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Abstract

A hyperexcitability of the motor system is consistently observed in Amyotrophic Lateral Sclerosis (ALS) and has been
implicated in the disease pathogenesis. What drives this hyperexcitability in the vast majority of patients is unknown.
This is important to know as existing treatments simply reduce all neuronal excitability and fail to distinguish
between pathological changes and important homeostatic changes. Understanding what drives the initial patho-
logical changes could therefore provide better treatments. One challenge is that patients represent a heterogene-
ous population and the vast majority of cases are sporadic. One pathological feature that almost all (~97%) cases
(familial and sporadic) have in common are cytoplasmic aggregates of the protein TDP-43 which is normally located
in the nucleus. In our experiments we investigated whether this pathology was sufficient to increase neuronal excit-
ability and the mechanisms by which this occurs. We used the TDP-43(ANLS) mouse model which successfully reca-
pitulates this pathology in a controllable way. We used in vivo intracellular recordings in this model to demonstrate
that TDP-43 pathology is sufficient to drive a severe hyper-excitability of spinal motoneurones. Reductions in soma
size and a lengthening and constriction of axon initial segments were observed, which would contribute to enhanced
excitability. Resuppression of the transgene resulted in a return to normal excitability parameters by 6-8 weeks. We
therefore conclude that TDP-43 pathology itself is sufficient to drive a severe but reversible hyperexcitability of spinal
motoneurones.
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Background

Despite decades of research, Amyotrophic Lateral Scle-
rosis (ALS) remains a fatal neurodegenerative disease
with no cure. Until relatively recently, the only treat-
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studies in individuals with ALS all confirm an increased
excitability of the motor networks in this disease [1-9].
One challenge with simply globally reducing neuronal
excitability is that this cannot distinguish between path-
ological increases in neuronal excitability and homeo-
static increases providing crucial compensation in a
progressively weakening motor network. This potentially
explains the limited effect of these drugs. An understand-
ing of what is driving pathological excitability changes
at a cellular level could likely produce more targeted
and potentially more potent treatments. The proposed
underlying mechanisms include an increased synaptic
excitation and reduced inhibition of the motoneurones
as well as an increased intrinsic excitability of the moto-
neurones, although what, in turn, drives these remains
unknown. Our current experiments aimed to address just
this.

A small proportion of cases are linked to mutations in
the superoxide dismutase gene and mouse models based
on ALS-associated SOD1 mutations have provided the
main tool to date to investigate this topic in vivo with
disease progression. In vivo intracellular recordings from
spinal motoneurones in SOD1 mice have confirmed an
increase in the intrinsic excitability of spinal motoneu-
rones at a single cell level [10-12]. Increased Na* and
Ca?* persistent inward currents are seen in two differ-
ent SOD1 models [10, 12-16] which would both amplify
synaptic input (contributing to the increased reflexes)
and facilitate repetitive firing. Additionally, the current
required to produce repetitive firing (the rheobase cur-
rent) has been shown to be significantly reduced in SOD1
motoneurones with disease onset [10, 11, 15] and the
input-output gain of the motoneurones (measured with
current-frequency slopes) increased [10, 11]. Spontane-
ous action potential firing is also observed in these mod-
els [10].

Some of the proposed explanations for the increased
excitability of motoneurones in SOD1 mice are decreases
in soma size with disease progression in these mice [17],
which could explain the increased input resistance also
observed [10]. Further, structural changes in the action
potential generating region of the neurone - the axon ini-
tial segment, also appear to contribute. Early decreases
in spinal motoneurone axon initial segment length seen
in the G127X SOD1 mouse at the pre-symptomatic stage
may reflect a homeostatic response to a more excitable
motor cortex [13]. As the disease progresses the axon
initial segment increases in length and decreases in
diameter in the same model [12], both of which would
theoretically contribute to the increased motoneurone
excitability seen in the disease.

However, SOD1 mutations account for a very small
proportion (~2%) of overall cases of ALS [18]. What is
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driving the hyperexcitability in the vast majority of spo-
radic cases is therefore unclear. The most common key
pathological feature found in both familial and sporadic
cases involve the Tar-DNA binding protein TDP-43. The
mis-location of TDP-43 from its normal location in the
nucleus to the cytoplasm where it forms phosphorylated
and highly ubiquitinated aggregates is the key patho-
logical feature observed in around 97% of patients [19,
20]. Recent work using neuronal cultured from induced
pluripotent stem cells (IPSCs) from patients with TDP-
43 mutations has demonstrated that these also show an
increased neuronal excitability and axon initial segment
changes [21]. Those experiments do potentially link TDP-
43 with excitability changes in this disorder, although
these cells represent a highly immature cell making it
difficult to extrapolate to any adult disease stage. Addi-
tionally, the excitability and axon initial segment length
increases in the cells appear to precede actual TDP-43
pathology [21]. This is important to note as increased
neuronal depolarization itself has been shown to drive
TDP-43 cytoplasmic mis-location [22]. Whether similar
changes in axon initial segments and spinal motoneurone
excitability would therefore occur in the adult, in vivo, as
a direct result of actual TDP-43 pathology is unknown.

To investigate this, we took advantage of the TDP-
43(ANLS) mouse model which successfully recapitu-
lates this pathology [23]. This mouse contains a TDP-43
construct devoid of the nuclear localization signal, con-
trolled by the Tet-Off system. This allows the transgene
to be suppressed until adulthood then expressed result-
ing a relocation of TDP-43 from the nucleus to the cyto-
plasm leading to a severe and lethal ALS phenotype. This
pathology and disease phenotype can be rescued upon
subsequent transgene resuppression, allowing an in vivo
“wash-out” We used this model to investigate whether
TDP-43 pathology is sufficient to induce hyper-excita-
bility of spinal motoneurones iz vivo. In these mice, we
demonstrate that the mislocalisation and cytoplasmic
aggregation of TDP-43 is sufficient to drive precisely the
same excitability changes observed in familial mouse
models of the disease explaining the hyperexcitability
also seen in sporadic patients. Importantly, these changes
were reversible upon transgene resuppression.

Materials and methods

Mice

Permission to conduct the following animal research
was granted by the Danish Animal Experiments Inspec-
torate (authorization no. 2018-15-0201-01426), and
all treatments conformed to the national and European
laws on the welfare and protection of animals used for
experimentation—i.e., the Danish Animal Welfare Act
(2013) and the EU directive 2010/63/EU. Two monogenic
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mouse lines were used for breeding in our facilities, origi-
nally from The Jackson Laboratory. Mice constitutively
expressing the tetracycline-controlled transactivator
(tTA) transgene downstream of the Neurofilament Heavy
Chain (NEFH) promoter (B6;C3-Tg(NEFH-tTA)8Vle/],
stock no. 025397) were crossed with mice carrying an
inserted construct of human TDP-43 ANLS downstream
of the Tet operator regulatory element (B6;C3-Tg(tetO-
hTDP-43-ANLS)4Vle/], stock no. 014650), and experi-
ments were performed on the bigenic products of this
cross (NEFH-tTA/tetO-hTDP-43-ANLS, also termed
rNLS8). For these experiments, not-induced bigenic mice
and monogenic (NEFH-tTA) littermates were used as
controls.

All mice were fed a Doxycycline diet up to 7 weeks
of age, at which point roughly 1/3 of the bigenics were
maintained on this diet throughout the experiment as
a bigenic suppressed (“not-induced”) control, while the
remaining 2/3 of the bigenics and all monogenic tTA
only controls were moved to regular chow. This led to
the induction of pathological TDP-43 expression and the
development of an ALS phenotype only in the bigenic
animals. After four weeks of being fed normal chow,
1/2 of the bigenic ALS animals were switched back to
Dox-containing chow (for resuppression of the TDP-43
pathology) together with the tTA monogenic controls,
while the remaining 1/2 of the bigenic ALS animals were
sacrificed at this symptomatic stage (i.e. 4 weeks post
induction) together with the bigenic controls continu-
ously kept on Dox-diet. All the mice that were re-intro-
duced to Dox were sacrificed 6—8 weeks later.

