means minimising the importance
of the overall convincing findings. But I do not think this statistical analysis is particularly
meaningful.

https://doi.org/10.7554/eLife.109810.1.sa0

Author response:

Public Reviews:

Reviewer #1 (Public review):
Summary:

The authors have used a macaque (two animals only) to follow the migration of 'seeded’
TDP43 protein in neuronal pathways - thus mimicking the spread of ALS in the human
CNS. Previous experiments in rodents failed to demonstrate this, posing interesting and
important biological differences, possibly related to the UMN-LMN system in higher
order apes and humans.

Strengths:
An important step forward.
Weaknesses:

No weaknesses were identified by this reviewer. Only 2 animals were used, but that is
appropriate given the sensate status of the macaque. In the opinion of this reviewer, the
results are entirely convincing.

Reviewer #2 (Public review):
Summary:

There are astonishingly few papers trying to reproduce the process of initiation and
spreading that Braaks studies have suggested and postulated. The authors should be
applauded for pioneering such a difficult experiment. They overexpressed the TDP-43
protein in the motor neuron pool of the brachioradialis muscle and showed that by this
technique, motor neurons in this pool died, and the muscle got denervated. They had
evidence of a spreading process from the spinal cord to the cortex, demonstrated by
showing widespread deposits of phosphorylated TDP-43 bilaterally in the cervical cord
and the motor cortex. By their experiment, they created a dying-backwards model, not a
model of corticofugal spread, like that shown by Braak. No muscle weakness was
observed, not even in the brachioradialis.

Strengths:

The strength of this innovative study is the fact that this spreading experiment uses the
phylogenetically young connectome of primates (macaques). They also made the
thought-provoking observation of spreading from the cord to the motor cortex, not the
corticofugal spread model observed by Heiko Braak. This is thought-provoking because
this enables the observer to compare their model with the findings in humans.

Weaknesses:

The following aspects are not a weakness but need to be better explained for the
interested reader - and potentially improved in future studies for which the authors laid
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the foundation:

(1) Why do the authors use the brachioradialis motor neuron pool to overexpress TDP-
432 More is known about other muscles and how they are embedded in the motor
connectome of primates. Why not the biceps brachii or the hand extensors or - even
better - the small muscles of the hand? These are known to be strongly monosynaptically
connected with the motor cortex. The authors should explain this. I am unclear if there
was a specific reason which I did not see or understand. In my view, the brachioradialis
is not the best representative of the primate connectome, for example, to examine this
model and compare it with the corticofugal spread.

The brachioradialis muscle was chosen primarily for reasons of animal welfare; our concern
when designing the experiments was that the muscle we chose for injection might become
very wasted and weak before the experiment had been completed. If we had injected a hand
muscle, this would have affected manipulation, feeding and grooming behaviours, whereas
had we injected biceps brachii or forearm extensors, this would have affected more
important behaviours requiring strength for body support in the home cage (e.g. climbing,
swinging, etc.). The advantage of choosing brachioradialis is that there is some functional
redundancy; in macaques, compared to biceps brachii, brachioradialis has a relatively minor
role in elbow flexion and supination of the forearm. We therefore reasoned that there should
be physiological compensation for any weakness in brachioradialis, and thus minimal effects
on normal behaviour.

A secondary practical consideration was the importance of good quality MR imaging of the
injected muscle and the positioning of the focussing coil; because of the physical constraints
related to the monkey sitting in our narrow-bore scanner, the forearm muscles were the
optimal choice.

With reference to the ‘primate connectome’, whilst hand muscles are known to have strong
cortico-motoneuronal connections, we have shown previously that monosynaptic
corticomotoneuronal connections are as strong in muscles innervated by the deep radial
nerve (like brachioradialis) as in intrinsic hand muscles (Witham et al, 2016).

Finally, for the purposes of these experiments, all we required was a method for inoculating
TDP-43 into a motor neuron pool within the spinal cord, without direct surgical trauma to the
spinal cord. Our aim was to test the hypothesis that extracellular TDP-43 is sufficient to cause
spreading neuronal changes in macaque, similar to those observed in human ALS/MND; our
aim was not to replicate the actual pattern of human MND observed clinically.

These points will be addressed in a revised version of the manuscript.

