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ABSTRACT

Amyotrophic lateral sclerosis (ALS) and frontotemporal dementia
(FTD) are progressive adult-onset neurodegenerative diseases with
overlapping pathological and genetic origins. They are caused by
multiple underlying mechanisms leading to a common collection of
clinical features that occur in a spectrum. Here, we report side-by-side
longitudinal behavioural, cognitive and sensory phenotyping of
two mouse models of ALS/FTD, to determine which aspects of the
disease they recapitulate. We used knock-in models, in which
the endogenous mouse orthologues of the C9orf72 and TARDBP
(encoding TDP-43) genes have been altered to model specific
molecular aspects of ALS/FTD. We found that the C9orf72GR400/*
model exhibits age-related deficit in short-term memory and that
parental genotype affects exploration activity in offspring. In the
Tardbp@337KIQ33TK madel, we found age-related changes in weight, fat
mass, locomotion and marble burying. In both models, we found no
evidence of deficits in vision or olfactory habituation-dishabituation.
These data provide new insight into genotype-phenotype relationships
inthese ALS/FTD mice, which can be used to inform model choice and
experimental design in future research studies.

KEY WORDS: Amyotrophic lateral sclerosis, Frontotemporal
dementia, Mouse phenotyping

INTRODUCTION

Frontotemporal dementia (FTD) and amyotrophic lateral sclerosis
(ALS) are two progressive neurodegenerative diseases with clinical,
neuropathological and genetic overlap (Abramzon et al., 2020;
Strong et al., 2017). FTD is a heterogeneous disorder characterised
by changes in behaviour, language, executive control and motor
symptoms (Olney et al., 2017). In particular, changes in behaviour,
such as apathy, loss of empathy and compulsive behaviour, and
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development of neuropsychiatric symptoms, such as anxiety and
depression, are key features of the disease (Schonecker et al., 2024).
In later stages of disease, multiple cognitive domains are also
impacted, including short- and long-term memory (Poos et al.,
2022). The primary symptoms of ALS are associated with motor
dysfunction, such as muscle weakness, spasticity and dysphagia.
However, up to 50% of patients develop cognitive and/or behavioural
impairments during the course of the disease, and 13% of patients
show concomitant behavioural variant FTD (Hardiman et al., 2017).

A hexanucleotide GGGGCC repeat expansion in the first intron of
the C90rf72 gene is the most frequent genetic cause of FTD and ALS
(collectively COALS/FTD), resulting in both loss- and gain-of-
function effects (Balendra and Isaacs, 2018; Delesus-Hernandez
et al,, 2011; Renton et al., 2011). Three non-mutually exclusive
pathogenic mechanisms have been associated with the C90rf72
hexanucleotide repeat expansion: (1) reduced transcription of the
C9orf72 gene — i.e., loss of function; (2) the accumulation of sense
and antisense repeat-containing RNA foci; and (3) expression of toxic
dipeptide repeat (DPR) proteins translated from the repeat-containing
RNAs mediated by repeat-associated non-ATG initiated (RAN)
translation — i.e., gain of function (Balendra and Isaacs, 2018).
Functional and genetic analyses suggest that loss of function is not
sufficient to drive neurodegeneration by itself (Harms et al., 2013;
Jiang et al., 2016; Liu et al., 2016; O’Rourke et al., 2015; Peters et al.,
2015; Sudria-Lopez et al., 2016) but can exacerbate gain-of-function
effects (Boivin et al., 2020; Jiang et al., 2016). Also, the presence of
toxic DPRs is considered a major pathogenic feature of COALS/FTD
(Milioto et al., 2024). RAN translation occurs in every reading frame
and both RNA directions, resulting in five DPRs — polyGA, polyGR,
polyGP, polyPA and polyPR, with polyGR, polyPR and polyGA
most consistently reported as toxic in Drosophila (Mizielinska et al.,
2014), mammalian cells (Wen et al., 2014) and mouse models (Choi
etal., 2019; Hao etal., 2019; LaClair et al., 2020; Milioto et al., 2024;
Verdone et al., 2022; Zhang et al., 2018, 2019).

Importantly, nearly all cases of ALS, half of FTD cases, and most
hereditary forms of ALS and FTD are characterised by cytoplasmic
mislocalisation and aggregation of the 43 kDa TAR DNA-binding
protein (TDP-43) (Neumann et al., 2006). TDP-43 neuropathology
is also observed in other neurodegenerative diseases, including
approximately half of Alzheimer’s disease (AD) cases (Meneses
et al., 2021). The pattern of AD-associated TDP-43 neuropathology
differs from that seen in ALS/FTD, and the underlying mechanism
of'its development is unknown. Moreover, ~50 variants in the gene
encoding TDP-43 (TARDBP) are causal of ALS and
FTD, confirming that TDP-43 plays a mechanistic upstream role in
neurodegeneration (Benajiba et al., 2009; Sreedharan et al., 2008).

To further develop mechanistic understanding and test the
potential efficacy of new therapies, it is important to understand
the clinically relevant phenotypes in animal models. Modelling
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meaningful behavioural changes in ALS/FTD mice can be
challenging because of the effects of disease on emotional domains,
which requires holistic phenotyping on a broad range of tasks to
maximise translational relevance and value (Ahmed et al., 2017).
Previous generation transgenic C9orf72 and Tardbp mouse models
show phenotypes that might be partially due to artefacts of different
integration sites and/or overexpression of the construct of interest,
which may confound the utility of these models for both fundamental
and translational research, particularly as 7ardbp is known to be a
dosage-sensitive gene (De Giorgio et al., 2019). To overcome these
problems, recently, knock-in (KI) mouse models have been generated
for CY9orf72 and Tardbp disease-associated mutations.

The novel C9orf72 KI models show physiological expression of
400 codon-optimised polyGR(GR400) or polyPR(PR400) repeats
and a reduction in C90rf72 gene expression (Milioto et al., 2024).
These models have age-dependent spinal motor neuron loss and
progressive motor dysfunction on the rotarod with no difference in
weight from that of wild-type (WT) littermates. In addition, the
GR400 mice show cortical neuronal hyperexcitability (Milioto
et al., 2024). The effect of the variant on cognitive, behavioural
features relevant to ALS/FTD and sensory function is unknown.
The Tardbp@33'¥033IK KI model carries a human-equivalent
ALS/FTD-associated variant in the endogenous mouse gene, and
has been previously reported to exhibit cognitive dysfunction,
apathy and perturbed autoregulation of TDP-43 (White et al., 2018).

In this study, we longitudinally investigated the behavioural,
cognitive and sensory phenotypes of the novel C9orf720R%00+ K]
model alongside the Tardbp@33%/C331K K1 model, to compare the
phenotypes of these two next-generation models. We show that
C90rf729R400" animals can be used to model not only motor but
also cognitive aspects of ALS/FTD, and we confirm that the
Tardbp@331%/0331K mouse model recapitulates locomotor deficits
and apathy-like symptoms of ALS/FTD, as well as increased weight
and increased fat deposition. These data provide critical new insight
into genotype-phenotype relationships of aspects of ALS/FTD
pathomechanisms, which can be used to inform model choice
and experimental design for both fundamental and translational
research.

RESULTS

Weight and body composition

Changes to food intake and metabolism occur in ALS/FTD, with
weight loss being a commonly occurring clinical feature of ALS and
hyperphagia, and increasing body mass index being associated with
behavioural variant FTD (Ahmed et al., 2016a). These changes
can confound performance in some motor and behavioural tasks
(White et al., 2018). Thus, we determined whether the mouse
models exhibited changes in weight from 4 to 72 weeks of age. An
age-sex interaction was included in the model because of the known
effects of age and sex on mouse weight (Reynolds et al., 2019), and
groups were compared by genotype or sex at each age by post-hoc
analysis. We found no evidence of an effect of C9orf72¢R400/*
genotype on weight (Fig. 1A). However, the expected increase
in weight associated with ageing [lmer F(50, 1571.27)=265.4233,
P<22x107'°]  and sex differences in  weight [Imer
F(1, 42,23)=53.1278, P=5.457x10~"] were observed, such that WT
male mice were significantly heavier than females from 8 weeks of
age (post-hoc analysis with Bonferroni correction P=0.0154), apart
from at 57, 68 and 69 weeks of age, and C90rf729%#°"* males were
heavier than females from 8 weeks of age (post-hoc analysis with
Bonferroni correction P=0.0066), apart from at 68 weeks of age. A
significant interaction between the effects of age and sex [Imer

F(50, 1571.27)=3.0632, P=1.107x10~""] was also observed, likely
because of differences in the development of male and female mice.
We found that female Tardbp@33/%/C33IK mice were heavier than
female WT controls from 48 weeks of age (post-hoc analysis with
Bonferroni correction P=0.0141) throughout the rest of the study, and
male Tardbp@33'K0331K mice were heavier than male WT controls
from 54 weeks of age (post-hoc analysis with Bonferroni correction
P=0.0199) throughout the rest of the study, apart from at 56 weeks of
age [genotype effect Imer (1, 50.30)=16.1582, P=0.0001952], and a
significant interaction between genotype and age [lmer F(41,
1674.60)=16.2455, P<2.2x107'9], (Fig. 1B). In this dataset, we
also observed the expected increase in weight associated with ageing
[Imer F(41, 1674.58)=313.2932, P<2.2x107'] and sex differences
[Imer F(1, 50.29)=36.5988, P=1.797x10"7], and a significant
interaction between age and sex [lmer F(41, 1674.59)=3.3519,
P=9.666x107'2]. Longitudinal frailty assessments highlighted no
significant welfare concerns in either of the mouse lines used.

To further understand the biology underlying the increased weight in
the Tadbp@33'K33K model, we undertook an echo-magnetic
resonance imaging (MRI) study to assess the body composition of
mice across the lifespan, including fat and lean mass. Here, we also
included an interaction term between age and sex to the statistical
model. Fat mass was higher in female Tadbp@33/%C33/K mice from
48 weeks of age (post-hoc analysis with Bonferroni correction
P=0.000212), and higher in male Tadhp@?3'K@33K mice from
64 weeks of age (post-hoc analysis with Bonferroni correction
P=0.018), compared to that in WT controls of the respective sex
[main effect for genotype, Imer F(1, 52.194)=23.8519, P=1.026x107]
(Fig. 1C). We also observed the expected increase in fat mass associated
with ageing [Imer F(4, 179.274)=185.2816, P<2.2x107'°] and sex
[lmer F(1,52.391)=9.0546, P=0.004022], as well as significant
interaction between genotype and age [lmer F(4, 179.296)=15.4586,
P=6.982x107""], genotype and sex [lmer F(1,51.913)=5.3641,
P=0.024539], and age and sex [lmer F(4,179.295)=3.7686,
P=0.005721]. Lean mass was higher in male Tadbp@33/5@33/K mice
from 64 weeks of age compared with that in male controls [post-hoc
analysis with Bonferroni correction P=0.0046; genotype effect Imer
F(1, 49.137)=11.6177, P=0.001313] (Fig. 1D). No difference in lean
mass was observed between female Tadbp@33/%/033/K mice and female
WT controls. We also observed expected effects of age [Imer F(4,
178.301)=73.0793, P<22x107'6] and sex [lmer F(1,49.319)=
602.5097, P<2.2x107'%] on lean mass, as well as an interaction
between genotype and age [Imer F(4, 178.374)=2.9340, P=0.022142],
although no significant interaction between age and sex was observed.
These data indicate that changes in weight in the Tadbp@33/KQ331K
model are largely the result of increased fat mass, particularly in
females, and that progressive changes to lean mass occur in males.