Mice were genotyped using a standard PCR assay
described in the genotyping protocols provided by the
Jackson Laboratory for the Tg(NEFH-tTA) and Tg(tetO-
hTDP-43-ANLS) constructs. Four transgene-specific
primers were used for PCR amplification to enable the
final detection of these sequences on electrophoretic
gels; 5-CTC GCG CAC CTG CTG AAT-3" (Tg(NEFH-
tTA) forward), 5'-CAG TAC AGG GTA GGC TGC
TC-3"(Tg(NEFH-tTA) reverse), 5'- TTG CGT GAC TCT
TTA GTA TTG GTT TGA TGA-3" (Tg(tetO-hTDP-43-
ANLS) forward) and 5°-CTC ATC CAT TGC TGC TGC
G-3" (Tg(tetO-hTDP-43-ANLS) reverse).

Behavioural analysis

In the two-minute suspension test mice were suspended
by their tails to identify those exhibiting an overt motor
phenotype characterized by trembling and hindlimb
clasping. To measure grip strength and endurance mice
were placed on a wire cage lid, which was then inverted
approximately 30 cm above a box filled with bedding.
The endurance time that the mice could hold onto the lid
before falling was measured (up to a maximum of 2 min),
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and the average of three trials was recorded weekly from
one week pre induction to humane endpoint or after 6-8
weeks of transgene resuppression.

Electrophysiological experiments: Surgical Procedures
These were performed as previously described [24]. Mice
were anaesthetized with a mixture consisting of Hyp-
norm (fentanyl-citrate 0.315 mg/mL and fluanisone 10
mg/mL), Midazolam (5 mg/mL) diluted 1:1:2 in distilled
water. The body temperature was maintained through-
out at 36—37°C using rectal probe controlling warming
devices (a heating pad under the mouse and an infrared
lamp above the mouse). IP catheters were implanted for
drug delivery including the anaesthesia and the skeletal
muscle relaxant Pavulon (Pancuronium bromide, diluted
1:10 with saline, given at one- hour intervals upon initia-
tion of mechanical ventilation). A tracheal cannula was
inserted for subsequent mechanical ventilation. To moni-
tor the animal, the cardiac rhythm was recorded using
electrocardiographic (ECG) traces and the partial pres-
sure of CO2 in the exhaled air was monitored throughout
the recordings.

A dorsal vertebral laminectomy (T12-L1 level) allowed
access to the L3-L4 spinal segments.

The sciatic nerve was dissected and stimulated using
custom hook electrodes to activate action potentials
in both the sensory afferent fibers and the motor fib-
ers. This allowed for antidromic identification of spinal
motoneurones.

Electrophysiological experiments: Intracellular recording
and analysis

Motoneurones were impaled with a glass microelectrode
filled with 2M potassium acetate solution (resistance:
approx. 25 MQ). To measure the intrinsic excitability of
the impaled motoneurones, current was injected through
the microelectrode in current clamp mode to mimic
synaptic input, and the resulting voltage response was
measured.

The intracellular signal was first amplified 10x by a
headstage connected to an AxoClamp-2B amplifier using
either Bridge or Discontinuous Current Clamp (DCC)
modes depending on the parameter being measured.
Stronger signal amplification and data filtration was
achieved using Neurolog amplifiers and filters (Digitimer,
UK), while analog-to-digital translation was accom-
plished with a CED 1401 converter (Cambridge Elec-
tronic Design, UK). Lastly, the Spike2 software (version
7.10) was used for data acquisition and analysis (Cam-
bridge Electronic Design, UK).

Antidromic (back-fired) action potentials were identi-
fied and recorded in Bridge mode. Ten or more consecu-
tive spikes were averaged for each impaled motoneurone,
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and the amplitude and baseline potential (Vm) of this
average were measured in Spike2 (7.10) before it was
exported to Microsoft Excel. As an inclusion criterion,
it was ensured that each spike was overshooting and
had a baseline potential © =50 mV, confirmed using the
extracellular reference potential upon electrode with-
drawal from the neuron. The first derivatives of the aver-
aged waveforms (using Microsoft Excel) were used to
distinguish the initial segment (IS) and somatodendritic
(SD) spike components as distinct peaks, from which
the maximum rate of rise of each as well as the IS-SD
latency — i.e. the time interval separating the two — could
be acquired. In addition, the maximum rate of fall was
determined by identifying the lowest point or absolute
minimum on the derivative.

For measurements of the afterhyperpolarization (AHP),
spikes were evoked by intracellular injection of brief (i.e.
1 millisecond long) positive current pulses and recorded
in Bridge mode to avoid any synaptic contamination. For
these recordings, the Vm was adjusted and maintained
around —70 mV by constant current injection. The ampli-
tudes were measured from averaged AHPs (using spike2)
and calculated as the difference between the baseline Vm
and the minimum (i.e. most negative) Vm reached in this
refractory period. Next, AHP duration was calculated as
the time interval between the point of transition at the
baseline and the point at which the voltage went back to
two-thirds of the AHP amplitude during its decay (as the
exact return can be difficult to determine).

The input resistance was measured for each neurone
as the voltage drop in response to an intracellular injec-
tion of a 50 milliseconds long negative current pulse with
an intensity of —3 nA (using 5 kHz DCC mode) to trig-
ger a small membrane hyperpolarization. Ten or more of
these responses were averaged, and the voltage change
was determined from the average in Spike2 (7.10) to
determine the input resistance. In cases where a sag was
observed at the end of a triggered voltage drop, the abso-
lute and relative (% of peak hyperpolarization) size of this
was also estimated to uncover a potential dysfunction
of hyperpolarization-activated cyclic nucleotide-gated
(HCN) channels.

Repetitive spike discharges were triggered by somatic
injection of 3 and 8 kHz triangular current pulses and
recorded in DCC mode. As a first step, the rheobase and
the spiking threshold were obtained from these record-
ings for each penetrated motoneuron. Next, the instan-
taneous firing frequency was plotted in Spike2 (7.10) and
exported to Excel to identify the primary and secondary
ranges of firing based on the sudden acceleration of the
firing frequency seen in the otherwise linear current-fre-
quency (I-f) relationships. The linear trendline equations
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were obtained in Excel to determine the input-output
gains of the motoneurones.

Anatomical tracing experiments

Under isoflurane anaesthesia (1.5-2%) a small incision
was made at the Achilles tendon and the tracer Fast Blue
(FB, Polysciences, 1.5% in 3 uL PBS) was injected into
the soleus muscle and Alexa Fluor 488-conjugated Chol-
era Toxin subunit B (CTB 488, Thermo Fisher Scientific,
0.05% in 5 pL PBS) into the gastrocnemius muscle. These
represent muscles with greater proportions of slow or
faster motor units respectively.

Pain management was obtained peri-operatively with
buprenorphine (injected subcutaneously, 0.1 mg/kg),
and post-operatively with buprenorphine delivered orally
(mixed in Nutella, 5 mg/g /12 hours) for three days after
the surgery. A single dose of the antibiotic tribrissen
(trimethoprim-sulfadiazine) was given peri-operatively
(dose: 0.1 mL of stock solution: 40 mg trimethoprim/200
mg sulfadiazine/mL diluted 1:10).

Immunohistochemistry

Immediately after the electrophysiological experiments,
the mice were given an euthanizing dose of sodium
pentobarbital (L.P, 120 mg/kg). Mice were then tran-
scardially perfused with saline followed by 4% para-
formaldehyde in phosphate buffer, (pH 7.4).The spinal
cord was post-fixed for 2 h in the same fixative mixed
with 15% sucrose, then stored in 30% sucrose dissolved
in phosphate buffered saline. The spinal cord was then
horizontally sliced into 50 pum thick sections on a freezing
microtome (Thermo Scientific, HM450). Immunohisto-
chemistry was performed on free-floating ventral sec-
tions blocked in 5% Donkey Serum. To label axon initial
segments, sections were incubated with a primary anti-
body targeting Ankyrin G overnight (rabbit anti-AnkG,
1:500, H215, Santa Cruz Cat. no: sc28561) followed by 2
h incubation in the secondary antibody (Alexa FluorTM
568 donkey anti-rabbit, 1:1000, Thermo Scientific Cat.
no: A-11055) diluted in PBST. Sections were mounted
on glass slides and cover-slipped using Prolong Gold
Antifade mounting medium. In some experiments dou-
ble labelling was also performed to label C-boutons for
another project [25].