(2) In the Braaks experiment, only (seemingly soluble) non-phoshorylated TDP-43
"crossed" synapses. Phosphorylated TDP-43 did not do this. The authors of this study saw
phosphorylated TDP43 in motor neurons and the cortex. Is there any potential
explanation for how it crosses synapses? If it really does, there is an obvious difference to
the human situation which needs to be emphasized and explained (in the future).

To clarify, there was no evidence of phosphorylated TDP-43 crossing synapses. It is more
likely that excess non-phosphorylated TDP-43 crossed synapses, and that this then
subsequently led to TDP-43 phosphorylation.

(3) There were significant deposits of phosphorylated TDP-43 in oligodendrocytes in
humans. Whilst I understand that one experiment cannot solve every question - I am
curious about whether the authors saw anything in oligodendrocytes?

We have not looked at this.
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(4) Which was the pattern of damage? Of course, this pattern is not likely to have a
monosynaptic pattern - like in humans........but was there a pattern? Did it have a
physiologically meaningful basis? Was there any relation to the corticofugal
monosynaptic pattern? What are the differences? The authors speak of "multiple waves".
Does this mean that if this were a corticofugal model, for example, oculomotor neurons
would also degenerate?

The description of ‘multiple waves’ in paragraph 2 of the discussion section is entirely
hypothetical, based on the assumption that there are different mechanisms by which TDP-43
spreads through the nervous system, from slow local spread by diffusion to more rapid long-
range axonal spread to widely separated regions. For the neuropathological staging analysis,
we therefore looked at different brain regions (hypoglossal nuclei, reticular formation,
inferior olives, frontal cortex, temporal cortex and hippocampal formation). This analysis
only showed loss of motor neurons in the spinal cord ipsilateral to the side of the muscle
injections, in segments consistent with the location of brachioradialis motoneurons. We did
not demonstrate a ‘pattern of damage’ as described in humans in our experiments because
this is a pre-symptomatic pre-clinical model, with no established ‘damage’ from each wave.
We speculate that this is because animals were terminated too early in the disease process.

However, whilst there was no established neuronal degeneration outside the cervical spinal
cord, the observation that there were more pTDP-43 positive Betz cells in left (contralateral to
the brachioradialis injection) New M1 than Old M1 (see Figure 61 and J) would support spread
via monosynaptic connections to motoneurons; New M1 is where most monosynaptic cortico-
motoneuronal connections originate.

Reviewer #3 (Public review):
Summary:

In this paper by Jones and colleagues, a non-human primate model is described in which
wild-type TDP-43 is expressed in the cervical spinal cord. This gave rise to loss of motor
neurons in the ventral horn at that level in the cervical spinal cord. MRI of the muscles
allowed to see increased intensity in the mostly affected brachioradialis muscle,
suggesting this muscle becomes denervated. At the neuropathological level, TDP-43 and
pTDP-43 staining in the cytoplasm is increased, not only at the specific level of the
cervical spinal cord, but also at a distance.

Strengths:

A clear strength is the state-of-the art focal expression of the TDP-43 transgene at a focal
site in the cervical spinal cord. This is achieved by combining a general expression of a
flipped loxP flanked TDP-43 vector using AAV9 intrathecal administration, followed by an
intramuscular AAV2 hSyn CRE-TdTomato vector in the brachioradialis muscle in order to
induce focal recombination and expression of TDP-43 in motor neurons innervating this
muscle on one side.

Another strength is the non-human primate background, which is much closer to the
human situation.

Weaknesses:

Given the complexity and cost of the model, the n is very low.

As is common in most studies in non-human primates, we have carried out all statistical
analysis within one animal (e.g. the comparison of motoneuron numbers between left and
right cord). We then show that results are reproducible in two animals. Although the number
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of animals is lower than in a typical rodent study, we see this as an advantage of the model,
adhering to the 3Rs principle of ‘reduction’.

The design of the experiments and the results shown about the toxicity induced by this
focal TDP-43 expression do not allow us to conclude that it is a good model for ALS for
several reasons. It is not clear that the TDP-43 overexpression results in spreading
weakness or in spreading motor neuron loss. The neuropathological changes described
suggest that there is a kind of stress response, which extends to regions away from the
site of primary damage, but more is needed to provide convincing evidence that there is
spreading of disease pathology reminiscent of human ALS.