Sensory function

Olfaction deficits are associated with FTD (Carnemolla et al., 2020);
in particular, odour recognition has been reported to be impaired in
individuals from the earliest stages of disease. The biology
underpinning of this is not well understood, and it has been
suggested to be a potentially useful diagnostic tool. Moreover,
sensory deficits can impact performance in a range of behavioural
tasks in mice (An et al., 2020; De La Zerda et al., 2022; Lipina et al.,
2022); in particular, olfaction can impact performance in tests of
social behaviour (De La Zerda et al., 2022) and vision tasks with
spatial cues (Lipina et al., 2022). Thus, to control for any sensory
changes in the mouse models being assessed, we tested olfaction
using a habituation and dishabituation task, and visual acuity using
an optokinetic drum test.
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Fig. 1. Weight and body composition in the C90rf72CR49* and Tardbp@3371K/Q337K mouse models. (A-D) Weight of mice (A,B), fat mass (C) and lean
mass (D) measured by echo-MRI was determined in WT female (green solid line), WT male (green dashed line), C90rf726R409* female (purple solid line),
C90rf726R400* male (purple dashed line) (A), and WT female (blue solid line), WT male (blue dashed line), Tardbp®33WQ337K female (orange solid line) and
Tardbp@337KA331K male (orange dashed line) (B-D) mice between 4 and 72 weeks of age. (B) Female Tardbp@337K/@337K mice were heavier than female WT
mice from 48 weeks of age (P=0.0141), and male Tardbp®@337K Q337K mice were heavier than male WT mice from 54 weeks (P=0.0199). (C) Fat mass was
higher in female Tadbp@337WQ337K mice from 48 weeks of age (P=0.000212), and higher in male Tadbp®@33'K/Q337K mice from 64 weeks of age (P=0.018),
compared to that in WT mice of the respective sex. (D) Lean mass was higher in male Tardbp®@337KQ337K mice from 64 weeks of age (P=0.0046) compared
to that in male WT controls. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (linear mixed-effects model and post-hoc analysis with Bonferroni correction). Error
bars represent meants.e.m. Each point shows an average valuets.e.m for each genotype and sex group; in the weight data, the value for each mouse at
each age is an average of one to ten measurements; for echo-MRI, the value for each mouse is from a single measurement. For detailed animal numbers,

see Tables S1 and S2. For complete statistical output, see Table S4.

We used the olfaction task to test the animals’ ability to habituate
and dishabituate to social odours of familiar or novel mice, and
water was used as a control. In C9orf729R497+ and WT controls, we
observed the expected main effect of odour type and presentation at
both 15 weeks of age [Imer F(8, 271.407)=36.2347, P<2x1071°]
and 67 weeks of age [Imer F(8,251.857)=18.7708, P<2x10~'6]
(Fig. 2A,B). Normal olfactory habituation to social odours and
dishabituation from control to social odours was also observed in
both genotypes in post-hoc analysis of the time spent sniffing each
type of odour (Table S3). In this study, at 15 weeks of age, we also

observed an interaction between genotype and parental origin of the
mutant allele [Imer F(1, 39.181)=5.2138, P=0.02791] (Fig. 2A).
When this interaction was explored in post-hoc analysis,
we observed that C9orf729%%9%* mice that had inherited their
mutant allele from their mother spent more time exploring the first
presentation of familiar mouse odour compared to WT controls
(P=0.0322) (Fig. S3). Because these mice showed a normal pattern
of olfactory habituation and dishabituation, we suggest that
the observed genotype-parental origin interaction effect could be
related to changes in general activity or anxiety, which could be
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Fig. 2. Assessment of sensory function in the C90rf726R4%* and Tardbp®?337K/Q337K mouse models. (A-D) Sniffing time, for the first, second and third
presentations of familiar social odour (F1, F2, F3), novel social odour (N1, N2, N3) and water odour (W1, W2, W3), to WT (green) and C9orf72CR400+
(purple) (A,B), and WT (blue) and Tardbp@337KQ337K (orange) (C,D), mice at 15 (A,C) and 67 (B,D) weeks of age. Both models showed normal olfactory
habituation and dishabituation. (E,F) Threshold of visual acuity as measured by spatial frequency (cycles/degree) in the optokinetic drum assay at 15-16 and
68 weeks of age in WT (green) and C9orf726R400* (purple) (E), and WT (blue) and Tardbp®33"K/Q337K (grange) (F), mice. Black circles, males; white circles,
females. (E) An age-related decrease in visual acuity in WT (P<0.0001) and C9orf726R409"* (P<0.0001) mice was observed between 15 and 68 weeks of
age. (F) An age-related decrease in visual acuity was observed in WT (P=0.0012) and Tardbp®337K/Q337K (p=0.0014) mice between 16 and 68 weeks of age.
**P<0.01, ****P<0.0001 (linear mixed-effects model and post-hoc analysis with Bonferroni correction). Error bars represent meanzts.e.m. For olfaction, each
point shows average time sniffingts.e.m.; for each genotype group, each mouse was tested once at every odour presentation. For visual acuity, each circle
shows data from a single mouse in one repeat of the test at each age. In the C90rf72 study, for the olfaction videos, at 15 weeks, WT n=24, C9orf72CR400/*
n=24; at 67 weeks, WT n=20, C9orf726R400"* n=18; for visual acuity, at 15 weeks, WT n=23, C9orf72CR400/* n=23; at 68 weeks, WT n=20, C9orf72CR400/*
n=20. In the Tardbp study, for the olfaction videos, at 15 weeks, WT n=27, Tardbp®@337K Q331K n=24. at 67 weeks, WT n=21, Tardbp®33"Q331K n=20; for
visual acuity, at 16 weeks, WT n=27, Tardbp®337KA331K n=06; at 68 weeks, WT n=21, Tardbp@337KQ331K n=30. Mice that did not engage with the first
presentation of each type of odour were excluded from the olfaction analysis. For complete statistical output, see Table S4.
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explored further in this model. In Tardbp@33/KC33/K mice and WT
controls, we observed the expected main effect of odour type and
presentation at both 15 weeks of age [Imer F(8, 282.464)=30.8712,
P<2x107'%] and 67 weeks of age [Imer F(8, 231.165)=27.3237,
P<2x1071°] (Fig. 2C,D). Normal olfactory habituation to social
odours and dishabituation from control to social, and between
social odours, was observed in both genotypes (Table S2). No main
effect of Tardbp@33'K genotype was observed at either age. These
data indicate that neither C9orf729R4%%* nor Tardbp@33/K/Q331K
mice have significant impairment in olfactory habituation and
dishabituation, at the ages tested.

We used a virtual-reality optokinetic drum to test the animals’
visual acuity by measurement of a reflex response. In C9orf72¢R400/*
and WT controls, we observed a main effect of age [Imer
F(1, 40.863)=60.1028, P=1.49x10""]; post-hoc analysis with
Bonferroni correction demonstrated a reduction in visual acuity in
WT (P<0.0001) and C90rf72¢%49"* (P<0.0001) mice between 15
and 68 weeks of age (Fig. 2E). No effect of C90rf720R#0%* genotype
on visual acuity at either age was detected. In Tardbp@33/K/0331K and
WT controls, age significantly affected visual acuity [Imer F(1,
48.841)=26.9056, P=4.09x10~°]; post-hoc analysis with Bonferroni
correction demonstrated a reduction in visual acuity in WT
(P=0.0012) and Tardbp@33'KQ331K (P=0.0014) mice between 16
and 68 weeks of age (Fig. 2F). No effect of Tardbp@33/K/Q331K
genotype on visual acuity at either age was detected. These data
indicate that neither C90rf729R#%00"* nor Tardbp@33'K@331K mice
have significant impairment in visual acuity at the ages studied; but,
in both genotypes, acuity declines with age, consistent with the
changes typical of the C57BL6/J genetic background (Banks et al.,
2015).

Behavioural changes

Behavioural changes are a core feature of FTD, in particular apathy,
compulsive behaviours, socioemotional deficits and anxiety (Benussi
et al., 2021). Recapitulation of these features has previously been
reported in a range of FTD mouse models (Ahmed et al., 2017). Here,
we determined how the C9orf720R400" and Tardbp@33'K/Q331K
models recapitulate these features, using a range of tasks in a side-by-
side comparison.

We first investigated anxiety, using the elevated plus maze in
naive animals that had previously not undergone behavioural
testing, at 11-12 weeks of age. We compared the time spent and the
number of entries into the open sections, closed sections and the
centre of the maze. When we assessed the time spent in the different
sections of the maze in the C90rf729%49%* and WT mice, we found
an effect of the section of the maze [Imer(F(2, 134)=543.0345),
P<2x107'°] but no effect of genotype, sex or parental origin of the
mutant allele. When we analysed the frequency of entries into the
different sections of the maze, we observed an effect of the section
of the maze [Imer F(2, 92)=451.8957, P<2.2x107'°], and an
interaction between genotype and maze section [Imer F(2, 92)=
7.9614, P=0.0006472], but post-hoc comparisons for differences
between genotypes within each section did not reach significance
(Fig. 3A,B). Thus, in the C90rf729%#9%* model, we did not find
evidence of changes to anxiety using this task. When we assessed
the time spent in the different sections of the maze in the
Tardbp@331K@331K and WT mice, we found an effect of section
[Imer F(2, 151)=438.1583), P<2x10~'°] but no effect of genotype,
or sex. When we analysed frequency of entries between sections,
we observed an effect of section of the maze [Imer F(2, 102)=
598.5292, P<2x107'%], and significant interaction between
genotype and section of the maze [Imer F(2, 102)=4.6999,

P=0.01116]; comparison between WT and Tardbp@33/K/0331K
mice within each section of the maze using post-hoc analysis with
Bonferroni correction showed no difference between the genotypes
(Fig. 3C,D).

We also assessed marble-burying behaviour in both models at 14
and 66.5-67 weeks of age. This task is considered to represent
typical rodent behaviour (De Brouwer et al., 2019) and may result
from an impairment in executive function; reduced activity in the
task may equate to apathy (Keszycki et al., 2023), increased activity
or compulsive behaviour (De Brouwer et al., 2019). No difference in
the number of marbles buried was observed in the C9orf729R400/*
mice compared with controls at 14 weeks of age (Kruskal-Wallis
x>=0.10584, d.f.=1, P=0.7449) or at 66.5 weeks of age (Kruskal—
Wallis ¥?=0.80315, d.f=1, P=0.3702) (Fig. 3E,F). In contrast,
an age-dependent reduction in marble burying was observed in
Tardbp@331K/0331K mice compared to controls, with no genotype
difference in marble burying at 14 weeks of age (Kruskal-Wallis
1*=0.24674, d.f=1, P=0.6194) but a TardhpP33'KC33IK gpecific
impairment in the task at 67 weeks of age (Kruskal-Wallis
x>=4.2548, d.f=1, P=0.03914) (Fig. 3G,H). These data indicate
that the Tardbp@33'%/2331K model exhibits an age-related decline in
marble burying, which may indicate apathy or reduced locomotor
activity in the model. Importantly, a similar phenotype is not seen in
the C90rf729R497"* model.

The Crawley three-chamber social preference test assesses an
animal’s preference for a social stimulus over a non-social stimulus.
Deficits in social preference have been reported to occur in FTD
mouse models (Ahmed et al., 2017) and likely relate to the social-
emotional changes that occur in FTD. We analysed the models’
performances in this task at 18-18.5 and 70-71 weeks of age. We
first analysed activity in the task, as determined by the total distance
the mouse travelled during the habituation and test phases. In
C90rf72¢R400/* mice, we found an effect of age during both parts of
the task [habituation Imer F(1, 41.058)=7.8548, P=0.007701, post-
hoc analysis with Bonferroni correction C90rf729%40%* P=0.0302;
test Imer F(1, 38.859)=9.2378, P=0.004227, post-hoc analysis with
Bonferroni correction C90rf72974%0* p=().0110] but no effect of
genotype on the total distanced travelled (Fig. 4A,B).

In Tardbp@33K/O331K and WT control mice, we observed a
significant effect of age during both parts of the task [Imer habituation
F(1,47.656)=29.8108, P=1.688x107% test Imer F(1,42.066)=
29.2676, P=2.776x107°]. During habituation, we also found an
interaction between genotype and age [Imer F(1, 47.656)=5.6598,
P=0.02141], with less activity observed in Tardbp@33'K2331K mice
compared to WT controls at 71 weeks of age (post-hoc analysis with
Bonferroni correction P=0.0162) (Fig. 4C). Similarly, during the
test phase of the task, we also found that the total distance travelled
was reduced in Tardbp@33'K/Q331K mice compared with that in WT
controls at 71 weeks of age [Imer genotype F(1, 46.964)=15.1361,
P=0.0003141; Imer genotype-age interaction F(1, 42.066)=
9.2153, P=0.0041070; post-hoc analysis with Bonferroni correction
P<0.0001]. We also found evidence of an effect of sex on the total
distance travelled during the test phase [lmer F(1, 46.453)=4.5465),
P=0.0383] (Fig. 4D). These data indicate that a genotype-ageing-
related reduction in activity occurs in the Tardbp@33/K@33K model
but not in the C90rf72°%4°7* model.

We then calculated the social preference ratio based on both
the duration and frequency of interactions with the social and
non-social stimuli. For social preference determined by duration
of interactions, we found significant genotype-age interaction
[Imer F(1, 77)=5.9038, P=0.01744], but no significant post-hoc
comparisons were observed between C9orf720R497* and WT
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Fig. 3. Assessment of anxiety-like behaviour and general executive functions in the C90rf726R400* and Tardbp@337K/@331K mouse models.