To label TDP-43 pathology in spinal motoneurones
sections were incubated overnight with primary antibod-
ies targeting Choline acetyltransferase (goat anti-ChAT,
1:100 Merck Millipore Cat no: AB144P) and phospho-
rylated TDP-43 (rabbit anti-pTDP-43 Ser409/410 1:2000
Protein tech, Cat. no. 80007.1-RR). This was followed by
sequential two hour incubations with the following sec-
ondary antibodies: donkey anti-goat, Alexa Fluor 488
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(1:1000 Thermo Fisher Scientific Cat. No. A-110055)
and donkey anti-rabbit, DyLight 650 (1:1000 Thermo
Fisher Scientific Cat.no. SA5-10041). These sections were
mounted and cover-slipped using Agilent Dako mount-
ing medium (Cat no. S302380-2).

Imaging and measuring the axon initial segments
3-dimensional measurements were made from Z-stacks.
These were captured by confocal microscopy (ZEISS
LSM700) and using Zen software (black edition, Zeiss).
For traced motoneurones the length and distal diameter
of the axon initial segment was measured as well as the
distance between the cell body and the proximal bor-
der of the axon initial segment. The 2D soma size was
approximated by measuring the longest and shortest
diameters in a 2-dimensional plane and calculating the
area of an ellipse from these. Unlike in normal motoneu-
rones, where the proximal and distal borders are easy
to manually identify, in induced animals we frequently
observed examples where the proximal borders of the
axon initial segment were dissipated. Fluorescence inten-
sity profiles were therefore used for this purpose (still
using ZEN software). Representative images were pre-
pared for publication using FIJI (Image], NIH). Images
for the figures were prepared using Fiji (Image J, NIH)
and Adobe Illustrator. Brightness, contrast, gaussian blur
and background subtraction were adjusted for image
presentation using Image J and this was performed uni-
formly across the entire image.

(See figure on next page.)
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Statistics
D’Agostino Omnibus tests were conducted in GraphPad
prism (version 9). Data that were normally distributed
were analysed by means of parametric ANOVAS (fol-
lowed by post hoc Tukey tests), while non-normally dis-
tributed data were analysed using Kruskal- Wallis tests
(followed by post hoc Dunns Multiple comparison tests).
Between animal variation even within a group is expected
due to the variation of motor unit subtypes (fast vs. slow)
and the inability to equally sample from identical propor-
tions of these with in vivo intracellular recording. Thus,
analyses are performed by cell rather than by animal.

Linear associations between some of the measured var-
iables (for intrinsic properties influenced by the baseline
potential) were analysed using simple linear regression to
reveal any potential differences in the angle of the slopes
or their elevations. The critical threshold for statistical
significance was set to 0.05 (5%), and the degrees of sig-
nificance are denoted by asterisks for four different prob-
ability levels in the visual representations of the data (see
results); *p < 0.05, **p < 0.01, ***p < 0.001 and ****p <
0.0001

Blinding was attempted during analyses but in reality
due to the extreme excitability levels and abnormal accu-
mulation of the tracer in axon hillocks in the induced
TDP-43 ANLS mice this was not possible. The necessary
sample sizes with respect to animals was selected based
on previous analyses of similar parameters in other ALS
mouse models using similar techniques based on the
average number of cells we can normally penetrate per
mouse.

Fig. 1 TDP-43 Pathology drives a reversible ALS phenotype. A Breeding schema and experimental groups including a bigenic not-induced
control group, a bigenic 4 weeks induced group, a bigenic resuppressed group, and a tTA control group. Representative pictures from the tail
suspension test are shown demonstrating the reversible ALS phenotype seen in induced bigenic mice. By 4 weeks post-induction mice showed
a severe phenotype with extreme clasping of all 4 limbs and recovered after 6-8 weeks of resuppression. B Representative confocal images

of motoneurones (labelled with antibodies against ChAT, green) from tTA only mice, bigenic induced mice and bigenic resuppressed mice. This
confirms the predominantly nuclear location of the pTDP in both the tTA controls and in the resuppressed mice but a loss of nuclear TDP-43,
and cytoplasmic accumulation of phosphorylated TDP-43 (magenta), after removing of the doxycycline diet at 7 weeks of age in the bigenic
induced mice. The tTA controls were at the same time point after doxycycline removal as the bigenic induced mice confirming that the tTA
alone does not induce TDP-43 pathology (scale bar is 20 um). C Induced bigenic mice show severely impaired motor function with reduced
endurance time on the two minute cage lid test (Median (and IQR), Not-induced: 2 mins (0), Induced: 28.2 seconds (15.1), Mann Whitney, P=0.0022,
n= 6 induced bigenic mice (3 female and 3 male) and 6 age matched not induced mice (3 female, 3 male). D-F Longitudinal comparisons
between induced bigenic mice and tTA only controls that go through the same DOX-on, DOX-off and DOX-on feeding regime (D) Bigenic

mice (green) show extreme weight loss after induction and recovered after resuppression, compared to tTA control littermates. Mixed —effect
analysis Sidék's multiple comparisons test, P= 0.0283 (3 weeks), P= 0.0096 (4 weeks), P=0.0411 (1 week after resuppression) and P=0.0425

(2 weeks after resuppression). N=9 tTA mice (5 female, 4 male) and 12 bigenic mice (4 female, 8 male). (E) Endurance time on cage grid test
shows that bigenic mice (green) decrease greatly after induction and recover after resuppression, while the tTA group (blue) shows no change.
Mixed —effect analysis Sidak’s multiple comparisons test, P= 0.0052 (2 weeks), P<0.0001 (3 and 4 weeks post induction and 1 and 2 weeks

after resuppression). N=9 tTA mice (5 female, 4 male) and 12 bigenic mice (4 female, 8 male). (F) Endurance time on rotarod shows that bigenic
mice (green) decrease greatly after induction and recovered after resuppression, while the tTA group (blue) shows no changes. Mixed —effect
analysis Sidak's multiple comparisons test, P= 0.0052 (2 weeks), P<0.0001 (3 and 4 weeks post induction and 1 week after resuppression)

and P=0.0015 (2 weeks after resuppression). N=9 tTA mice (5 female, 4 male) and 12 bigenic mice (4 female, 8 male). Data are given as the mean

+SD. *P < 0.05,**P < 0.01, ***P < 0.001, ***P < 0.0001



Djukic et al. Acta Neuropathologica Communications (2025) 13:42

Page 6 of 17

A 7 weeks old

Conditional transgene with
defective nuclear localization
signal (NLS) for TDP-43

.

Doxycyline chow
suppresses transgene

transcriptional transactivator
(tTA) driven by the

neurofilament heavy chain to

drive expression in neurones

4 weeks later ‘ C
Bigenic offspring 7 N
Nuclear 120 peseces
= T0r-43 =
Doxycyline chow aév
suppresses transgene Bigenic not induced c B 8o
S ¢
o S
E 9
EI)
i
ﬁ \ £ §aor
c
A =]
~ 2
L w
Bigenic offsprin “ 0 I ]
genic offsp 9 Age-matched 4 week
.ﬂﬂ. Croplasmic i e
D TDP-43 bigenic  bigenic
Normal chow Bigenic 4 week
expresses transgene Induced | 6-8 weeks later

E— ‘@
Bigenic offspring
8 week -ﬁ\- vt Doxycyline ch o
L) TDP-43 oxycyline chow TDP-43
4 week induced re-suppressed
(A Control - R genic bigenic Normal chow resuppreses e
expresses transgene g igenic
resuppressed

!!—>‘,

i

fan)
<5
% Nuclear  — 5 I
5 Monogenic tTA TDP-43 o »
littermates . Nuclear
: P s,
2 Doxycyline chow
(E; Normal chow tTa control
(o]
D E R ! F
40 120 . < 150 s
tTA controls ) 1 TA controls g tTAcontrols & & %
g o § g
90 2
2 30 E3 £ =100
< i Induced 8 )
g 23 60 bigenics g5
z 20 Sz 53 50 b Llddl
© T o 2= Induced | Py
R 5 o 30 & bigeni , |
S 5 igenics Gl
'g | =e—=
10 0= wi O —T—T—T7—T—F— T T T 7T
0 1 o 12 3 4 5 6 7 8
t 4 Weeks
Induction ~ Re-suppression Induction  Re-suppression Induction  Re-suppression

Fig. 1 (See legend on previous page.)