As already noted in our response to Reviewer 2 (point 1), animal welfare is an important
consideration when designing these complex experiments in primates. We could not
therefore justify allowing the animals to survive until extensive wasting and weakness were
evident, recapitulating the human disease.

The model developed in these experiments is therefore a pre-symptomatic pre-clinical model,
in which animals are terminated before pathology leading to widespread motor neuron loss
is evident. At post mortem we do have evidence of motor neuron loss in the segments
supplying brachioradialis (C4-C8).

Stress of various forms, including blunt trauma (e.g. Anderson et al, 2021), stab/electrode
insertion injury (e.g. Zambusi et al, 2022), chemical (e.g. arsenite) exposure (e.g. Huang et al,
2024), or hypoxia (Marcus et al, 2021) can result in pathological nucleocytoplasmic
translocation of TDP-43. In our model, there was no direct trauma to the brain or spinal cord
ante mortem, excluding one major cause of tissue stress. Hypoxia during the process of
euthanasia is possible, but we would expect there would not be enough time before death for
this to manifest as TDP-43 translocation. In the literature TDP-43 translocation due to stress is
diffuse; we have demonstrated that in our model the TDP-43 pathology is not diffuse but
selective. For example, there was no evidence of disease in the oculomotor nuclei; in the
primary motor cortex (M1) there are significantly more pathological changes in the
evolutionarily younger ‘NewM?1’ compared to the neighbouring ‘Ol1dM1°.

It is therefore improbable that our findings could be explained by ‘a kind of stress response’.
Our findings are better explained by spread of the TDP-43 protein.

Reviewer #4 (Public review):
Summary:

In this manuscript, the authors present data describing the development of a model of
ALS in rhesus macaques. They use a viral intersectional model to overexpress TDP-43 in a
population of motor neurons and then study the spread of the pathology about 7
months later. They demonstrate that both the cervical spinal cord and motor cortex (new
and old M1) are full of TDP-43, suggesting that the pathology spreads from the single
motor pool to presumably related neurons.

Strengths:
This is a super-important study in two main ways:

(1) This could be the birth of a really important model, one that is really needed for
making progress in understanding ALS and the development of therapeutics. There are
shortfalls with all the rodent models. Models dependent on cell cultures are superb for
understanding cell-autonomous processes, but miss out on connectivity, particularly the
long-range connectivity. Organoids may ultimately prove to be beneficial, but they would
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need cortex, spinal cord, and muscle, and translatability from them is not assured. So a
NHP model is needed, and this may be it.

Furthermore, the Methods are meticulously described and will undoubtedly facilitate
reproducibility.

(2) The concept of the spread of pathology has been proposed for some time, I think,
based initially on the detailed clinical observations of Ravits and colleagues. The authors
have looked at this directly and provide supporting evidence for this interesting
hypothesis. They show spread locally and contralaterally in the spinal cord (although a
figure would be nice) and to the motor cortex.

Taking only these 2 points into account is more than sufficient for me to be enthusiastic
about this work.

Weaknesses:

I'd like to make a couple of points that if addressed, could, in my view, help the authors
strengthen this work.

(1) We don't know how many MNs were transduced by the rAAV. There was no tdTom
expression, for whatever reason. The authors show an image of a control experiment
with a single MN transduced, but there should be a red motor pool, at least in the control
experiments. The impression that I get is that very few were transduced, and, in my mind,
this makes the findings even more interesting - maybe you don't need many "starter"
MNs.

Unfortunately, we cannot know how many motoneurons were transduced.

However, the reviewer may be correct, that it is actually only a small fraction of the
brachioradialis pool. This is supported by the evidence for rather focal denervation seen on
MRIL

(2) Continuing on this point, this leads the authors to conclude that all BR MNs have died.
They support this by the reduced MN count (see point 3). Firstly, do we know how many
BR MNs there are in the rhesus macaque, and does the reduction seen correspond to this
number? Secondly, and more importantly, the muscle looks normal on MRI at 28 weeks -
it does not look like a denervated muscle. The authors state that it has maybe been
reinnervated, but by what, if all the BR MNs are dead? This does not seem like a plausible
explanation to me. Muscle histology, NMJs, and fibre typing would have been useful to
understand what's going on with the MNs. (And electrophysiology would have been
wonderful, but beyond the scope of this study.)