(A-D) Duration and frequency of entry into each section of the elevated plus maze by WT (green) and C9orf72CR4%%* (purple) (A,B), and WT (blue) and
Tardbp®331KQ331K (orange) (C,D), mice at 11-12 weeks of age. (E-H) Number of marbles buried in the marble-burying test by WT (green) and C9orf726R400/*
(purple) mice at 14 and 66.5 weeks (E,F), and WT (blue) and Tardbp@337K@337K (orange) mice at 14 and 67 weeks (G,H). Black circles, males; white circles,
females. The Tardbp®@337K Q337K mice buried fewer marbles at 67 weeks of age compared to WT mice (P=0.03914). *P<0.05 (Kruskal-Wallis test). Error bars
represent meants.e.m. Each circle shows data from a single mouse in one repeat of the test at each age, and at each section for the elevated plus maze. In
the C9orf72 study, for elevated plus maze and marble burying at 14 weeks, WT n=24, C9orf72CR400/* n=24: for marble burying at 66.5 weeks, WT n=20,
C90rf726R400+ n=20. In the Tardbp study, for elevated plus maze, WT n=27, Tardbp®@33"K Q331K n=26; for marble burying at 14 weeks, WT n=27,
Tardbp@331KQ331K n=27: at 67 weeks, WT n=21, Tardbp®@337KQ331K n=20_ For complete statistical output, see Table S4.
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Fig. 4. Locomotor activity during social preference test in the C90rf726R4%0"* and Tardbp®337K/Q331K mouse models. (A-D) Total distance travelled
during the habituation and test phases of the social preference test by WT (green) and C9orf726R400™* (purple) mice at 18.5 and 70 weeks of age (A,B), and
WT (blue) and Tardbp@337KQ331K (orange) mice at 18 and 71 weeks of age (C,D). Black circles, males; white circles, females. (A,B) The 70-week-old
C90rf726R499* mice moved less than the 18.5-week-old ones during habituation (P=0.0302) (A) and test (P=0.0110) (B) phases. (C,D) The TardbpQ337K/Q331K
mice moved less than WT mice during habituation (P=0.0162) (C) and test (P<0.0001) (D) phases at 71 weeks of age. *P<0.05, ****P<0.0001 (linear mixed-
effects model and post-hoc analysis with Bonferroni correction). Error bars represent meants.e.m. Each circle shows data from a single mouse in one repeat
of the test at each age. In the C90rf72 study, at 18.5 weeks, WT n=22, C9orf72CR400* n=24. at 70 weeks, WT n=20, C9orf726R4°0* n=19. In the Tardbp study,
at 18 weeks, WT n=27, Tardbp®@33TKQ331K n=07: at 71 weeks, WT n=20, Tardbp@33"K Q331K n=20. For complete statistical output, see Table S4.

controls (Fig. 5A). Similarly, for social preference determined by
the frequency of interactions, we saw a significant genotype by
age interaction [lmer F(1, 77)=4.0001, P=0.04902], but post-hoc
analysis with Bonferroni correction revealed no significant differences
between C9orf729%4%+ mice and WT controls. (Fig. 5B). For the
study of the Tardbp@33'K2331K model, no main effects for social
preference determined by time spent or frequency of interactions were
detected (Fig. SC,D). These data indicate that social preference is not
altered in either the Tardbp@331K/Q331K or C9orf720R400 models at
the ages studied, but that performance in this task may decline in the
C57BL6/] background during ageing.

To further explore the data from this task, we analysed the time
the animals spent exploring the social and non-social stimuli. Here,

we studied C90rf72°R#07* (heterozygous) mice and WT controls, and
Tardbp@3315/0331K (homozygous) mice and WT controls. Thus, to
generate the phenotyping cohorts for the two lines, different breeding
strategies were used. For the C90rf729%#%? study, we bred male or
female C90rf729R40"* mice with C57BL6/J parents. Thus, whether
the male or female parent carries the mutant allele could differently
impact the behaviour of the offspring in the phenotyping cohort. For
the Tardbp@?3'X study, we bred male and female Tardbp@33'%*
animals together, such that all matings were genetically identical.
Therefore, we could not investigate the effect of the parental origin of
the mutant allele in this study.

To investigate the potential effect of mode of inheritance
(maternal or paternal) in the C9orf72¢R40%* study, we used an
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Fig. 5. Social preference ratio (SPR) in the social preference test in the C90rf726R4%0* and Tardbp@337K/@331K mouse models. (A-D) SPR based on time
(A,C) and frequency (B,D) in WT (green) and C9orf726R4%0* (purple) mice at 18.5 and 70 weeks (A,B), and WT (blue) and Tardbp®337K Q337K (grange) mice at
18 and 71 weeks (C,D). Black circles, males; white circles, females. *P<0.05, **P<0.01 (linear mixed-effects model and post-hoc analysis with Bonferroni
correction). Error bars represent meanzs.e.m. Each circle shows data from a single mouse in one repeat of the test at each age. In the C9orf72 study, at

18.5 weeks, WT n=22, C9orf72CR400* n=24; at 70 weeks, WT n=20, C9orf726R400* n=19. In the Tardbp study, at 18 weeks, WT n=27, TardbpR337W Q331K n=07.
at 71 weeks, WT n=20, Tardbp®@337KQ331K n=20. For complete statistical output, see Table S4.

age-parental origin of the mutant allele interaction term in our
analysis model and split the groups by age and mutant allele origin
for post-hoc comparison. Consistent with our analysis of the social
preference ratio, we found no effect of C90rf729%#9%* genotype on
the duration of interactions with either stimulus (Fig. 6A,C).
However, in this dataset, we observed an effect of age on the
duration of interactions with the social stimulus [Imer F(1, 39.274)=
28.4675, P=4.244x107°] and the non-social stimulus [lmer
F(1, 36.704)=6.9246, P=0.012357], and an effect of sex on the
duration of interactions with the social stimulus [F(1, 38.207)=
5.9438, P=0.01953]. Interaction between inheritance and sex was
included in the model for the time spent with the social stimulus to
explore the effect of sex further (Table S4). Interestingly, we also
observed an effect from which parent transmitted the C9orf72°%#9

allele (maternal/paternal) for both the interaction time with
the social [lmer F(1, 38.349)=5.4988, P=0.02430] and non-
social [Imer F(1, 35.592)=8.0067, P=0.007611] stimuli, such that
offspring of C90rf729%#°%"+ mothers exhibited reduced exploration
at 18.5 weeks of age compared with offspring of C9orf720R400/*
fathers [post-hoc analysis with Bonferroni correction P=0.0093
(social) and P=0.0373 (non-social)] (Fig. 6B.D). In the
Tardbp@331K/@331K dataset, we found a significant main effect of
age on the time spent exploring the social [Imer F(1, 88)=6.3402,
P=0.01361] and non-social [Imer F(1, 88)=4.5926, P=0.03487]
stimuli; however, post-hoc comparisons were not significantly
different (Fig. 6E,F). These data indicate that the mode of
inheritance of the C9orf729R4%0 allele can affect exploration
activity in young mice. To determine whether changes in the
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Fig. 6. Time spent with a novel mouse or an object in the social preference test in the C90rf726R400* and Tardbp@337K/@331K mouse models, and the
effect of parental mutation inheritance in the C90rf726R4%9* model. MAT, maternal; PAT, paternal. Black circles, males; white circles, females. (A-F)
Duration spent with a novel mouse (A,B,E) or an object (C,D,F) in the social preference test by WT (green) and C9orf726R4%9* (purple) mice at 18.5 and

70 weeks (A,C), plotted by genotype irrespective of origin of mutation inheritance. (B,D) Maternal inheritance of the C9orf726R400* mutation (magenta), or
paternal inheritance of the C9orf72¢R409* mutation (turquoise), at 18.5 and 70 weeks, plotted by origin of mutation inheritance, irrespective of genotype. (E,F)
Duration spent with a novel mouse (E) or an object (F) in WT (blue) and Tardbp®@337K/Q337K (grange) mice at 18 and 71 weeks of age. (B,D) In the
C90rf726R490 study, the mice with paternal mutation carrier explored the novel mouse (P=0.0093) (B) and the object (P=0.0373) (D) longer than the mice with
maternal mutation carrier, irrespective of offspring genotype. *P<0.05 (linear mixed-effects model and post-hoc analysis with Bonferroni correction). Error
bars represent meants.e.m. Each circle shows data from a single mouse in one repeat of the test at each age. In the C90rf72 study, at 18.5 weeks, WT
n=22, Corf72CR400+ n=24 MAT n=23, PAT n=23; at 70 weeks, WT n=20, C9orf72CR400/* n=19, MAT n=22, PAT n=17. In the Tardbp study, at 18 weeks, WT
n=27, TardbpQR337KIQ331K n=27: at 71 weeks, WT n=20, Tardbp@337KQ331K n=20. For complete statistical output, see Table S4.
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length of the C90rf729%4%0 allele contributed to these differences,
we assessed the size of the entire modified allele by touch-down
PCR and gel electrophoresis, using DNA extracted from brain tissue
of the phenotyped C90rf72¢R%% animals (Fig. S1). We found no
evidence of a change in size of the allele in any of the samples,
indicating that the observed changes in phenotype likely occur
independently of any alterations to the number of repeats carried on
the mutant allele.

Test of short-term memory
In addition to the behavioural changes associated with FTD during
the later stages of disease, multiple cognitive domains are also
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affected including short-term memory (Schonecker et al., 2024). To
explore whether changes in short-term memory are observed in
C90rf729R400% and Tardbp@3315/C331K mice, we tested the animals
at 12.5 and 64.5-65.5 weeks of age in a forced alteration spatial
Y-maze. We first determined whether the activity was altered
during the habituation and test phases of the task by calculating the
distance travelled in the maze. In C90rf72°%#%%* and WT mice, we
found a main effect of age during habituation [Imer F(1, 40.516)=
4.8324, P=0.0337] and test [lmer F(1, 42.926)=5.3118,
P=0.02608] phases, such that the total distance was reduced in
64.5-week-old C9orf729R400"" mice compared with 12.5-week-old
animals during the test phase (post-hoc analysis with Bonferroni
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Fig. 7. Locomotor activity during the Y-maze test for short-term spatial memory in the C90rf72CR400* and Tardbp@337K/Q@331K mouse models.
(A-D) Total distance travelled during the habituation (A,C) and test (B,D) phases of the Y-maze test by WT (green) and C9orf726R499™* (purple) mice at

12.5 and 64.5 weeks (A,B), and WT (blue), Tardbp@337KQ337K (orange) mice at

12.5 and 65.5 weeks (C,D). Black circles, males; white circles, females. (A) In

the C90rf726R4% study, no significant post-hoc effects were observed for total distance travelled during habituation. (B) The C90rf726R4%9* mice moved less
at the 64.5-week time point than at the 12.5-week time point (P=0.0159) during the test phase. (C,D) The Tradbp?337W/@337K mice moved less than WT mice
at 65.5 weeks of age, during both habituation (P=0.0041) (C) and test (P=0.0356) (D) phases. *P<0.05, **P<0.01 (linear mixed-effects model and post-hoc
analysis with Bonferroni correction). Error bars represent meants.e.m. Each circle shows data from a single mouse in one repeat of the test at each age. In
the C9orf72 study, at 12.5 weeks, WT n=21, C9orf726R400+ n=20; at 64.5 weeks, WT n=21, C9orf72CR4%0* n=20. In the Tardbp study, at 12.5 weeks, WT
n=27, Tardbp@337KIQ331K n=27- at 65.5 weeks, WT n=20, Tardbp@337KQ331K =21 For complete statistical output, see Table S4.
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correction P=0.0159), but no difference between genotypes was
observed (Fig. 7A,B). In Tardbp@33/K/2331K and WT mice, we
found a main effect of genotype [lmer F(1, 47.779)=6.6680,
P=0.01294] and age [lmer F(1, 43.624)=50.8120, P=7.768x107°],
and a genotype-age interaction [lmer F(1, 43.624)=4.8058,
P=0.03375], on the total distance travelled in the maze during
habituation, such that Tardbp@33/%/@331K mijce travelled a shorter
distance than WT controls at 65.5 weeks of age (post-hoc analysis
with Bonferroni correction P=0.0041) (Fig. 7C). Similarly, the
total distance travelled during the test phase of the task was lower

in Tardbp@33'K@331K mice than in WT controls at 65.5 weeks of
age [interaction of genotype and age, lmer F(1, 43.114)=4.4811,
P=0.040082; post-hoc analysis with Bonferroni correction P=0.0356].
We also observed a main effect of sex [F(1, 46.949)=8.6875,
P=0.004977] (Fig. 7D).