Results

In the TDP-43 ANLS model a Tet-on/off system coupled
to a TARDBP-gene missing the nuclear localisation sig-
nal allowed a controllable expression of this transgene
(Fig. 1A). Crossing this with mice expressing the tTA
transgene downstream of the Neurofilament Heavy
Chain (NEFH) promoter, the controllable expression

was obtained in all neurones. We used doxycycline food
to suppress the transgene until the mice reached adult-
hood. Removal of the doxycycline diet at 7 weeks of age
then resulted in a loss of nuclear TDP-43, and cytoplas-
mic accumulation of phosphorylated TDP-43 (pTDP-43,
Fig. 1B) as has been previously reported for this model
[23]. To confirm this, 20 motoneurones (ChAT labeled
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ventral horn neurons) were checked per animal (3 per
group) for tTA controls, induced bigenic mice and resup-
pressed mice (examples are shown in Fig. 1). All of the
motoneurones in the tTA only controls showed pre-
dominantly nuclear labelling of pTDP-43 confirming that
the tTA does not by itself induce TDP-43 pathology. In
the induced bigenic mice at 4 weeks all motoneurones
exhibited clear nuclear depletion of pTDP-43 and pre-
dominately cytoplasmic labeling confirming that the
transgene was activated in all motoneurones. Thus, we
could conclude that subsequent intracellular recording
in the induced mice would all be from motoneurones
expressing the TDP-43 pathology. All three of the tested
resuppressed mice showed predominantly nuclear pTDP
labelling for all of the cells tested confirming that the
transgene was successfully suppressed, the cytoplasmic
aggregation of pTDP-43 removed and the pTDP success-
fully relocated back to the nucleus. We can therefore be
confident that the subsequent intracellular recordings
in the resuppressed mice represented the excitability in
cells in which the pathology had be reversed (an in vivo
“washout”).

The induction of TDP-43 pathology resulted in a severe
and progressive motor phenotype. By two weeks post-
induction mice began to clasp in their hind-limbs when
suspended by the tail (Fig. 1A) and already showed sig-
nificantly reduced compound muscle action poten-
tials compared to monogenic controls. By 4 weeks mice
showed an even more extreme phenotype with extreme
clasping of all 4 limbs and extreme weight loss (Fig. 1D),
muscle atrophy and weakness. This could be quantified
by the behavioural tests including the endurance time
that the mice could hang on to a steel grid placed 30cm
above a padded surface (Fig. 1C) and on the rotarod task
(Fig. 1F). Bigenic mice maintained on the doxycyline
diet (“not-induced mice”) did not show this change. Nei-
ther did monogenic tTA only mice of the same age that
went through the same feeding regime as the expressed
mice (tTA only controls). Males showed a faster disease
progression than females on the cage grid task (Suppl.
Fig. 1A) and some were even close to humane endpoint
by 4 weeks. Terminal experiments were therefore per-
formed on one group of bigenic mice at 4 weeks post-
induction (11 weeks of age) when the mice showed this
severe motor phenotype. In a second cohort of bigenic
mice after 4 weeks of transgene induction the transgene
was then resuppressed by the reintroduction of doxycy-
cline to the diet. This resulted in a significant recovery of
motor function by 6 weeks after resuppression. Although
resuppressed mice still showed a relatively mild clasping
phenotype, they performed equally well as controls on
both the grid endurance task (Fig. 1E) and the rotarod
task (Fig. 1F) along with regaining their weight (Fig. 1D).
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Therefore, experiments were also performed at 6 weeks
post resuppression. Two controls groups were used con-
sisting of age-matched (10 week old) bigenic mice with
a suppressed transgene (on the doxycycline food) and 17
week old monogenic tTA only littermate mice that had
gone through the same doxycycline regime (doxycycline
removal for 4 weeks and reinstatement for 6 weeks). This
latter group also controlled for any potential toxicity of
the expression of the tTA transactivator.

TDP-43 pathology drives a pathological motoneurone
hyperexcitability in vivo

To measure the effect of the TDP-43 pathology on neu-
ronal excitability, intracellular recording was performed
on these 4 groups. Here, a microelectrode was inserted
into antidromically identified spinal motoneurones
in vivo in anaesthetized mice (Fig. 2A). Once inside
the cell, current was injected through the microelec-
trode into the cell to mimic synaptic input and the neu-
ronal response was recorded. The current strength was
increased in a linear fashion using triangular ramps and
the current level required to evoke repetitive firing (the
rheobase) was measured for each cell (examples shown
in Fig. 2B and C). The rheobase was significantly lower
after 4 weeks of transgene induction than in bigenic
not-induced controls by approximately 74% (Fig. 2D).
Resuppression of the transgene resulted in a complete
restoration of the control rheobase levels and tTA only
controls confirmed that the decrease in rheobase was not
a consequence of the tTA expression alone. The reduc-
tion in rheobase was not due to a change in the voltage
threshold for action potential as this was not significantly
different between non induced and induced mice tested
in Fig. 2D (Mann Whitney P=0.4882).

As the current level increased, the instantaneous fir-
ing frequency was calculated and the gain of the moto-
neurones obtained. This slope had two phases; the
primary range and the secondary range (Fig. 2C). The
gain of the motoneurone was calculated in the primary
range and this was significantly higher in the 4-week
induced group compared to the not-induced group by
160%. Once again, this value returned to baseline levels
subsequent to transgene resuppression and was also
not significantly different in tTA controls (Fig. 2E).
The secondary range represents a sharp inflection in
the current-frequency (I-f) slope. This is believed to
reflect the activation of dendritic persistent inward
currents, which amplify the inputs, thereby increas-
ing the I-f gain. The onset of these has been shown to
be at significantly lower firing frequencies in SOD1
models of the disease [10, 12, 13, 16] and so this was
also measured. As seen in SOD1 models, the onset of
the secondary range occurred at a significantly lower
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firing frequency in the induced mice compared to both
the not-induced bigenic mice and the tTA controls.
Again, this value returned to normal upon resuppres-
sion (Fig. 2F). Thus, we can conclude that the observed
changes mentioned above result in an intrinsically
more excitable motoneurone. This was observed
regardless of the sex of the mice (Supp. Fig. 1B and C).

As fast and slow motoneurones are known to have
different vulnerabilities in this disease, we used the
duration of the AHP classify the cells as this correlates
directly with muscle twitch duration. We divided the
induced and not induced data into two halves, those
with cells with AHP durations (measured at 2/3 total
amplitude) more than or less than 30 msec. From this
we could see that both the reductions in rheobase and
the increases in the gain of the current-frequency (I-f)
slope were present in both groups (Fig. 2G, H, I and J).

(See figure on next page.)
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This suggests that TDP-43 pathology drives hyperex-
citability in both fast and slow motoneurones.

Reductions in soma size and increased input resistance
contribute to the increased excitability

To investigate anatomical features that could explain the
increased intrinsic excitability, we first analysed the soma
size of retrogradely traced soleus and gastrocnemius
motoneurones (Fig. 3A). Here, a significant reduction
in soma size was observed for gastrocnemius motoneu-
rones in induced mice compared to both non-induced
bigenic mice and the tTA controls. Once again, this
returned to control (tTA only) values upon resuppres-
sion (Fig. 3B). Although here it must be noted that the
bigenic not-induced gastrocnemius motoneurones had a
larger average soma size than the tTA controls suggest-
ing that either the tTA or/and doxycycline treatment