To clarify, we did not conclude that all brachioradialis motor neurons had died, rather that all
transfected brachioradialis motor neurons pool had died. As noted above, when these cells
die and the muscle is denervated, the MRI signal changes occupy only a small volume of the
muscle and are transient. We would not expect to see long-term MRI changes in muscle
anatomy after this limited denervation-reinnervation event.

Analysis of muscle histology, including fibre typing, is outwith the scope of this initial paper
reporting the model; we hope that this will form the basis of a future publication.

(3) Some MN biologists, like me, fuss a lot about how to count MNs, which is almost as
difficult as counting the number of angels on the head of a pin. Every method has its
problems. Focusing on the two methods here: (a) ChAT immunohistochemistry is pretty
good in healthy states, but we don't know what happens to ChAT expression in different
diseases, particularly when you have a new model. If its expression is decreased, then it
is not a good marker for MNs; (b) Identifying MNs based on the size and morphology of
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neurons in the ventral horn is also insufficient. For example, ~30% of neurons in a typical
pool are small gamma MNs, and a significant proportion (depending on the muscle) of
the remainder will be small alpha MNs. So what one is counting is, at best, the large
alpha MNs, not all the MNs in a pool. And in ALS, it's these largest MNs that are affected
at the earliest stages. The small ones might be fine. So results will be skewed. (Hence, it
would be interesting to see if the muscle had a higher proportion of Type I fibres after
being reinnervated by S-type MNs.)

This is an interesting point, and we agree that each method used to quantify MN number
carries its own limitations. The problem of MN identification is heightened in a MND-like
pathological state, especially when considering evidence of reduced ChAT activity in spinal
motoneurons in end-stage disease in post mortem human samples (Oda et al, 1995), and more
recent evidence from Casas et al. (2013), who demonstrated early presymptomatic reduction
in ChAT expression in SOD1G93A mice. It is important to note that this was a modest
reduction, not complete abolition of signal (76% of control levels). ChAT immunoreactivity
was still present and motor neurons were still identifiable as ChAT-positive at this pre-clinical
stage of disease. As counts in our study were performed based on detecting ChAT in cells, it
seems unlikely that we would miss cells. However, we cannot rule this out. If indeed this did
occur, it would mean that the reduced motoneuron counts which we observed reflect not
only cell death, but also profound motoneuron dysfunction which is presumably the
proximal precursor to cell death.

We acknowledge that size-based criteria applied to ChAT-positive neurons will preferentially
capture large alpha motor neurons, and that gamma motor neurons and small alpha motor
neurons are likely underrepresented in our counts. Our counts therefore reflect the large
alpha motor neuron population rather than the total motor neuron pool. We believe that this
is not a critical limitation in the context of the present study. Large alpha motor neurons are
the population of primary pathological interest in ALS and related MND, being the earliest
and most severely affected subtype. The selective vulnerability of fast-fatigable large alpha
motor neurons in ALS is well established, and their preferential loss is the defining feature of
disease progression in both human post mortem tissue and rodent models (Lalancette-Hébert
et al., 2016). In this respect, our size threshold selects for precisely the population whose
degeneration is most relevant to the disease phenotype we are modelling.

We intend to include comments on these important points in the revised version of the
manuscript.

In response to the final point regarding muscle histology and proportions of Type I fibres, as
stated above, reporting of muscle histology, including fibre typing, is planned for a separate
publication.

(4) Statistics. These are complex experiments looking at the spread of a disease. The
experimental unit is therefore the monkey, n=2. In each monkey, multiple sections are
analysed, which are key technical replicates and often summative. For example, do we
care about the average cell number in Figures 4D, E, 51, | or 6G, H, or rather the total cell
number? Do the error bars mean anything? To be clear, I am by no means minimising
the importance of the overall convincing findings. But I do not think this statistical
analysis is particularly meaningful.

Here, the experimental unit is the tissue slice, mounted on a slide for histological analysis,
and not the monkey. All statistical comparisons are made within a single animal. We then
show that the findings can be replicated in two animals, both of which show significant
results. This is standard approach taken in primate neuroscience, given the need to reduce
animal numbers to the minimum consistent with producing convincing results.

https://doi.org/10.7554/eLife.109810.1.sa5
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