To investigate whether short-term spatial memory was impaired in
the mouse models, we calculated the novelty preference ratio (NPR)
for both the amount of time spent in the novel versus familiar arm and
the number of entries into each arm. In C90rf729%#%%"* and WT mice,
for the NPR (time in arm), we observed a significant interaction
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Fig. 8. Novel preference ratio (NPR) in the Y-maze test for short-term spatial memory in the C90rf726R4%%* and Tardbp@3371K/Q337K mouse models.
(A-D) NPR based on time (A,C) and frequency (B,D) in WT (green) and C90rf72¢R4%9* (purple) mice at 12.5 and 64.5 weeks of age (A,B), and WT (blue)
and Tardbp@337KIQ331K (grange) mice at 12.5 and 65.5 weeks of age (C,D). Black circles, males; white circles, females. (A) In the C90rf726R4%° study, no
significant post-hoc effects were observed when comparing genotypes at each age for NPR based on time (s). (B) The C90rf72¢R4%9* model showed
genotype-age-related decrease in the NPR based on frequency compared to that in WT mice (P=0.0308) at 64.5 weeks of age. (C,D) Age-related decrease
in the NPR in the WT (P=0.0005) and Tardbp®@337K/Q337K (p=0 0315) mice when calculated based on frequency (D), and only in the WT mice, when
calculated based on time (P=0.0174) (C). *P<0.05, ***P<0.001 (linear mixed-effects model and post-hoc analysis with Bonferroni correction). Error bars
represent meanzs.e.m. Each circle shows data from a single mouse in one repeat of the test at each age. In the C9orf72 study, at 12.5 weeks, WT n=21,
C90rf72CR400* n=20; at 64.5 weeks, WT n=21, Corf726R400* n=20. In the Tardbp study, at 12.5 weeks, WT n=27, Tardbp@33"K/Q337K n=26: at 65.5 weeks,
WT n=19, Tardbp®@337KQ337K h=21_For complete statistical output, see Table S4.
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between genotype and age [Imer F(1, 40.784)=5.4534, P=0.02453],
but post-hoc analysis did not show significant difference between
genotypes at each age (Fig. 8A). In C90rf729%49%* and WT mice, for
the NPR (frequency of entries), we observed a main effect of sex
[lmer F(1,41.318)=5.7870, P=0.02070], and a significant interaction
between genotype and age [Imer F(1, 41.552)=5.6421, P=0.02223],
such that performance was reduced in C90rf72¢%4°* mice compared
to WT controls at 64.5 weeks of age (post-hoc analysis with
Bonferroni correction P=0.0308) (Fig. 8B). In Tardbp@?3/K/0331K
and WT mice, for the NPR (time in arm), we found no effect of
genotype but an effect of age [lmer F(1, 44.249)=4.3377,
P=0.04309], such that in WT mice performance was reduced at
65.5 compared with 12.5 weeks of age (post-hoc analysis with
Bonferroni correction P=0.0174) (Fig. 8C). Similarly, in
Tardbp@331K/2331K and WT mice, for the NPR (frequency of
entries), we found no effect of genotype but a main effect of age
[lmer F(1, 41.727)=21.5518, P=3.408x107], such that across WT
(post-hoc analysis with Bonferroni correction P=0.0005) and
Tardbp@331K/Q331K (post-hoc analysis with Bonferroni correction
P=0.0315) animals, performance was reduced at 65.5 compared with
12.5 weeks of age (Fig. 8D). These data indicate that short-term
spatial memory is impaired in the C90rf72°%#%"* mouse model in an
ageing-dependent manner, but this phenotype was not detected in the
Tardbp@331K/2331K mouse model.

DISCUSSION

We have performed in-depth, side-by-side behavioural, cognitive and
sensory phenotyping of two mouse models of ALS/FTD — the novel
model C9orf72¢%4%%+ and the established model Tardbp@33/5/331,
Robust, systematic and consistent comparative phenotyping of these
mouse models has allowed us to characterise differences between
them and to find specific disease aspects that each model recapitulates.
We also determined that the behavioural phenotypes observed in these
ALS/FTD models are not confounded by visual or olfactory deficits,
as we did not observe any abnormalities in olfactory habituation-
dishabituation or in the optokinetic drum test in the lines studied at any
age. The ALS/FTD disease spectrum is complex, with numerous
genetic and environmental effects reported to influence disease
development and progression. Thus currently, no one animal model
can encompass all clinical features and/or pathomechanisms (Fisher
et al., 2023; Todd and Petrucelli, 2022).

C90rf726R400* model

In the C90rf729R409* mice, we observed age-related cognitive
deficit in the forced alteration Y-maze, suggesting that, as they age,
the C90rf729R4%"* mice show worse performance in this cognitive
task of short-term spatial memory, compared to WT mice. Cognitive
deficits are an established feature of ALS/FTD, including in
C90rf72 expansion carriers (Chio et al., 2019; Irwin et al., 2013;
Poos et al., 2022); thus, our data indicate that further studies of
memory in this model are warranted, to explore how and why
memory is impaired in this novel model of ALS/FTD, so as to
inform our understanding of this important aspect of ALS/FTD.
Moreover, C9orf72 carriers have reduced attention, even in the
asymptomatic stage of the disease (Poos et al., 2022). Thus, in
future, studies of attention in this mouse model would be valuable to
understand the relationship between attention and memory deficits
in disease.

Interestingly, we did not observe genotype effects in the social
motivation test in the C9orf72 study, but we detected a parental
inheritance effect. Mice inheriting the C90rf72%%4%° mutation from
their mother spent a shorter time exploring both the object (non-

social) and the novel mouse (social) stimuli. This indicates that
a decrease in exploratory behaviour occurs in animals that had
mothers that carried the C90rf72%4%° mutation. Alternatively, a
direct maternal effect of the C9orf72°%*%" mutation on early
development may also contribute to this difference in the behaviour
of offspring. Currently, little is known about parental mutation
carrier effects in COALS/FTD. This could be an important area to
explore further in human disease and highlights the importance of
controlling for parental mutation status in mouse behavioural
studies, particularly using the C90rf72R4% glele.

We did not observe significant C90rf729%4%7 allele effects on the
total distance moved in the Y-maze and the three chamber-test,
confirming that the changes observed in these tasks are not due to
effects on general locomotion. This is a particularly important
control to perform in mouse models of ALS/FTD, which have motor
phenotypes that could affect locomotion and the ability to undertake
behavioural tests. Indeed, C90rf729%#9%" mice show motor deficits
in the rotarod from 6 months in males, and from 4 months in
females (Milioto et al., 2024).

Tardbp0331KIQ331K model

In the Tardbp@33/%Q331K mice, we observed sex and genotype
effects on weight, such that mutant animals are heavier than WT
littermates, and that this effect is more pronounced in females than in
males. Our echo-MRI data on body composition showed
that differences in weight correspond with higher fat mass in
both females and males, whereas, for lean mass, we observed a
significant difference between the genotypes only in male mice.
These data reveal differences in the Tardbp@33/X2331K model weight
gain between the sexes. Our results are consistent with previous
reports of increased weight (Watkins et al., 2021; White et al., 2018)
and hyperphagia (White et al., 2018) in this mouse model, as well as
previous transgenic systems (Stallings et al., 2013), and extend our
understanding of how these phenotypes relate to body composition
in male and female mice. Increased body mass index in patients with
FTD compared to that in unaffected ageing controls (Ahmed et al.,
2016b), and compared to that in AD patients (Ahmed et al., 2019),
has been reported. Hyperphagia is also experienced by some people
with FTD (Ahmed et al., 2016c¢), and an increase in total and visceral
fat, android:gynoid fat ratio and lean mass is associated with the
condition (Ahmed et al., 2019). These changes in body composition
have also been correlated with atrophy in complex neuronal
networks, including structures involved in reward processing and
autonomic function in behavioural variant FTD (Ahmed et al,,
2019). Thus, we observe that the Tardbp@33/%C331K model
recapitulates changes to body composition that occur in FTD and
highlight that this model is useful to understand the underlying
systemic and metabolic changes that occur in disease.

In the marble-burying test, burying was reduced in
Tardbp@331%/0331 mice at 67 weeks of age, consistent with a
previous report (White et al., 2018). This may reflect apathy in the
model, as has been reported in other tests, for example using the
fixed-ratio/progressive-ratio task (Kim et al., 2020). Notably,
apathy has been reported in ALS patients who have TARDBP
mutations (Moglia et al., 2024). Alternatively, the reduced burying
phenotype in older Tardbp@33'K/Q331K mice may reflect the
general decrease in locomotion that we and others (Jhuang et al.,
2010; White et al., 2018) observe in the model, or may reflect
generalised impairment of executive function in the model.

In this study, we did not observe significant Tardbp@33/K/Q331K
genotype effects on short-term spatial memory performance, using
the forced Y-maze. In this dataset, we note that the WT group had
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relatively poor performance at 65.5 weeks of age, which reduced the
sensitivity of the task to detect changes in the Tardbp@331K/033!
model; because of this limitation, the absence of a phenotype should
be interpreted with caution, particularly as previous studies have
reported memory decline in 6-month-old Tardbp@33/K/Q331K mice
in the novel object recognition task (3 h delay) (White et al., 2018)
and cognitive inflexibility using a visual discrimination and reversal
learning task (Ahmed et al., 2016c¢). Cognitive impairment has
been reported in ALS/FTD (Rusina et al., 2021), and cognitive
impairment detected by the Edinburgh Cognitive and Behavioural
ALS screen has been found to be a valid predictor of TDP-43
pathology in patients with ALS who do not have clinical dementia
(Gregory et al., 2020). Thus, further studies of the mechanisms that
underlie these ALS/FTD-related changes in memory in preclinical
systems will be useful to test the efficacy of new therapies for this
key feature of disease.

Here, we observed an ageing effect of the Tardbp@33!/K/Q331K
genotype on locomotion in the Y-maze and in the three-chamber
task, consistent with a previous report of decreased walking
behaviour in the model in male mice at 7.5 months of age (White
et al., 2018). This may confound performance in these and other
similar tasks, and this feature of the model should be controlled for
in studies using the mice. The reduction in locomotion may relate to
motor deficits and weight gain in this model (Watkins et al., 2021).
Similarly, motor deficits have also been reported in patients with
ALS with TDP-43 variants (Kabashi et al., 2008) and are a key
clinical feature of disease. The Tardbp@33/K/@331K mice robustly
model these important aspects of disease and have significant utility
for the understanding of underlying mechanisms and efficacy
testing of novel therapies.

Here, we used a range of sensory and behavioural tests; however,
our methods were not exhaustive, and further testing of additional
domains or alternative tests in these models may reveal further
deficits. For example, using the three-chamber task, we only tested
social motivation and found no evidence of a deficit in either of the
models. This task could have been extended to also test the models
for changes in social novelty preference and social learning, which
may contribute to changes in social behaviour that occur in many
people who have FTD (Olney et al., 2017; Schonecker et al., 2024).
Similarly, the Y-maze task could have been extended to determine
whether long-term memory was altered in the models, as occurs in
some people who have FTD (Poos et al., 2022).

Here, we studied two animal models of aspects of FTD/ALS;
multiple additional disease mechanisms have been linked to
these diseases, including variants in the gene FUS (Abramzon
et al.,, 2020), which are associated with early-onset ALS with
rapid progression. Moreover, ~5% of FTD cases exhibit FUS
pathological aggregates (Moens et al., 2025). KI gene-targeted Fus
and next-generation humanised FUS transgenic mouse models
recapitulate key molecular and cellular changes of ALS/FTD.
Further investigation of cognitive function in the subset of these
models viable as adults would provide further information on the
role of FUS pathology in FTD/ALS cognitive-behavioural changes.

Conclusions

The results from this study open avenues for further behavioural,
metabolic and molecular studies in the two mouse models of features
of the ALS/FTD spectrum. Specifically, exploring cognitive
phenotypes further in the novel C90rf72°%%°° model would be
valuable. Particularly, for investigating the relationship between the
development of attentional and motivational deficits and changes
in memory, tests such as the five-choice serial task (attention)

and progressive ratio (motivation) could be used. These could be
combined with tests of memory and cognitive flexibility, allowing us
to better understand the cognitive deficits in the model, how they
relate to equivalent deficits in individuals with ALS/FTD, and
underlying molecular and cellular changes. Furthermore, maternal
behaviour could be examined further in the novel C9orf72¢R#00+
model using home-cage analysis to determine whether this relates to
the changes in behaviour we observe in offspring of C9orf720R400/*
mothers. In the Tardpbp@33/K/2331K mice, determining whether these
mice recapitulate aspects of metabolic syndrome (Ahmed et al.,
2016a) and associated changes in gene expression observed in FTD
would pave the way to better understand this important aspect of
clinical disease.