Fig. 2 TDP-43 pathology drives a reversible hyperexcitability of spinal motoneurones. A Cartoon of the experimental setup for the in vivo
intracellular recording. Stimulation of the distal peripheral nerve initiates antidromic action potentials in motor axons towards the spinal cord. The
antidromic action potentials in motoneurones (blue trace) are recorded intracellularly. B Representative voltage traces (see membrane potential)
showing the spike discharge frequency in response to triangular intracellular injections of current in motoneurones. Examples are shown for each
of the four different groups (Bigenic not-induced (grey), Bigenic induced (magenta), Bigenic resuppressed (green) and tTA control (blue)). C
Representative current-frequency gain to illustrate the primary range and secondary range. Red arrow indicates the transition between the two
ranges. D Scatter dot plot showing the recruitment currents (rheobase) for the four different groups displayed. This shows the rheobase decreased
significantly in the induced mice and returned to control values upon resuppression. Plot shows medians and interquartile ranges and each dot
shows the rheobase of a single neurone. Medians (and IQR), Not-induced: 4.635nA (4.584), Induced: 1.215nA (1.543), Resuppressed: 3.54nA (5.838),
tTA control: 3.6nA (2.773). Kruskal Wallis, P <0.0001, Not- induced: n = 82 cells (6 mice, 3 female, 3 male), Induced: n=42 (9 mice, 5 female, 4 male),
Resuppressed: n= 62 cells (6 mice 3 female, 3 male) and tTA control: n=52 cells (5 mice, 3 female, 2 male). Dunn’s Multiple comparisons tests:
Not-induced vs. Induced P <0.0001, Induced vs. resuppressed P <0.0001, Induced vs tTA P <0.0001. Other pairwise comparisons were not significant.
E Scatter dot plot showing the current-frequency (I-f) gains measured in the primary range from the four different groups. This increased
significantly in the induced mice and returned to control values upon resuppression. Plot shows medians and interquartile ranges and each dot
shows the primary range I-f slope of a single neurone in the data set. Medians (and IQR), Not-induced: 13.12 Hz/nA (4.65), Induced: 34.22 Hz/nA
(19.35), Resuppressed: 14.05 Hz/nA (6.30), tTA control: 15.12 Hz/nA (4.97). Kruskal Wallis, P <0.0001, Not-induced: n = 82 cells (6 mice, 3 female, 3
male), Induced: n= 42 (9 mice, 5 female, 4 male), Resuppressed: n= 62 cells (6 mice, 3 female, 3 male) and tTA control: n=58 cells (5 mice, 3 female,
2 male). Dunn’s Multiple comparisons tests: Not-induced vs. Induced P <0.0001, Induced vs. resuppressed P <0.0001, Induced vs tTA P <0.0001.
Other pairwise comparisons were not significant. F Scatter dot plot showing the onset of the secondary range for the four different groups.

This decreased significantly in the induced mice and returned to control values upon resuppression. Plot shows means and standard deviations

and each dot shows the firing frequency at the onset of the secondary of a single neurone in the data set. Means (and SDs), Not-induced: 140.06
Hz (36.93), Induced: 104.00 Hz (21.91), Resuppressed: 149.00 Hz (29.99), tTA control: 134.20 Hz (31.34). Kruskal Wallis, P <0.0001, Not-induced: n = 28
cells (6 mice, 3 female, 3 male), Induced: n= 33 cells (8 mice, 5 female, 3 male), Resuppressed: n= 39 cells (6 mice, 3 female, 3 male) and tTA control:
n=18 cells (5 mice, 3 female, 2 male). Tukey’s multiple comparisons tests: Not-induced vs. Induced P <0.0001, Induced vs. resuppressed P <0.0001,
Induced vs tTA P <0.0045). G Scatter dot plot showing the rheobase for motoneurones with AHP (2/3) durations less than 30 ms for induced

and non-induced groups which is significantly lower in induced mice. Plot shows mean and standard deviations and each dot shows the rheobase
of a single neurone. Means (and SD), Not-induced: 5.87 nA (1.32), Induced: 1.32 nA (0.99), Not- induced: n = 28 cells (6 mice, 3 female, 3 male),
Induced: n=17 (9 mice, 5 female, 4 male), T-test: P <0.0001. H Scatter dot plot showing the rheobase for motoneurones with AHP (2/3) durations
more than 30 ms for induced and non-induced groups which is also significantly lower in induced mice. Plot shows mean and standard deviations
and each dot shows the rheobase of a single neurone. Means (and SD), Not-induced: 4.36 nA (2.23), Induced: 1.61 nA (1.05), Not- induced: n = 26
cells (6 mice, 3 female, 3 male), Induced: n=11 (9 mice, 5 female, 4 male), T-test: P=0.0004). I Scatter dot plot showing the current-frequency (--f)
gains measured in the primary range for motoneurones with AHP (2/3) durations less than 30 ms for induced and non-induced groups which

is significantly higher in induced mice. Plot shows mean and standard deviations and each dot shows the gain of a single neurone. Means (and SD),
Not-induced: 12.61 Hz/nA (3.74), Induced: 33.94 Hz/nA (13.77), Not- induced: n = 29 cells (6 mice, female, 3 male), Induced: n= 18 (9 mice, 5 female,
4 male), T-test: P <0.0001. J Scatter dot plot showing the current-frequency (I-f) gains for motoneurones with AHP (2/3) durations more than 30 ms
for induced and non-induced groups which is also significantly higher in induced mice. Plot shows mean and standard deviations and each dot
shows the gain of a single neurone. Means (and SD), Not-induced: 14.62 Hz/nA (4.91), Induced: 37.03 Hz/nA (16.53), Not- induced: n = 26 cells (6
mice, 3 female, 3 male), Induced: n= 15 (9 mice, 5 female, 4 male), T-test: P=0.0001). Other pairwise comparisons were not significant. *P < 0.05, **P
< 0.01,***P < 0.001, ***P < 0.0001
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may induce changes in soma size. For soleus motoneu-
rones, a significant decrease in soma size was also seen
in induced mice relative to the bigenic non-induced mice
(Fig. 3C). Although, this was not significantly different
from the tTA controls, suggesting that the reduction in
soma size is not as extreme at this time point in soleus
motoneurones. Reductions in soma size could, in theory
lead to increased input resistance and so this was tested
electrophysiologically using —3nA hyperpolarizing pulses
(Fig. 3D). This confirmed a large significant increase in
input resistance in induced mice compared to both not-
induced bigenic mice and tTA controls. Once again, this
returned to normal values upon resuppression (Fig. 3E).
Thus reductions in soma size drive increases in input
resistance which could help to explain both the decreased
rheobase and the increased gain seen in the induced
mice. A side effect of this increased input resistance was
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an increased activation of hyperpolarization-activated
currents (I, currents), measured indirectly as the sag seen
in the voltage response towards the end of the current
pulse (Fig. 3F). Although this was not significantly differ-
ent when expressed as a proportion of the overall voltage
drop, the larger voltage drop in the induced mice resulted
in a larger absolute sag.

Axon initial segment changes are also consistent

with an increased motoneurone excitability

We next investigated axon initial segment size and loca-
tion in traced motoneurones (Fig. 4) as this has also been
shown to influence repetitive firing [26]. Axon initial seg-
ments were immunohistochemically labelled using anti-
bodies against Ankyrin G, the main scaffolding protein
that spans the entire axon initial segment (Fig. 4). As fast
motoneurones are known to be more vulnerable in this
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Fig. 3 Soma size contributes to an increased input resistance in induced mice. A Representative confocal images of gastrocnemius motoneurones
(green) and soleus motoneurones (cyan) retrogradely traced using the Cholera Toxin {3 subunit conjugated to Alexa 488 (CT(3—488) and Fast Blue,
respectively. B Scatter dot plots showing the 2D Soma size measurements for gastrocnemius motoneurones from the four different groups. This
shows that the soma size decreased significantly in the induced mice compared to both the not-induced bigenic mice and tTa only controls,

but returned to control (tTA only) values upon resuppression. Plot shows medians and interquartile ranges and each dot shows a single neurone.
Medians (and IQR), Not-induced: 861.4 um?(340.2), Induced: 507.6 pm? (239.6), Resuppressed: 687.7 pm? (317.6), tTA control: 687.1 um? (288,2).
Kruskal Wallis, P <0.0001, Not-induced: n = 208 cells (8 mice, 4 female 4 male), Induced: n= 181 (8 mice, 5 female, 3 male), Resuppressed: n= 57

cells (4 mice, 2 female, 2 male) and tTA control: n=95 cells (6 mice, 3 female, 3 male). Dunn’s Multiple comparisons tests: Not-induced vs. Induced

P <0.0001, Not-induced vs. resuppressed P <0.0001, Induced vs. resuppressed P <0.001, Not-induced vs tTA P <0.0001, induced vs tTA P <0.0001.
Other pairwise comparisons were not significant. C Scatter dot plots showing the 2D Soma size measurements for soleus from the four different
groups. This shows that the soma size for these cells decreased significantly in the induced mice compared to both the not-induced bigenic mice
and tTA only controls, but returned to control (tTA only) values upon resuppression. Plot shows means and standard deviations and each dot shows
a single neurone. Mean (and SD), Not-induced: 738.2 um? (227.9), Induced: 549.9 um? (171.5), Resuppressed: 634.3 um? (176.6), tTA control: 625.2
pmz (209.5). ANOVA, P <0.0001, Not-induced: n = 67 cells (8 mice, 4 female, 4 male), Induced: n= 102 (7 mice, 4 female, 3 male), Resuppressed:

n= 32 cells (6 mice, 3 female, 3 male) and tTA control: n=33 cells (4 mice, 3 female, 1 male). Tukey's Multiple comparisons tests: Not-induced vs.
Induced P <0.0001, Not-induced vs tTA P <0.05. Other pairwise comparisons were not significant. D Representative examples of the voltage drop

in response to —3nA hyperpolarising current pulses to test input resistance. E Scatter dot plot showing input resistance from the four different
groups. The input resistance increased significantly in the induced mice compared to both the not-induced bigenic mice and the tTA only controls,
and returned to both control values upon resuppression. Plot shows medians and interquartile ranges and each dot shows the input resistance

of a single neurone. Kruskal Wallis, P <0.0001. Medians (and IQR), Not-induced: 4.85 MQ) (3.04), Induced: 7.78 MQ) (2.92), Resuppressed: 4.45 MQ)
(2.42), tTA control: 4.63 MQ) (2.29). Kruskal Wallis, P <0.0001, Not-induced: n = 74 cells (6 mice, 3 female, 3 male), Induced: n= 39 (9 mice, 5 female, 4
male), Resuppressed: n= 72 cells (6 mice, 3 female, 3 male) and tTA control: n= 56 cells (5 mice, 3 female, 2 male). Dunn’s Multiple comparisons tests:
Not-induced vs. Induced P <0.0001, Induced vs. resuppressed P <0.0001, Induced vs tTA P <0.0001. Other pairwise comparisons were not significant.
F Scatter dot plot showing the absolute sag for the four different groups. This suggests that the increased voltage drop in induced mice activate
more Ih current. Plot shows medians and interquartile ranges and each dot shows the input resistance of a single neurone. Kruskal Wallis, P=0.0088.
Medians (and IQR), Not-induced: 0.66mV (0.83), Induced: 1.29 mV (1.37), Resuppressed: 0.94 mV (1.17), tTA control: 0.98 mV (1.13). Kruskal Wallis, P
<0.0001, Not-induced: n = 74 cells (6 mice, 3 female, 3 male), Induced: n= 39 (9 mice, 5 female, 4 male), Resuppressed: n= 72 cells (6 mice, 3 female,
3 male) and tTA control: n= 56 cells (5 mice, 3 female, 2 male). Dunn's Multiple comparisons tests: Not-induced vs. Induced P <0.05. Other pairwise
comparisons were not significant. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001

disease, we injected different tracers into the predomi- into the muscle, this ensures that the motoneurones were

nately slow twitch soleus muscles (fast blue tracer) and
the predominately more fast twitch gastrocnemius mus-
cles (CTB tracer). Importantly, by injecting the tracer

still functionally connected to their respective muscle as
a functional block at the NM]J can also affect axon initial
segment length [27]. First, we noticed that many cells (in
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particular, the gastrocnemius motoneurones) had swol-
len axon hillocks where the tracer aggregated and often
failed to make it all the way into the soma (Fig. 4E).
Starting with the most vulnerable gastrocnemius moto-
neurones (Fig. 4A), our results confirmed that axon ini-
tial segments were significantly longer in the induced
mice compared to both the not-induced bigenic mice
and the tTA only controls (Fig. 4B). This appeared to be
due to a breakdown of the proximal border of the axon
initial segment and the axon hillock, which was seen as
the Ankyrin G labelling extending into the soma in some
cases (Fig. 4E). Not surprisingly, on average, the axon ini-
tial segment was significantly closer to the soma on the

(See figure on next page.)
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induced gastrocnemius (Fig. 4C). However, the distal
axon initial segment border was also significantly further
away confirming that the axon initial segments elongated
both distally and proximally in the induced mice. Both of
these parameters returned to normal values upon resup-
pression. Another key feature that was observed was that,
despite the proximal axon swellings, the distal end of
axon initial segments had a significantly smaller diameter
in the induced mice compared to both the not-induced
bigenic mice and the tTA only controls. However, this
parameter did not return to control value upon resup-
pression (Fig. 4D).

Fig. 4 TDP-43 pathology drives reversible increases in axon initial segment length on both gastrocnemius and soleus motoneurones. A
Representative confocal images of gastrocnemius motoneurones from the four groups, identified by retrograde tracing using the Cholera

Toxin B subunit conjugated to Alexa 488 (CT3—488, in green). Axon initial segments were immunohistochemically labelled using antibodies
against Ankyrin G (red). Scale bar indicates 10 pm. B Scatter dot plot showing an increase in axon initial segment length on gastrocnemius
motoneurones after transgene induction that returns to control values after resuppression. Plot shows means and standard deviations and each
dot shows a single neurone. Mean (and SD), Not-induced: 22.76 um (4.79), Induced: 29.67 um (6.90), Resuppressed: 23.98 um (5.31), tTA control:
21.2 um (4.49). ANOVA, P <0.0001, Not-induced: n = 179 cells (8 mice, 5 female, 3 male), Induced: n= 181 (6 mice, 3 female, 3 male), Resuppressed:
n= 57 cells (5 mice, 2 female, 3 male,) and tTA control: n=94 cells (6 mice, 3 female, 3 male). Tukey’s Multiple comparisons tests: Not-induced vs.
Induced P <0.0001, Induced vs. resuppressed P <0.001, Not-induced vs tTA P <0.01. Induced vs tTA P <0.001 resuppressed vs tTA control P <0.01.
Other pairwise comparisons were not significant. C Scatter dot plot showing a decrease in the distance of the proximal axon initial segment
from the soma of gastrocnemius motoneurones after transgene induction. This also returns to control value upon resuppression. Plot shows

medians and interquartile ranges and each dot shows a single neurone. Medians (and IQR), Not-induced: 4.92 um (34.99), Induced: 1.56 um (6.51),
Resuppressed: 5.36 um (3.01), tTA control: 3.98 um (2.51). Kruskal Wallis, P <0.0001, Not-induced: n = 212 cells (8 mice, 5 female, 3 male), Induced:
n= 181 (6 mice, 3 female, 3 male), Resuppressed: n= 56 cells (5 mice, 2 female, 3 male) and tTA control: n=95 cells (6 mice, 3 female, 3 male).
Dunn’s Multiple comparisons tests: Not-induced vs. Induced P <0.0001, Induced vs. resuppressed P <0.001, Induced vs tTA P <0.05. Other pairwise
comparisons were not significant. D Scatter dot plot showing that distal diameter of the axon initial segment on gastrocnemius motoneurones

is reduced after transgene induction. This does not return to normal value upon resuppression. Plot shows medians and interquartile ranges

and each dot shows a single neurone. Medians (and IQR), Not-induced: 1.98 um (1.31), Induced: 1.44 um (0.91), Resuppressed: 1.21 um (1.1), tTA
control: 1.72 um (1.03). Kruskal Wallis, P <0.0001, Not-induced: n = 179 cells (8 mice, 5 female, 3 male), Induced: n= 181 (6 mice, 3 female, 3 male),
Resuppressed: n= 57 cells (5 mice, 2 female, 3 male) and tTA control: n=95 cells (6 mice, 3 female, 3 male). Dunn’s Multiple comparisons tests:
Not-induced vs. Induced P <0.0001, Induced vs. resuppressed P <0.0001, Not-induced vs tTA control P <0.001, Induced vs tTA control P <0.001,
resuppressed vs tTA control P <0.01. Other pairwise comparisons were not significant. E Confocal images (maximum projection) of a traced
gastrocnemius motoneurone, showing an accumulation of the tracer at the axon hillock and a breakdown of the proximal border of the axon
initial segment with the Ankyrin G extending into the soma. Scale bar indicates 10 um. F Representative confocal images (maximum projections)
of soleus motoneurones from the four groups, identified by retrograde tracing using Fast Blue tracer (in cyan). A breakdown of a proximal border
can be seen in the induced example here. Scale bar indicates 10 um. G Scatter dot plot showing an increase in axon initial segment length