As highlighted by our work, currently, no one mouse model
recapitulates all aspects of ALS/FTD. Here, our side-by-side
standardised sensory and behavioural evaluation demonstrates
the phenotypic strengths and limitations of two valuable and
complementary mouse models of these diseases, to aid model
choice and study design for future mechanistic and preclinical
therapy efficacy studies.

MATERIALS AND METHODS

Animal welfare and husbandry

All animals were housed and maintained in the Mary Lyon Centre at MRC
Harwell under specific pathogen-free conditions, in individually ventilated
cages (IVCs) adhering to environmental conditions as outlined in the Home
Office Code of Practice. All animal studies were licensed by the Home
Office under the Animals (Scientific Procedures) Act 1986 Amendment
Regulations 2012 (SI 4 2012/3039), UK, and additionally approved by the
Institutional Ethical Review Committees. Mice were randomised, blocked
by genotype and sex at the time of weaning, into cages of three to five mice.
All mice used in the study were bred in the Mary Lyon Centre at MRC
Harwell and were housed in IVCs (Tecniplast BlueLine 1284), on grade
4 aspen wood chips (Datesand, UK), with shredded paper shaving nesting
material and small cardboard play tunnels for enrichment. The mice were
kept under controlled light (light, 07:00-19:00; dark, 19:00-07:00),
temperature (22°C£2°C) and humidity (55%+10%) conditions. They had
free access to water (25 ppm chlorine) and were fed ad libitum on a
commercial diet [SDS Rat and Mouse No. 3 Breeding diet (RM3)]. All
procedures and animal studies were carried out in accordance with the
Animals (Scientific Procedures) Act 1986, UK, Amendment Regulations
2012 (SI 4 2012/3039).

Animal genetics

The generation of the C9orf72¢"%14is@ mice (MGI:6827370), here called
the C9orf72°R49%* mouse model, is described in Milioto et al. (2024).
The C90rf729R49* line was maintained on a C57BL/6J background by
heterozygote backcross prior to the generation of phenotyping cohorts.
Phenotyping cohorts were generated by crossing either male or female
C90rf72C0R400/ heterozygotes to C57BL/6] WT mice. We started the
study with 48 mice in total: n=24 WT [12 females (six with maternal
mutation inheritance, six with paternal mutation inheritance), 12 males
(six with maternal mutation inheritance, six with paternal mutation
inheritance)] and n=24 C90rf72°%4°7* (12 females (six with maternal
mutation inheritance, six with paternal mutation inheritance), 12 males
(six with maternal mutation inheritance, six with paternal mutation
inheritance)].

The generation of the Tardbp™'®"*" mice (MGI:6157626), here called
the Tardbp@33'K0331K mouse model, is described in White et al. (2018).
The Tardbp@331%/2331K Jine was maintained on a C57BL/6J background by
heterozygote backcross prior to the generation of phenotyping cohorts.
Phenotyping cohorts were generated by heterozygote intercross to generate
WT and Tardbp@33'K/0331K homozygote animals. The study started with
n=>54 mice in total, »=27 WT (12 female, 15 male), n=27 Tardbp@33K/@331K
(12 female, 15 male).
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The WT group for each study — C90rf729%#0* and Tardbp@331K/2331K _
was from its own respective colony. For mouse numbers across ages in every
phenotyping test, split by genotype, sex and parental origin of the mutant
allele (where applicable), see Tables S1 and S2.

Animal genotyping

DNA was extracted from ear biopsy, isolated at postnatal day (P)14 using
TagMan Sample-to-SNP (Applied Biosystems). Mice were genotyped for
C90rf729R4%0 ysing TagMan WT and mutant quantitative PCR assays
duplexed with Dot1! reference allele. The following primers and probes were
used for the C90rf729%4%° mutant allele (forward, 5'-TTCCAGATTACGCT-
TACCATAC-3’; reverse, 5'-CGACCTCTTCCTCGTCCT-3’) and probe
(5-FAM-TACCTCGTCCACGTCCTCGTCTTC-BHQI-3"), C90rf72" WT
allele (forward, 5'-CTATTGCAAGCGTTCGGATAATG-3’; reverse, 5'-
CTTGGCAACAGCAGGAGAT-3’) and probe (5'-FAM-TGGAATGCAG-
TGAGACCTGGGATG-BHQ-3'), and reference Dot/ allele (forward, 5'-
TAGTTGGCATCCTTATGCTTCATC-3'; reverse, 5'-GCCCCAGCACGA-
CCATT-3’) and probe (5'- VIC-CCAGCTCTCAAGTCG-MGBNFQ-3).
Mice were genotyped for the Tardbp?33'X alleles using allelic discrimination
assays, using a common pair of primers for both 7ardbp alleles (forward, 5'-
TCTGCTGGCTGGCTAACAT-3'; reverse, 5'-GGGTGGAGGGATGAAC-
TTTG-3’). To discriminate between the mutant and WT alleles, different
probes were used (Tardbp@33'K, 5'-TET-AACTGCTCTTCAACGCT-
BHQI-3'; Tardbp™, 5'-FAM-CAACTGCTCTGCAACG-BHQ-3").

To determine C90rf72¢R#%0 expansion length, DNA was extracted from
brain tissue of phenotyped C90rf729%#°%* animals using a REDExtract-
N-Amp™ Tissue PCR Kit (Sigma-Aldrich). The modified region was
amplified by touchdown PCR (KOD Xtreme™ Hot Start DNA Polymerase,
Sigma-Aldrich), with eight cycles of 74°C, eight cycles of 72°C, eight
cycles of 70°C and 35 cycles of 68°C for annealing. The primers used were
as follows: forward, 5'-CCCATACGATGTTCCAGATTACGCTTACCC-
3’; reverse, 5'-GCAATAAACAATTAGGTGCTATCCAGGCCCAG-3'.
Amplicon size was assessed compared to reference controls by gel
electrophoresis with 0.5% agarose (Tris-Borate-EDTA) (Fig. S1).

Experimental design
Group sizes were determined using experimentally determined standard
deviations of performance variability in the tests used in C57BL/6J mice at the
Mary Lyon Centre when available or from the published literature (Oummadi
et al., 2020; Sukoff Rizzo et al., 2018) for power calculations ($=0.80,
a=0.05, effect size=15%). Group sizes were then increased by 25% to account
for the anticipated ageing-related attrition in C57BL/6J animals. All
experimenters were unaware of genotype for data acquisition and analysis.
All behavioural testing was undertaken between 08:00 and 16:00
(light, 07.00:19.00; dark, 19.00:07.00). Both phenotyping cohorts were
longitudinally tested in the following order: elevated plus maze (11-12 weeks
of'age); Y-maze (12-13 weeks of age); marble burying (14-16 weeks of age);
olfaction test (14-16 weeks of age); optokinetic drum (15-16 weeks of
age); social motivation (14-19 weeks of age); Y-maze (64-66 weeks of age);
marble burying (66-67 weeks of age); olfaction test (66-68 weeks of age);
optokinetic drum (68 weeks of age); social motivation (69-72 weeks of
age). Echo-MRI measures of body composition were performed at 10, 20, 48,
64 and 72 weeks of age (Tardbp?3*'X line only). Body weight measurements
were taken at defined time points (week 17, 48 and 64) as part of our study
design (Fig. S2). From 48 weeks of age onwards, the mice were weighed
weekly to monitor for the development of frailty to enhance welfare. In
addition, body weights were also recorded when triggered by a welfare
concern; these were considered to be experimentally informative and
hence were reported to maximise transparency. Time points with weight
measurements of at least n=3 mice for both genotypes were included in the
body weight analysis, to minimise the impact of individual animal
variation and to ensure statistical power for meaningful comparisons
across age.

Frailty assessment

Mouse frailty was assessed using a modified version of the frailty index
outlined in Whitehead et al. (2014), for the purposes of enhancing animal
welfare. Briefly, mice were scored for the presence of the following

parameters: alopecia; body condition; breathing rate/depth; cataracts; coat
condition; corneal opacity; dermatitis; diarrhoea; distended abdomen; eye
discharge/swelling; gait; kyphosis; loss of fur colour; loss of whiskers;
malocclusions; menace reflex; microphthalmia; nasal discharge; penile/
vaginal prolapse; piloerection; rectal prolapse; righting reflex; tail stiffening;
tremor; tumours; vestibular disturbance; vision loss (visual placing). A total
frailty score was then taken as the sum of individual parameter scores.

Elevated plus maze

The mice were transported in their home cages to the test room and allowed
to acclimatise for 30 min. For the test, each mouse was taken out of its home
cage and positioned in the centre of the elevated plus maze (height from the
ground, 47.5 cm; height of the walls of the closed sections, 20 cm; width of
the arms, 5 cm; length of the arms, 66 cm). The mouse was allowed to
explore the maze freely for 5 min. The experimental trial was video recorded
and tracked live using an Ethovision XT15 (Noldus, The Netherlands). The
duration (seconds) and frequency of entries in the open sections, closed
sections and the centre were analysed.

Marble burying

Marble burying in mice is used to assess apathy-like behaviour and normal
daily behaviours (Angoa-Pérez et al., 2013; Deacon, 2006). An IVC (height,
14 cm; width, 19 cm; length, 35 cm) was filled with sawdust bedding to a
depth of ~4 cm, and nine marbles were placed on the top of the bedding. A
single animal was placed into the cage, and the IVC top (without the wire lid)
was placed on top. The mouse was left undisturbed for 30 min, before it was
removed from the test cage and returned to the home cage. The number of
buried marbles (three-quarters or more covered in sawdust) was then recorded.

Forced-alteration Y-maze

Spatial novelty preference as a short-term memory measure, was assessed in
a Y-maze as described previously (Sanderson et al., 2009). Briefly, we used
a Perspex® Y-maze with arms at 120° (arm dimensions: height, 20 cm;
width, 8 cm; length, 30 cm) with three visual cues at the end of each arm:
white plus sign on black background, black circle on white background, and
black and white stripes. The mice were assigned two arms (the ‘start’ and the
‘familiar’ arm) to which they were exposed during the first phase (the
habituation phase), for 5 min. Timing of the 5 min period began only once
the mouse had left the start arm. The mouse was then removed from the maze
and returned to its home cage for a 1 min interval between the habituation
and the test phases. During the test phase, mice were allowed free access to
all three arms. Mice were placed at the end of the start arm and allowed to
explore all three arms for 2 min from when they entered the start arm. An
entry into an arm was defined by a mouse placing all four paws inside the
arm. Similarly, a mouse was considered to have left an arm if all four paws
were placed outside the arm. The amount of time spent in each arm, the
number of entries made into each arm and the total distance moved were
recorded using the Noldus Ethovision XT15. An NPR was calculated based
on the time spent or the number of entries into the arms: NPR=novel arm/
(novel+familiar arm). Mice that did not leave the start arm during the test
phase were not included in the analysis.

Optokinetic drum

Visual acuity was assessed by head tracking response to a virtual-reality
optokinetic system (Stoelting Co., USA) as described by Douglas et al.
(2005). Briefly, each mouse was placed onto a podium in an area comprising
computer monitors as walls and a mirrored floor. The animal was monitored
by a camera built into the lid of the arena. A vertical sine wave rotates around
the monitors, and the head and neck movements of the mouse are used to
assess how well the mouse tracks the sine wave rotation. The spatial
frequency of the lines was increased until there was no longer a response
from the animal, indicating that the stimulus is no longer perceived. Grating
is measured in cycles per degree.

Social preference (three-chamber test)

The mice were allowed to acclimatise to the test room for at least 30 min prior
to the start of the experiment. The test was carried out in an arena separated
into three chambers separated with doors (overall outside dimensions of the
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apparatus: height, 25 cm; width, 39.1 cm; length, 58.5 c¢m; inside dimensions
of each chamber: height, 25 cm; width, 37.9 cm; length, 18.6 cm). In the first
phase of the experiment — habituation, the doors of both chambers were open,
and the mouse was placed in the central chamber and allowed to explore freely
the entire arena for 10 min. In the next phase of the experiment — test, both
sides of the chamber had either an empty weighted wire cage or a weighted
wire cage with a novel mouse. The doors of both chambers were open, and the
mouse was placed in the central chamber and allowed to explore freely the
entire arena. The time and frequency of entries into each of the side chambers
(with a novel mouse or with an object), as well as the total distance moved,
was recorded using video recording and the Noldus Ethovision XT15. Apart
from the time, frequency and distance travelled, we analysed the social
preference ratio, calculated as time/frequency spent with the novel mouse
divided by the time or frequency with the novel mouse plus the object. The
allocation of novel mouse was counterbalanced for genotype and sex, and
interactions were annotated manually by an experimenter unaware of

genotype.

Olfaction test

Mice were removed from their home cage and allowed to acclimatise to a
clean IVC placed in a home cage analysis rig (Actual Analytics Ltd,
Edinburgh, UK) for 30 min prior to the start of the test without access to
food but access to water. The odours used for this test were water (control),
familiar mouse and novel mouse (social odours) presented on sterile cotton
swabs through the access for the water bottle of the IVC. The cotton swabs
for water were prepared by pipetting 50 pl deionised water onto the swab.
The social odours were prepared by wiping the cotton swab in a zigzag
fashion across the bottom of a used cage, either the animal’s home cage or an
unfamiliar cage. After 30 min, the water bottle was removed, and the first
cotton swab was presented in the cage through the water bottle access with
the food hopper in place. The mouse was allowed to explore the cotton swab
freely for 2 min, followed by a 1 min inter-trial interval. Each odour type
was presented three times in a row. The order of the odour types was
counterbalanced and randomised across the mouse cohorts.

The time spent sniffing was scored manually using SimpleVideoCoder
(Barto etal., 2017); the scorer was unaware of the mouse genotype. We scored
the time the mouse spent sniffing each cotton bud. Sniffing was defined as
orientation of the mouse’s head and nose towards the cotton bud, and distance
of the nose at least 1 cm away from the front and the bottom of the food
hopper, as well as the lower one-third of the back of the food hopper. Licking
or biting of the cotton bud was not included in the time scored. If the mouse
spent less than 10 s interacting with the first presentation of a given odour, this
run and the consecutive two presentations of the same odour were not used in
the analysis, because the mouse failed to sufficiently engage with the stimulus
on the first presentation (olfactory habituation and dishabituation, Stanford
Behavioral and Functional Neuroscience Laboratory).

Echo-MRI

WT and Tardbp@33'%Q331K Jittermates were assessed for whole-body
content of lean mass, fat mass, total water and free water using echo-MRI
(EMR-136-M, EchoMRI, Houston, TX, USA) as per the manufacturer’s
instructions.

Statistical analysis

The linear mixed-effects models (Imer) function from the Ime4 and ImerTest
packages (Bates et al., 2015; Kuznetsova et al., 2017) in R Studio (R version
4.4.2) was used for data analysis, based on Spires-Jones Laboratory (2021).
We applied the model: dependent variable~genotype*(age+parental origin
of C90rf7267490 allele+sex) for the C9orf729%4% study, or dependent
variable~genotype*(age+sex) for the Tardbp@33'K study, with the
individual animal as a random effect, unless otherwise specified. In cases
in which the Imer model showed singularity for the random effect, we ran
the model without the random factor using the linear model (Im) function.
When there was no difference in conclusions between the Im and lmer
results, we report the results from the Imer for consistency throughout the
paper. Factor significance was assessed using type III ANOVA and is
reported. We performed analysis of the effect of age using the average age of
the mice at every time point; thus, we had two age groups for each model.

For the olfaction test, the age factor was replaced by odour to confirm the
functionality of the test at each time point. Odour was defined as all three
presentations of each odour — water, familiar mouse and novel mouse odour,
and the two age groups were analysed separately for each mouse model. In
the elevated plus maze, which was performed only at one age, the age factor
was replaced with section of the maze. The emmeans package with
Bonferroni correction was used for post-hoc analysis of comparisons of
interest when a significant main effect of a variable was observed to identify
which groups differed. We note that this conservative statistical approach
leads to an elevated risk of type Il error. For count data in the marble-burying
test, we used the Kruskal-Wallis test. The significance value was set at
P<0.05 for all statistical tests. Mice were not used in the analysis if they were
culled for welfare reasons, or if there was a procedural failure during the test,
corrupted data or video file, or non-engagement with the task. For full
details, see Tables S1 and S2. Code and data are available at https:/github.
com/sboya23/C9orf72-Tdp43-behavioural-analysis. ChatGPT was used to
optimise and debug R code.
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Fig. S1. PCR analysis of repeat expansion length in the brain of C90rf726R400* mice, showing
a ~2.5 Kb PCR product in C90rf726R490* gnimals that inherited their mutant allele from their
mothers (MAT) and fathers (PAT), which is the same size as that amplified from reference
DNA (GR400). No such product is produced in the absence of DNA (H20) or from wildtype
(WT) controls.
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Fig. S2. Timeline of behavioural tests performed in the C90rf726R4% and the Tardbp®33'K
study. elevated plus maze (EPM), optokinetic drum (OKD), magnetic resonance imaging
(MRI).
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Genotype —— WT —— (gorf72CR40% Inheritance —— MAT =-= PAT

50+

451

40+

Time sniffing (s)
] 5]
o9

N
o

F1 F2 F3 N1 N2 N3 w1 w2 W3
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Fig. S3. Assessment of sensory function in the C90rf72¢R4%9* mouse model. Sniffing time for
the first, second and third presentations of familiar social odour (F1, F2, F3), novel social
odour (N1, N2, N3) and water odour (W1, W2, W3), solid line — maternal inheritance of
mutant allele, dashed line — paternal inheritance. Significant difference in the sniffing time
between WT and C9orf726R400* in the maternal inheritance group at F1 (p=0.0322),
p<0.05=*. Error bars represent mean + SEM. For olfaction, each point shows average time
sniffing £+ SEM for each genotype group, each mouse was tested once at every odour
presentation. Videos scored: WT n=24, C9orf726R400* n=24
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Table S1. Number of mice used for the analysis in each test at each time point.
Mice were excluded from analysis only if they had to be culled for welfare reasons
unless otherwise specified.

WT vs C9orf726R400* study

Behavioural | Young Number of mice Old time | Number of mice
assay time point
point (average)
(average)
Elevated 11-12 WT=24 (female MAT=6, NA NA
plus maze weeks female PAT=6, male
MAT=6, male PAT = 6)
C90rf726R400+=24 (female
MAT=6, female PAT=6,
male MAT=6, male PAT =
6)
Y-maze 12.5 WT=21 (female MAT=5, 64.5 WT=21(female MAT=6,
(total weeks female PAT=6, male weeks female PAT=6, male
distance and MAT=4, male PAT = 6) MAT=6, male PAT = 3)
novel C90rf726R400+=2( (female C9orf726R400+=2( (female
preference MAT=5, female PAT=5, MAT=5, female PAT=6,
ratio) male MAT=5, male PAT = male MAT=6, male PAT =
5) 3)
7 mice excluded due to
Jjumping out of the arena c
(C9ORF72-GR400-MAT- .g
B6J/7.1g, C9ORF72- m©
GR400-MAT-B6J/6.2c, £
C9ORF72-GR400-MAT- o)
B6J/7.1d, C9ORF72- "'E
GR400-PAT-B6J/8.1b, ;
C90RF72-GR400-MAT- d
B6J/6.1c, COORF72- S
GR400-PAT- 7
B6J/4.1c, C9ORF72-GR400- £
MAT-B6J/4.29) 9
Marble 14 weeks | WT=24 (female MAT=6, 66.5 WT=20 (female MAT = 6, Q
burying test female PAT=6, male weeks female PAT = 5, male %
MAT=6, male PAT = 6) MAT = 6, male PAT = 3) n
C90rf726R400+=24 (female C90rf726R400+=2( (female "
MAT=6, female PAT=6, MAT = 5, female PAT = 6, e
male MAT=6, male PAT = male MAT = 6, male PAT %’
6) =3) G
Olfaction 15 weeks | WT=24 (female MAT=6, 67 weeks | WT=20 (female MAT=6, -S
test female PAT=6, male female PAT=5, male Q
(videos MAT=6, male PAT = 6) MAT=6, male PAT = 3) >3
scored) C9orf726R400+=24 (female C9orf726R400+=18 (female <&
MAT=6, female PAT=6, MAT=3, female PAT=6, %
o
O
>
()
7]
©
()
0
o
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male MAT=6, male PAT =
6)

male MAT=6, male PAT =
3)

2 videos excluded due to
procedural failure; wrong
hopper used (C9ORF72-
GR400-MAT-B6J/1.3c,
CI90RF72-GR400-MAT-
B6J/2.2d)

Optokinetic | 15 weeks | WT=23 (female MAT=6, 68 weeks | WT=20 (female MAT=6,
drum female PAT=6, male female PAT=5, male
MAT=6, male PAT = 5) MAT=6, male PAT = 3)
C9orf726R400+=23 (female C9orf726R400+=20 (female
MAT=6, female PAT=6, MAT=5, female PAT=6,
male MAT=6, male PAT = male MAT=6, male PAT =
3) 3)
2 mice excluded, 1 due to
corrupted data file
(C9ORF72-GR400-PAT-
B6J/3.2d), 1 due to being
uncooperative during test;
jumping off the OKD
platform (COORF72-GR400-
PAT-B6J/7.2h).
Social 18.5 WT=22 (female MAT=6, 70 weeks | WT=20 (female MAT=6,
motivation weeks female PAT=6, male female PAT=5, male
test MAT=5, male PAT = 5) MAT=6, male PAT = 3)
C9orf726R400+=24 (female C9orf726R400+=19 (female
MAT=6, female PAT=6, MAT=5, female PAT=6,
male MAT=6, male PAT = male MAT=5, male PAT =
6) 3)
2 mice excluded —
uncooperative during the
test C9ORF72-GR400-MAT-
B6J/4.2g, C9ORFT72-
GR400-PAT-B6J/7.2e —
sitting on top of object
WT vs Tardbp@331Ka331K gtydy
Behavioural Young Number of mice Old time | Number of mice
assay time point
point (average)
(average)
Elevated plus 11-12 WT = 27 (female = NA NA
maze weeks 12, males = 15)

Tardpr331K/Q331K= 26
(female = 11, male =
15)

1 mouse excluded from
the analysis due to poor
video tracking during
test such that only
21.04 s out of 300 s of
performance could be
monitored (TDP-43-
Q331K-B6J-1C/1.1¢)
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Y-maze 12.5 WT = 27 (female = 65.5 WT=20 (female=11,
(total distance) weeks 12, males = 15) weeks male=9),
Tardbp0331K/0331K= 27 Tardbp0331K/QS31K= 21
(female = 12, male = (female=11, male=10)
15) 1 mouse removed, did not
leave start arm (TDP-43-
Q331K-B6J-1C/3.3n)
Y-maze 12.5 WT = 27 (female = 65.5 WT=19 (female=10,
(novel weeks 12, males = 15) weeks male=9),
preference ratio) TardbpQ331KQ331K = 26 Tardbp@331KQ331K = 21
(female = 11, male = (female=11, male=10)
15) 2 mice removed, 1 did not
1 mouse removed, did leave start arm (TDP-43-
not leave start arm Q331K-B6J-IC/3.3n —
during test phase removed from all testing), 1
(TDP-43-Q331K-B6J- did not leave start arm
1C/5.1f — not included in during test phase (TDP-43-
NPR analysis - NA) Q331K-B6J-IC/3.2a — not
included in NPR analysis)
Marble burying 14 weeks | WT = 27 (female = 67 weeks | WT =21 (female=11,
test 12, males = 15) male=10)
TardbpQ331KQ331K = 27 TardbpQ331KQ331K = 20
(female = 12, male = (female=11, male=9)
15)
Olfaction test 15 weeks | WT = 27 (female = 67 weeks | WT =21 (female = 11,
(videos scored) 12, males = 15), males = 10),
TardbpQ331KQ331K = 24 TardbpQ331KQ33T1K = 20
(female = 9, male = (female = 11, male = 9)
15) 1 mouse excluded due to
3 mice excluded due to corrupted video file
wrong order of smells (TDP43-Q331K-B6J-
presentation during the IC/4.2¢)
test, treated as
procedural failure
(TDP43-Q331K-B6J-
IC/1.1c, TDP43-Q331K-
B6J-IC/4.1a, TDP43-
Q331K-B6J-IC/6.1d).
Optokinetic drum | 16 weeks | WT = 27 (female = 68 weeks | WT = 21 (female = 11,
12, males = 15) males = 10),
Tardpr331K/Q331K= 26 Tardbp0331K/QS31K= 20
(female = 11, male = (female = 11, male = 9)
15)
1 mouse excluded due
to procedural failure,
video file not acquired
(TDP-43-Q331K-B6J-
IC/1.1b).
Social motivation | 18 weeks | WT = 27 (female = 71 weeks | WT = 20 (female = 10,
test 12, males = 15) males = 10),
Tardbp0331K/0331K= 27 Tardpr331K/Q331K= 20
(female = 12, male = (female = 11, male = 9)
15)
| Echo-MRI/ age (weeks) | WT | Tardbp?331K/Q331K
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10 27 (female = 12, males = 27 (female = 12, male = 15)
20 ;?)(female =12, males = 27 (female = 12, male = 15)
48 ;g)(female =12, males = 26 (female = 12, male = 14)
64 ;11)(female =11, males = 22 (female = 12, male = 10)
72 %gz(female =10, males = 20 (female = 11, male = 9)

Table S2. Number of animals used for the weight study for each age — 4 to 72 weeks.