also occurs in soleus motoneurones after transgene induction and returns to control values after resuppression. Although, this is less extreme
than seen in gastrocnemius motoneurones. Plot shows means and standard deviations and each dot shows a single neurone. Mean (and SD),
Not-induced: 22.95 um (5.28), Induced: 26.22 um (7.07), Resuppressed: 20.13 um (5.76), tTA control: 20.93 um (6.64). ANOVA, P <0.0001, Not-induced:
n = 53 cells (8 mice, 5 female 3 male), Induced: n= 102 (6 mice, 3 female, 3 male), Resuppressed: n= 32 cells (6 mice, 3 female, 3 male,) and tTA
control: n= 30 cells (6 mice, 3 female, 3 male). Tukey's Multiple comparisons tests: Not-induced vs. Induced P=0.0157, Induced vs. resuppressed P
<0.0001, Induced vs tTA control P=0.0006. Other pairwise comparisons were not significant. H Scatter dot plot showing no changes in the distance
of the proximal axon initial segment from the soma in soleus motoneurones after transgene induction. Plot shows medians and interquartile ranges
and each dot shows a single neurone. Medians (and IQR), Not-induced: 3.55 um (7.18), Induced: 4.08 um (9.38), Resuppressed: 5.58 um (3.52), tTA
control: 3.91 um (2.79). Kruskal Wallis, P <0.1334, Not-induced: n = 66 cells (8 mice, 5 female 3 male), Induced: n=102 (6 mice, 3 female, 3 male),
Resuppressed: n= 32 cells (6 mice, 3 female, 3 male) and tTA control: n=33 cells (6 mice, 3 female, 3 male). | Scatter dot plot showing that distal
width of the axon initial segment on gastrocnemius motoneurones is reduced after transgene inductions. This does not return to normal value
upon resuppression. Plot shows medians and interquartile ranges and each dot shows a single neurone. Medians (and IQR), Not-induced: 1.96
pm (0.72), Induced: 1.34 um (0.54), Resuppressed: 1.37 um (0.57), tTA control: 1.24 um (0.72). Kruskal Wallis, P <0.0001, Not-induced: n = 53 cells

(8 mice, 5 female 3 male), Induced: n=102 (6 mice, 3 female, 3 male), Resuppressed: n= 32 cells (6 mice, 3 female, 3 male) and tTA control: n= 29
cells (6 mice, 3 female, 3 male). Dunn’s Multiple comparisons tests: Not-induced vs. Induced P <0.0001, Not-induced vs Resuppressed P <0.0001,
Not-Induced vs tTA control P =0.0229. Other pairwise comparisons were not significant



Djukic et al. Acta Neuropathologica Communications (2025) 13:42

CTB

Ankyrin G

Composite

Not-induced >

Resuppressed 4 week induced

tTA control

F
Fast Blue Ankyrin G Composite
el
[
o
3
]
=
=
<]
= -
; -
[
v
3
e
=
el
v
a
a
E -
Q|
Q|
=]
2
[
o
°
B
c
S
v
<
=

Fig. 4 (Seelegend on previous page.)

Next, axon initial segments on the less vulnerable
soleus motoneurones were measured (Fig. 4F). These
were also significantly longer in induced mice and
returned to control values following transgene resuppres-
sion (Fig. 4G). For these the distance from the soma was
not significantly different, suggesting that the elongation
mostly occurred in the distal end (Fig. 4H), although in a
few cases, a breakdown of the proximal border was also
seen for soleus motoneurones (Fig. 4F) however, these
were not as common as for gastrocnemius. A perma-
nent reduction in axon initial segment width was also
observed (Fig. 4I).

Together, the reduction in soma size, increase in
input resistance and elongation and constriction of the
axon initial segments could be predicted to result in an
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increased excitability of the motoneurones. This is con-
sistent with our electrophysiological results.

TDP-43 pathology alters individual action potentials

Finally, we turned our focus to the features of individual
actions potentials to determine the effect of the axon
initial segment changes on these. For this, we first ana-
lysed the antidromic action potential, examples of which
are shown in Fig. 5A. Surprisingly, the amplitudes of the
somatic portion of the spike were significantly lower in
the induced mice than both not-induced bigenic mice
and tTA controls, but returned to normal values upon
resuppression (Fig. 5B). The antidromic spikes were then
differentiated to reveal the maximal rate of rise of the
spike as it arrives at the axon initial segment (IS spike)
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versus the soma and dendrites (the SD spike) (Fig. 5C).
Consistent with the reduced amplitude of the somatic
spike, the maximum rates of rise of the SD spike were sig-
nificantly lower in the induced mice than both controls
but, once again, returned to normal values upon resup-
pression (Fig. 5D). This is consistent with decreased fast
transient Na* conductance in the soma. This was not
observed for the IS spike (Fig. 5E) suggesting and altered
balance between Na* channels in the soma and the axon
initial segment in induced mice.

As potassium channel dysfunction has repeatedly
been implicated in ALS, we also measured the maximal
rate of fall of the SD spike which was also significantly
lower in the induced mice than both control groups and
again this was reversed upon transgene resuppression
(Fig. 5F). Additionally, the amplitude and duration of the
post-spike after-hyperpolarisation (AHP) was measured
(see examples in Fig. 5G). The duration was unchanged
(Fig. 5I), but the amplitude was found to be significantly
reduced in the induced mice (Fig. 5H), although this
feature was not completely reversed by resuppression
(Fig. 5H).

(See figure on next page.)
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Discussion
Our results show that TDP-43 pathology is sufficient to
drive an extreme hyperexcitability of spinal motoneu-
rones in vivo, consistent with the observed excitability
seen in patients. The excitability changes seen including
reductions in rheobase, increases in gain, reductions in
AHPs and increased persistent inward current are the
same as have been observed in symptomatic SOD1 mod-
els of the disease [10, 11, 15]. The anatomical changes
including the elongation and constriction of the axon ini-
tial segment have also been reported in the symptomatic
stages of the disease in SOD1 models [12]. This suggests
that increases in motoneurone excitability is a key feature
across both familial and sporadic ALS and that the ana-
tomical changes driving these changes in intrinsic hyper-
excitability may also be common across the disease,
despite the initial factors driving this in the first place.
Therefore, we conclude that TDP-43 may be the common
denominator explaining motoneurone hyper-excitability
across almost all ALS patients.

Of course, it should be acknowledged that the model
we selected to test our hypothesis is an experimental
model of TDP-43 miss-location and so it remains to be

Fig. 5 TDP-43 pathology drives decreases in action potential height and AHP amplitudes. A Representative examples of averages of antidromic
action potentials recorded from motoneurones from Not-induced (grey), Induced (magenta), Resuppressed (green) and tTA control (blue). B X-Y
plots showing linear regression for antidromic action potential amplitude against membrane potential. Linear regression for all 4 slope P<0.0001

(Not-induced R? = 0.604, Induced R? = 0.713, Resuppressed R? = 0.685, tTA control R> = 0.675). Not-induced: n = 87 cells (6 mice, 3 female, 3 male),
Induced: n= 36 (9 mice, 4 female, 5 male), Resuppressed: n= 86 cells (6 mice, 3 female, 3 male) and tTA control: n= 63 cells (5 mice, 3 female, 2 male).
The angle of the slopes were not significantly different between groups but the elevation was (P<0.0001) showing that the amplitudes of the action
potential from the soma was significantly lower in the induced mice than both not-induced bigenic mice (P<0.0001) and tTA controls but returned
to normal values upon resuppression. C Representative examples of the first derivatives of an antidromic action potential from a not-induced
mouse (grey) and an induced mouse (magenta). On this is indicated the maximum rate of rise for both the initial segment (IS) and soma-dendritic
(SD) portions of the spike and the maximum rate of fall for the somatic spike. D X-Y plots showing linear regression for the maximum rate of rise

of the SD portion of the spike by membrane potential. Linear regression for induced group P=0.003, the rest all P<0.0001 (Not-induced R? = 0.167,
Induced R? = 0.322, Resuppressed R? = 0.1631, tTA control R? = 0.307). The numbers of cells/mice were the same as for B. The angle of the slopes
were not significantly different between groups but the elevation was (P<0.0001) showing that the decreased spike height shown in B is due

to a slower rate of rise of the somatic portion of the antidromic spike which returns to normal values upon resuppression. E X-Y plots showing