A: C90rf72 study

Age in weeks WT WT C9orf726R400 C9orf7 26R400%+
female (n) Male (n) Female (n) Male (n)
4 12 12 12 12
5 6 0 4 2
6 4 6 5 6
8 12 12 12 12
9 10 12 11 12
10 12 12 12 12
12 6 9 8 9
13 8 3 5 3
14 7 11 9 9
16 12 12 12 12
17 6 9 8 9
18 7 9 7 9
20 12 12 12 12
21 7 11 9 9
22 11 10 11 12
23 12 7 10 9
24 12 9 10 9
26 7 11 9 9
27 7 6 8 7
28 12 12 12 12
30 8 11 10 11
31 11 12 10 11
32 11 12 12 11
34 7 6 7 7
35 10 7 8 7
36 12 12 12 12
38 2 5 4 5
39 11 12 10 10
42 11 9 10 10
43 7 6 7 7
44 5 3 5 5
46 12 9 12 12
47 9 6 7 5
48 8 9 10 12
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50 10 7 8 7
51 7 7 9 8
52 8 9 11 12
54 7 8 9 9
55 10 6 8 6
56 9 9 10 11
57 6 1 4 2
58 10 8 10 10
60 12 6 9 8
61 10 6 8 6
62 9 8 9 9
64 8 9 9 9
65 8 1 4 3
66 11 9 11 9
68 10 9 10 9
69 6 1 6 4
70 11 9 9 7
B: Tardp study
Age in weeks WT WT TardbpQ331Wa331K | Tardppa331Ka3s1K
female (n) Male (n) Female (n) Male (n)

4 12 15 12 15
5 12 15 12 15
6 12 15 12 15
8 8 9 8 12
10 12 15 12 15
11 12 14 11 15
12 10 15 11 15
14 12 12 12 12
15 8 3 7 9
16 12 15 12 15
19 8 12 9 12
20 12 15 12 15
22 8 6 7 12
24 11 15 11 15
25 11 15 12 15
28 12 15 12 14
29 6 9 6 3
30 12 14 12 14
32 12 13 11 14
33 6 9 6 3
34 12 11 11 14
36 12 12 12 14
38 12 12 12 14
39 4 8 4 3
40 12 12 12 14
43 12 12 12 14
44 6 9 6 3
48 12 12 12 14
50 4 8 5 3
52 12 10 12 14
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54 12 10 12 14
56 10 10 12 14
58 12 10 12 13
60 12 10 12 11
62 12 10 12 10
63 12 10 12 10
64 11 9 11 10
66 11 10 11 10
67 11 10 11 9
68 11 10 11 9
70 11 10 11 9
72 11 10 11 9

Table S3. Olfactory habituation-dishabituation statistics — blue cells show normal
habituation, purple cells show normal dishabituation to familiar and novel mouse odours.

A:
WT vs C9orf726R40* 15 weeks, significant main effect of odour (smell) F(8,
271.407)=36.2374),
p<2e-16
significant interaction between genotype and inheritance F(1, 39.181=5.2138), p=0.02791
Bonferroni correction: pairwise ~ smell|genotype
Mouse group | Smell and presentation comparison P value
WT familiar smell presentation 1 (F1) vs P<0.0001
familiar smell presentation 3 (F3)
novel smell presentation 1 (N1) vs novel P<0.0001
smell presentation 3 (N3) c
water presentation 1 (W1) vs water P=0.0002 o
presentation 3 (W3) ®
W3 — F1 P<0.0001 S
W3 — N1 P<0.0001 S
F3 — N1 P<0.0001 c
F3-W1 P=0.0364 >
N3 - F1 P=0.0003 IS
N3 — W1 P=0.1686 (ns) c
C90rf726R%0%+ | F1 — F3 P<0.0001 e
N1 — N3 P<0.0001 Ko}
W1 - W3 P=0.0017 %
W3 - F1 P<0.0001 5
W3 — N1 P<0.0001 0
F3 — N1 P<0.0001 0
F3 - W1 P=0.0001 £
N3 - F1 P<0.0001 2
N3 — W1 P=0.0008 ©
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B:
WT vs C9orf726R40* 67 weeks, significant main effect of odour (smell)
(F(8,251.857)=18.7708), p<2e-16
Bonferroni correction: pairwise ~ smell|genotype
Mouse group | Smell and presentation comparison P value
WT F1-F3 P<0.0001
N1 —N3 P=0.0351
W1 -W3 ns (P=0.9468)
W3 - F1 P=0.0017
W3 — N1 P=0.0001
F3 — N1 P<0.0001
F3 -W1 ns (P=0.1783)
N3 - F1 ns (0.3449)
N3 — W1 ns (1)
C9orf72CR400* | F1 — F3 P<0.0001
N1 —N3 P<0.0001
W1 -W3 P=0.0010
W3 - F1 P<0.0001
W3 — N1 P<0.0001
F3 — N1 P<0.0001
F3 -W1 P=0.0323
N3 — F1 P=0.0142
N3 - W1 ns (p=1)
C:
WT vs TardbpQ¥31Wa331K 15 weeks, significant main effect of odour (smell)
(F(8,282.464)=30.8712), p<2e-16
Bonferroni correction: pairwise ~ smell|genotype
Mouse group Smell and presentation comparison P value c
WT F1—F3 P<0.0001 2
N1 —N3 P=0.0003 ©
W1—W3 P<0.0001 €
W3 — F1 P<0.0001 R
W3 — N1 P<0.0001 £
F3 — N1 P<0.0001 -
F3 - W1 ns P=0.0708 3
N3 — F1 P<0.0001 7
N3 — W1 ns P=0.8087 £
Tardbp®331KQs31K | F1 — F3 P<0.0001 Q
N1— N3 P<0.0001 =
W1 -W3 P=0.0022 3
W3 - F1 P<0.0001 .
W3 — N1 P<0.0001 K
F3 — N1 P<0.0001 g
F3-W1 P=0.0318 c
N3 — F1 P<0.0001 e
N3 — W1 P=0.0079 8
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D:

WT vs Tardbp@31Wa331K 67 weeks, significant main effect of odour (smell)

(F(8,231.165)=27.3237), p<2e-16)

Bonferroni correction: pairwise ~ smell|genotype

Mouse group Smell and presentation comparison P value

WT F1-F3 P<0.0001
N1 —N3 P<0.0001
W1 -W3 ns P=0.5448
W3 - F1 P<0.0001
W3 — N1 P<0.0001
F3 — N1 P<0.0001
F3 - W1 ns (p=0.7869)
N3 — F1 P<0.0001
N3 - W1 ns (P=0.2135)

Tardbp@331Was3tk | F{ — F3 P<0.0001
N1 —N3 P=0.0035
W1 -W3 P=0.0073
W3 - F1 P<0.0001
W3 — N1 P<0.0001
F3 — N1 P<0.0001
F3 -W1 ns (P=1)
N3 — F1 P<0.0001
N3 - W1 ns (p=1)
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Table S4. Summary of results statistics C90orf726R400* study

Behavioural test

Statistical model
inh = inheritance

Significant main effects (F statistics)

Significant post hoc effects

Weight

averageweight~genotype*(age_weeks+sex+inh) +
age_weeks*sex + (1|animal_name)

age_weeks F(50, 1571.27)= 265.4233, p < 2.2e-16 ***
sex F(1, 42.23)=53.1278, p=5.457e-09 ***

age_weeks:sex F(50, 1571.27)= 3.0632, p=1.107e-11 ***

Compare sex (m vs f) at every age and
genotype

F vs M in C9ORF72-GR400-B6J:WT from 8
weeks: p=0.0154, stays significant for all ages
onwards apart from 57, 68 and 69 weeks

F vs M in C9ORF72-GR400-B6J:Het from 8
weeks: p=0.0066, stays significant for all ages
onwards apart from 68 weeks

Olfaction test

Table 3Aand B

Optokinetic drum (OKD)

acuity~genotype*(sex + mean_experimental_age +
inh) +(1|animal_name)

mean_experimental_age F (1, 40.863)=60.1028, p=1.49e-09 ***

Compare age at every genotype
15 vs 68 weeks in COORF72-GR400-B6J:WT
p<0.0001

15 vs 68 weeks in COORF72-GR400-B6J:Het
p<0.0001

Elevated plus maze
(EPM)

Duration
Duration~genotype*(sex + inh + Section) +
(1]animal_name)

Frequency
Frequency~genotype*(sex + inh + Section) +
(1]animal_name)

Duration
Section F(2,134)=543.0345, p<2e-16 ***

Frequency
Section F(2, 92)=451.8957, p< 2.2e-16 ***

genotype:Section F(2, 92)=7.9614, p=0.0006472 ***

Duration
No effects of interest to explore

Frequency — compare genotype at every

section
C90RF72-GR400-B6J:WT vs CO9ORF72-GR400-
B6J:Het closed sections p=0.1505

C90ORF72-GR400-B6J:WT vs C9ORF72-GR400-
B6J:Het open sections p=0.5189

C90RF72-GR400-B6J:WT vs C90RF72-GR400-
B6J:Het centre p=0.8911

Marble burying

kruskal.test
(marbles_burried ~ genotype)

14 weeks
Kruskal-Wallis chi-squared = 0.10584, df = 1, p-value = 0.7449

66 weeks
Kruskal-Wallis chi-squared = 0.80315, df = 1, p-value = 0.3702

NA

Crawley three-chamber
social preference test

Time spent with mouse
time_mouse~genotype*(mean_experimental_age +
sex + inh) + mean_experimental_age*inh + inh*sex
+ (1]animal_name)

Time spent with object
time_object~genotype*(mean_experimental_age +
sex + inh) + inh*mean_experimental_age +
(1]animal_name)

Social preference ratio (SPR, based on time
SPRtime~genotype*(mean_experimental_age + sex
+inh) + (1]animal_name)

SPR (based on frequency)
SPRfreg~genotype*(mean_experimental_age + sex
+inh) + (1]animal_name)

Distance travelled — habituation
dist_hab_overall~genotype*(mean_experimental_ag
e + sex +inh) + (1|animal_name)

Time spent with mouse

mean_experimental_age F(1, 39.274)=28.4675, p=4.244e-06 ***
sex (1, 38.207)= 5.9438, p=0.01953 *

inh F(1, 38.349)= 5.4988, p= 0.02430 *

Time spent with object
mean_experimental_age F(1, 36.704)= 6.9246, p=0.012357 *
inh F(1, 35.592)= 8.0067, p=0.007611 **

SPR (based on time)
genotype:mean_experimental_age F(1, 77)= 5.9038, p=0.01744 *

SPR (based on frequency)
genotype:mean_experimental_age F(1, 77)= 4.0001, p=0.04902 *

Distance travelled - habituation
mean_experimental_age F(1, 41.058)= 7.8548, p=0.007701