linear regression for the maximum rate of rise of the IS portion of the spike by membrane potential. Linear regression for induced group P=0.002,
the rest all P<0.0001 (Not-induced R® = 0.334, Induced R” = 0.347, Resuppressed R? = 0.189, tTA control R? = 0.3403). The numbers of cells/mice were
the same as for B. Neither the angle nor the elevation of the slopes were significantly different between groups (P=0.172 and P= 0.188 respectively).
F X-Y plots showing linear regression for the maximum rate of fall for the SD portion of the spike by membrane potential. Linear regression

for induced group P=0.003, the rest all P<0.0001 (Not-induced R? = 0.252, Induced R? = 0.337, Resuppressed R? = 0.124, tTA control R? = 0.223). The
numbers of cells/mice were the same as for B. The angle of the slopes were not significantly different between groups (P= 0.493) but the elevations
were (P<0.0001) confirming that the rate of fall of the somatic spikes were significantly slower in induced mice but returned to normal values

upon resuppression. G Representative examples of AHPs recorded from motoneurones from a not-induced (grey), induced (magenta),
resuppressed (green) and tTA control (blue) mice using an intracellular current pulse to evoke a single spike. Traces shown are averages of at least 10
action potentials. H Scatter dot plot showing AHP amplitudes for the four different groups. Plot shows medians and interquartile ranges and each
dot shows a single neurone. Medians (and IQR), Not-induced: 2.10 mV (1.10), Induced: 1.44 mV (1.57), Resuppressed: 1.58 mV (1.25), tTA control: 2.11
mV (1.8). Kruskal Wallis, P =0.0049, Not-induced: n = 65 cells (6 mice, 3 female, 3 male), Induced: n= 36 (8 mice, 4 female, 4 male), Resuppressed: n=
55 cells (5 mice, 2 female, 3 male) and tTA control: n=46 cells (5 mice, 3 female, 2 male). Dunn's Multiple comparisons tests: Not-induced vs. Induced
P=0.0139. Other pairwise comparisons were not significant. I Scatter dot plot showing the AHP duration measured at 2/3 amplitude for the four
different groups. Plot shows medians and interquartile ranges and each dot shows a single neurone. Medians (and IQR), Not-induced: 28.9 ms
(15.2), Induced: 28.8 ms (13.1), Resuppressed: 24.4 ms (10.5), tTA control: 30.1 ms (13.6). Kruskal Wallis, P =0.0906, Not-induced: n = 65 cells (6 mice, 3
female, 3 male), Induced: n= 36 (8 mice, 4 female, 4 male), Resuppressed: n= 58 cells (5 mice, 2 female, 3 male) and tTA control: n=46 cells (5 mice, 3
female, 2 male). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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seen, if the levels of TDP-43 that actually occur in ALS
patients is sufficient to drive significant excitability
changes. Although, our results are consistent with and
perfectly complement the recent work showing axon
initial segment elongation and increased excitability of
human iPSC cells harboring TDP-43 mutations found
in this disease[21]. We here confirm that such changes
are occurring with disease progression in vivo in the
adult and are not due to a differential vulnerability of the
mutant cells to in vitro conditions. Conversely, the results
of Harley et al. confirm that what we are observing in our
mouse models is most likely occurring in humans with
the disease. Taken together, the results of the two studies
heavily implicate TDP-43 as an upstream driver of axon
initial segment plasticity in ALS, explaining the excitabil-
ity changes seen in lower motoneurones in individuals
with ALS including spasticity and fasciculations. The fact
that the similar excitability changes occur in the human
iPSC cell, with TDP-43 mutation despite the absence
of visible cytoplasmic TDP-43 suggests that the exact
molecular mechanisms (gains of function from cyto-
plasmic TDP aggregates or loss of function from nuclear
depletion, or dysfunctional nuclear TDP-43) are unclear.
We also show changes in the diameters of proximal
axons with both swelling at the axon hillocks and a distal
constriction of the axon initial segments. Proximal swell-
ings have also been shown on ventral horn neurones in
post mortem tissue in ALS [28]. Electron microscopy
revealed these swellings to mainly consist of accumula-
tions of 10-nm neurofilaments, but later studies from
the same group also showed an accumulation of mito-
chondria and lysosomes [29]. More recent work using
iPSC cells from patients with C9orf72 and SOD1 muta-
tions confirm an accumulation of phosphorylated heavy/
medium neurofilament chains in axon hillocks of moto-
neurones in both mutations [30]. Whilst TDP pathology
is not generally associated with SOD1 ALS, it is a key
feature of C9orf72 ALS. This accumulation may be due
to deficits in retrograde transport, which is well docu-
mented in ALS [31]. TDP-43 is known to play an impor-
tant role in axonal transport which has been shown to be
impaired in mice carrying ALS-associated TDP-43 muta-
tions [32]. In our tracing studies we frequently observed
the strongest fluorescence signals from the proximal
axonal bulges and in many cases the tracer failed to enter
the soma consistent with deficits in axonal transport. The
breakdown of the proximal border of the axon initial seg-
ment has not been previously observed in SOD1 mouse
models, although this has not been examined closer
to end-stage. Intriguingly, this phenomenon has been
observed with expression of pseudo-acetylated Tau spe-
cies in models of Alzheimer’s Disease [33] suggesting that
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disruptions of axon initial segments may be a common
feature across different neurodegenerative diseases.

By contrast the distal axon initial segments in our
induced mice were of significantly smaller diameter
which could be predicted to increase the excitability [34].
This feature does not appear to return to normal values,
although this constriction was also seen in the tTA only
controls. One potential explanation for this could be that
both the resuppressed and the tTA only controls were
around 7 weeks older than the not-induced and four-
week induced groups as they all started at the same ages.
We have previously seen that the diameter of axon initial
segments decreases on spinal motoneurones in C57BL/6
mice between 22 days of age and ~170 days of age by
around 12%, with no changes in axon initial segment
length [13]. Therefore, it is plausible that the 13% reduc-
tion in diameter seen in the tTA mice compared to the
younger not-induced controls reflects the normal matu-
ration process and, as such, the similarity with meas-
urements in the resuppressed mice may, in fact, reflect
a return to normal of this feature also. Alternatively, it
could also partly reflect a permanent loss of large diam-
eter motor axons with functional recovery coming from
re-innervation of thinner diameter axons [35].

Our work was restricted to the spinal motoneurones,
however increased excitability has also been observed in
upper motoneurones in the same TDP-43 ANLS mouse
but with the transgene driven by a CAMKIIa promoter
[36]. If similar changes are also occurring in axon initial
segments of corticospinal motoneurones this could also
potentially explain their hyper-excitability and indeed,
also explain lower thresholds for activation of the motor
cortex observed with transcranial magnetic stimulation
in humans with ALS [2, 37].

Our observed changes are unlikely to be simply due to
selective survival as many values obtained for the differ-
ent measures lie far outside of the normal ranges seen in
control mice. Furthermore, cell loss has been estimated
to be minimal even at this disease stage (post induction
time point) in this mouse model [23]. This does not pre-
clude a dying back of axons. Our tracing ensured that
at the time of tracing the motoneurones were still func-
tionally connected at the neuromuscular junction. This
is important as both axonal injury or a loss of functional
connectivity at the neuromuscular junction has been
shown to drive changes to axon initial segments of spi-
nal motoneurones [27, 38]. Thus, the changes we have
observed are a result of the TDP-43 pathology rather
than a consequence of the dying back process. Unlike the
IPSC experiments of[21] our axon initial segment elon-
gation was not followed by a later axon initial segment
shortening as the mice were already close to humane
endpoint. This suggests that the shortening observed in
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the IPSC experiments may either reflect a stage beyond
our humane endpoint, or specifically sick neurons that
would have denervated the neuromuscular junction
in vivo.

Another strong indication that our results are unlikely
to be due to selective survival is perhaps one of the most
striking observations in our experiments- that almost all
of the changes were reversible upon resuppression of the
transgene and the restoration of normal nuclear TDP-43.
This observation is particularly relevant as, while a wide
range of drugs have had some effect on disease survival
in ALS mouse models, no experimental drug to date has
been able to reverse symptoms. Drugs targeting excit-
ability, such as riluzole, also have only limited effect in
patients. One reason may be that their effects cannot
differentiate between pathological excitability changes
and homeostatic excitability changes crucial to maintain
motor function as cortical motoneurones also die back.
Our results suggest that targeting TDP-43 may repre-
sent a safer and more effective way to control excitability
within healthy but still functional levels in this disease.
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