Time spent with mouse — compare inheritance
at every age

maternal vs paternal at 18.5 weeks

p=0.0093

maternal vs paternal at 70 weeks

p=0.9085

Time spent with mouse — compare sex at every
inheritance

Male vs Female, maternal

p=1

Male vs Female, paternal

p=0.0167

Time spent with object — compare inheritance
at every age

maternal vs paternal at 18.5 weeks

p=0.0373

maternal vs paternal at 70 weeks

p=0.1390

SPR (based on time) — compare genotype at
every age

C90ORF72-GR400-B6J:WT vs C9ORF72-GR400-
B6J:Het at 18.5 weeks

p=0.2013

C90ORF72-GR400-B6J:WT vs C9ORF72-GR400-
B6J:Het at 70 weeks

p=0.1653

SPR (based on frequency) — compare genotype
at every age

C90RF72-GR400-B6J:WT vs C9ORF72-GR400-
B6J:Het at 18.5 weeks

p=0.2845

C90RF72-GR400-B6J:WT vs CO9ORF72-GR400-
B6J:Het at 70 weeks

p=0.3665

Distance travelled — habituation — compare age
at every genotype

18.5 vs 70 weeks, C9ORF72-GR400-B6J:WT
p=0.3296

18.5 vs 70 weeks, C90RF72-GR400-B6J:Het
p=0.0302
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Distance travelled — test

e + sex +inh) + (1|animal_name)

dist_test_overall~genotype*(mean_experimental_ag

Distance travelled — test

mean_experimental_age F(1, 38.859)=9.2378, p=0.004227 **

Distance travelled — test — compare age at
every genotype
18.5 vs 70 weeks, C9ORF72-GR400-B6J:WT

p=0.3672

18.5 vs 70 weeks, C90RF72-GR400-B6J:Het
p=0.0110

Sanderson Y-maze forced
alteration

Distance travelled - habituation

e + sex + inh) + (1]animal_name)

Distance travelled - test

e + sex + inh) + (1|animal_name)

+inh) + (1]animal_name)

NPR (based on frequency)

+inh) + (1|animal_name)

dist_hab_overall~genotype*(mean_experimental_ag

dist_test_overall~genotype*(mean_experimental_ag

Novel preference ratio (NPR, based on time
NPRtime~genotype*(mean_experimental_age + sex

Distance travelled - habituation

Distance travelled - test

NPR (based on time)

NPR (based on_frequency)

NPRfreq~genotype*(mean_experimental_age + sex genotype:mean_experimental_age (F1, 41.552)=5.6421,

p=0.02223 *
sex F(1, 41.318)=5.7870, p=0.02070 *

mean_experimental_age F(1, 40.516)= 4.8324, p=0.0337 *

mean_experimental_age F(1, 42.926)=5.3118, p=0.02608 *

genotype:mean_experimental_F(1, 40.784)= 5.4534, p=0.02453 *

Distance travelled — habituation — compare age
at every genotype

12.5vs 64.5 in

C90RF72-GR400-B6J:WT

p=0.0596

12.5vs 64.5in
C90RF72-GR400-B6J:Het
p=0.7970

Distance travelled — test — compare age at
every genotype

12.5vs 64.5in

C90RF72-GR400-B6J:WT

p=1.0000

12.5vs 64.5in
C90RF72-GR400-B6J:Het
p=0.0159

NPR (based on time) — compare genotype at
every age

C90RF72-GR400-B6J:WT vs CO9ORF72-GR400-
B6J:Het at 12.5 weeks

p=1.0000

C90RF72-GR400-B6J:WT vs C9ORF72-GR400-
B6J:Het at 64.5 weeks
p=0.0828

NPR (based on frequency) — compare genotype
at every age

C90ORF72-GR400-B6J:WT vs C9ORF72-GR400-
B6J:Het at 12.5 weeks

p=1.0000

C90RF72-GR400-B6J:WT vs C9ORF72-GR400-
B6J:Het at 64.5 weeks
p=0.0308

Distance travelled — test — compare sex at every
genotype

Male vs Female, COORF72-GR400-B6J:WT
p=0.1894

Male vs Female, COORF72-GR400-B6J:Het
p=0.2016

Behavioural test

Statistical model

Significant main effects (F statistics)

Significant post hoc effects

Weight

averageweight~genotype*(age_weeks + sex) +
age_weeks*sex + (1|animal_name)

genotype F(1, 50.30)=16.1582, p=0.0001952 ***

age_weeks F(41, 1674.58)=313.2932 p< 2.2e-16 ***

sex F(1, 50.29)= 36.5988 p=1.796e-07 ***
genotype:age_weeks F(41, 1674.60)=16.2455 p< 2.2e-16 ***
age_weeks:sex F(41, 1674.59)= 3.3519, p=9.666e-12 ***

TDP-43_Q331K:WT vs TDP-43_Q331K:Hom females -
significant difference from 48 weeks, p= 0.0141. Stays
significant for all ages onwards, at 72 weeks - p<0.0001
TDP-43_Q331K:WT vs TDP-43_Q331K:Hom males -
significant difference from 54 weeks, p=0.0199. Stays
significant for all ages onwards apart from 56 weeks of
age, , at 72 weeks - p<0.0001

Body composition
(echo MRI)

Fat mass
fatmass~genotype*(mean_experimental_age +
sex) + mean_experimental_age*sex
+(1|animal_name)

Fat mass

genotype F(1, 52.194)=23.8519, p=1.026e-05 ***
mean_experimental_age F(4, 179.274)=185.2816 p< 2.2e-16 ***
sex F(1, 52.391)=9.0546 p=0.004022 **
genotype:mean_experimental_age F(4, 179.296)=15.4586
p=6.982e-11 ***

Fat mass
TDP-43_Q331K:WT vsTDP-43_Q331K:Hom, female
p=0.000212 — from 48 weeks

TDP-43_Q331K:WT vsTDP-43_Q331K:Hom, male
p=0.018 — from 64 weeks
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Lean mass
leanmass~genotype*(mean_experimental_age +
sex) + mean_experimental_age*sex
+(1]animal_name)

genotype:sex F(1,51.913)=5.3641 p=0.024539 *
mean_experimental_age:sex F(4, 179.295)=3.7686 p=0.005721 **

Lean mass

genotype F(1 49.137)=11.6177, p= 0.001313 **
mean_experimental_age F(4, 178.301)= 73.0793 p< 2.2e-16 ***
sex F(1, 49.319)=602.5097 p< 2.2e-16 ***
genotype:mean_experimental_age F(4, 178.374)=2.9340,
p=0.022142 *

Lean mass
TDP-43_Q331K:WT vsTDP-43_Q331K:Hom, male
p=0.0046 - from 64 weeks;

Olfaction test

Table 3Cand D

Optokinetic drum
(OKD)

acuity~genotype*(mean_experimental_age+sex)
+(1|animal_name)

mean_experimental_age F(1, 48.841)=26.9056, p=4.09e-06 ***

Compare age at every genotype
16 vs 68 weeks TDP-43_Q331K:WT
p=0.0012

16 vs 68 weeks TDP-43_Q331K:Hom
p=0.0014

Elevated plus maze
(EPM)

Duration
Duration~genotype*(sex + Section) +
(1]animal_name)

Frequency
Frequency~genotype*(sex + Section) +
(1]animal_name)

Duration
Section F(2, 151)=438.1583, p< 2e-16 ***

Frequency
Section F(2, 102)=598.5292, p< 2e-16 ***

genotype:Section F(2, 102)=4.6999, p=0.01116 *

Duration
No effects of interest to explore

Frequency — compare genotype at every section
TDP-43_Q331K:WT vs TDP-43_Q331K:Hom closed
section p=0.0723

TDP-43_Q331K:WT vs TDP-43_Q331K:Hom open
section p=1.0000

TDP-43_Q331K:WT vs TDP-43_Q331K:Hom centre
p=0.2389

Marble burying

kruskal.test
(marbles_burried ~ genotype)

14 weeks
Kruskal-Wallis chi-squared = 0.24674, df = 1, p-value = 0.6194

67 weeks
Kruskal-Wallis chi-squared = 4.2548, df = 1, p-value = 0.03914*

NA

Crawley three-
chamber social
preference test

Time spent with mouse
time_m~genotype*(mean_experimental_age+se
X) + (1|animal_name)

Time spent with object
time_object~genotype*(mean_experimental_age
+sex)+ (1|animal_name)

SPR _(based on time
SPRtime~genotype*(mean_experimental_age +
sex) + (1|animal_name)

SPR (based on frequency)
SPRfrequency~genotype*(mean_experimental_a
ge + sex) + (1lanimal_name)

Distance travelled - habituation
dist_hab_overall~genotype*(mean_experimental
_age + sex) + (1|animal_name)

Distance travelled — test
dist_test_overall~genotype*(mean_experimental
_age + sex) + (1|animal_name)

Time spent with mouse
mean_experimental_age F(1, 88)=6.3402, p=0.01361 *

Time spent with object
mean_experimental_age F(1, 88)= 4.5926, p=0.03487 *

SPR (based on time

No significant main effects

SPR (based on frequency)

No significant main effects

Distance travelled - habituation
mean_experimental_age F(1, 47.656)=29.8108, p=1.688e-06 ***

genotype:mean_experimental_age F(1, 47.656)= 5.6598,
p=0.02141*

Distance travelled — test

genotype F(1,46.964)=15.1361, p=0.0003141 ***
mean_experimental_age F(142.066)=29.2676, p=2.776e-06 ***
sex F(1, 46.453)=4.5465, p=0.0383032 *
genotype:mean_experimental_age F(1, 42.066)=9.2153,
p=0.0041070 **

Time spent with mouse — compare age at every
genotype

18 vs 71 weeks TDP-43_Q331K:WT

p=0.3249

18 vs 71 weeks TDP-43_Q331K:Hom
p=0.0773

Time spent with object — compare age at every
genotype

18 vs 71 weeks TDP-43_Q331K:WT

p=0.1977

18 vs 71 weeks TDP-43_Q331K:Hom
p=0.3757

SPR (based on time|
NA

SPR (based on frequency)
NA

Distance travelled — habituation — compare genotype
at every age

TDP-43_Q331K:WT vs TDP-43_Q331K:Hom, 18
weeks

p=1.0000

TDP-43_Q331K:WT vs TDP-43_Q331K:Hom, 71
weeks
p=0.0162

Distance travelled — test — compare genotype at
every age

TDP-43_Q331K:WT vs TDP-43_Q331K:Hom, 18
weeks

p=0.2505

TDP-43_Q331K:WT vs TDP-43_Q331K:Hom, 71
weeks
p=<.0001

Distance travelled — test — compare sex at every
genotype

Male vs Female, TDP-43_Q331K:WT
p=0.6269

Male vs Female, TDP-43_Q331K:Hom
p=0.1041
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Sanderson Y-maze
forced alteration

Distance travelled - habituation
dist_hab_overall~genotype*(mean_experimental
_age + sex) + (1|animal_name)

Distance travelled - test
dist_test_overall~genotype*(mean_experimental
_age + sex) + (1|animal_name)

NPR (based on time)
NPRtime~genotype*(mean_experimental_age +
sex) + (1]animal_name)

NPR (based on frequency)
NPRfreq~genotype*(mean_experimental_age +
sex) + (1]animal_name)

Distance travelled - habituation
genotype F(1, 47.779)= 6.6680, p=0.01294 *

mean_experimental_age F(1, 43.624)=50.8120, p=7.768e-09 ***

genotype:mean_experimental_age F(1, 43.624)=4.8058,
p=0.03375 *

Distance travelled - test

sex F(1,46.949)= 8.6875, p=0.004977 **
genotype:mean_experimental_age F(1, 43.114)=4.4811,
p=0.040082 *

NPR (based on time)
mean_experimental_age F(1, 44.249)=4.3377, p=0.04309 *

NPR (based on frequency)
mean_experimental_age F(141.727)=21.5518, p=3.408e-05 ***

Distance travelled — habituation — compare genotype
at every age

TDP-43_Q331K:WT vs TDP-43_Q331K:Hom, 12.5
weeks p =0.7372

TDP-43_Q331K:WT vs TDP-43_Q331K:Hom, 65.5
weeks p =0.0041

Distance travelled — test — compare genotype at
every age

TDP-43_Q331K:WT vs TDP-43_Q331K:Hom, 12.5
weeks p=1

TDP-43_Q331K:WT vs TDP-43_Q331K:Hom, 65.5
weeks p =0.0356

Distance travelled — test — compare sex at every
genotype

Male vs Female, TDP-43_Q331K:WT
p=0.0522

Male vs Female, TDP-43_Q331K:Hom
p=0.1360

NPR (based on time) — compare age at every
eno

e
12.5 vs 65.5 weeks, TDP-43_Q331K:WT p = 0.0174
12.5 vs 65.5 weeks, TDP-43_Q331K:Hom p = 1.0000

NPR (based on frequency) — compare age at eve
genotype

12.5 vs 65.5 weeks, TDP-43_Q331K:WT p = 0.0005
12.5 vs 65.5 weeks, TDP-43_Q331K:Hom p = 0.0315
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