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RESEARCH ARTICLE

A bacterial artificial chromosome mouse model of amyotrophic

lateral sclerosis manifests ‘space cadet syndrome’ on two FVB

backgrounds
Sophie E. Badger1, Ian Coldicott1, Ergita Kyrgiou-Balli1, Adrian Higginbottom1, Chloé Moutin1,

Kamallia Mohd Imran1, John C. Day2, Johnathan Cooper-Knock1,3, Richard J. Mead1,3,* and

James J. P. Alix1,3,*,‡

ABSTRACT

C9orf72-related amyotrophic lateral sclerosis (ALS)/frontotemporal

dementia (FTD) has proven difficult to model in mice. Liu et al. (2016)

reported a bacterial artificial chromosome (BAC) transgenic mouse

displaying behavioural, motor and pathological abnormalities. This

was followed by multiple laboratories independently refuting and

confirming phenotypes. A proposed explanation centred on the use of

different FVB background lines (from The Jackson Laboratory and

Janvier Labs). We studied C9orf72 BAC mice on both backgrounds

and found significantly elevated levels of dipeptide repeat proteins,

but no evidence of a transgene-associated phenotype. We observed

seizures and a gradual decline in functional performance in

transgenic and non-transgenic mice, irrespective of genetic

background. The phenotype was in keeping with the so-called

‘space cadet syndrome’. Our findings indicate that the differences

previously reported are not due to C9orf72 status and highlight the

importance of using genetic backgrounds that do not confound

interpretation of neurodegenerative phenotypes.

KEY WORDS: Amyotrophic lateral sclerosis, Frontotemporal

dementia, Bacterial artificial chromosome, Mouse model, FVB/N,

Space cadet syndrome

INTRODUCTION

The most common genetic cause of amyotrophic lateral sclerosis

(ALS) and frontotemporal dementia (FTD) is a hexanucleotide

(GGGGCC) repeat expansion in the first intron of C9orf72 (DeJesus-

Hernandez et al., 2011; Renton et al., 2011). The underlying

mechanism through which disease is triggered remains unclear, with

toxic gain of function [for example, through dipeptide repeats (DPRs)]

or haploinsufficiency suggested. Although progress towards treating

SOD1 pathogenic variants is being made (Miller et al., 2022), the, so

far, less successful gene therapy approach for C9orf72-related ALS

(Boros et al., 2022) highlights the urgent need for preclinical models

for the C9orf72 variant.

Efforts to understand C9orf72-related ALS have been hampered

by the lack of a robust mouse model. Several groups have developed

C9orf72mice using differing approaches (Batra and Lee, 2017). All

demonstrated absence of an ALS-type phenotype until Liu et al.

(2016), who used a bacterial artificial chromosome (BAC) approach

to insert a human-derived transgene. They documented a

neurodegenerative phenotype with motor and behavioural

abnormalities, matching histopathology, incomplete penetrance

and a subgroup of mice with an acute-onset phenotype leading to a

shortened lifespan.

The study by Liu et al. (2016) was followed by two contrasting

reports. In one, two laboratories independently found no phenotype

(Mordes et al., 2020). This was accompanied by a response in

which two further groups, plus the original laboratory, reported a

neurodegenerative phenotype with increased risk of death (Nguyen

et al., 2020a). Suggested reasons for this discrepancy included the

housing environment within each unit, methodological distinctions

and differences in FVB genetic backgrounds of themice. Specifically,

the mice from The Jackson Laboratory FVB-N/J line appeared to

show increased seizures, which could have masked the ALS/FTD

phenotype; by contrast, the Janvier Labs FVB-N line showed

increased disease penetrance.

In these studies, the two FVB lines were not tested in a single

institution, leaving uncertainty around whether the two distinct FVB

populations are the cause of the discrepancy. We sought to answer

this question through a detailed phenotyping study of both The

Jackson Laboratory FVB-N/J (‘JAX’) and Janvier Labs FVB-N

(‘Janvier’) C9orf72 BAC transgenic (C9-BAC) mice, together with

non-transgenic (NT) littermates in our unit. Despite an abundance of

DPRs in both colonies, we found no clear evidence of a transgene-

related ALS/FTD phenotype affecting motor or cognitive domain

tests. Similarly, we found no histopathological evidence of ALS/

FTD. We did, however, observe seizures, spontaneous death and a

general decline in the performance of some motor function tests in

both transgenic and NT mice, irrespective of genetic background or

transgene status. Our findings highlight the importance of using

genetic backgrounds that do not have the potential to confound

interpretation through pre-existing neurological phenotypes.

RESULTS

JAX and Janvier C9orf72 BAC transgenic mice show

expected repeat expansion sizes and DPRs in tissue

The presence of the C9orf72 BAC transgene and the GGGGCC

repeat size was ascertained in the JAX and Janvier colonies through

Southern blotting. Both colonies demonstrated expansions between
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650 and 950 repeats (Fig. 1). In the JAX colony, two mice dropped

the expansion (example in Fig. S1, lane 1); in the Janvier colony,

one mouse displayed a contraction in repeat length (Fig. 1). These

mice were removed from subsequent data analyses. When the mice

reached 1 year of age, we quantified DPR production, observing

significantly elevated poly-GP and poly-GA in the frontal cortex of

C9-BAC mice from both colonies, but only poly-GP in muscle and

spinal cord (Fig. 1B-D).

No evidence of transgene-specific motor or cognitive

phenotypes in JAX C9-BAC or Janvier C9-BAC mice

As a number of motor and cognitive phenotype abnormalities were

reported by Liu et al. (2016) andNguyen et al. (2020a), we performed

a comprehensive phenotyping study over 12 months. We compared

C9-BAC to NT mice at 4-weekly intervals, as well as performance

over time within each of our four groups (JAX C9-BAC, JAX NT,

Janvier C9-BAC, Janvier NT). There were no significant differences

between C9-BAC and NT mice in any of our tests at any time points.

However, a significant decrease in performance was observed over

time in C9-BAC and NT groups in both colonies in the rotarod test

(Fig. 2A). A reduction in the number of marbles buried was also seen

in C9-BAC and NT JAX mice, and in NT Janvier mice (Fig. 2B). A

decline in limb hang performance was observed in C9 BAC and NT

Janvier mice (Fig. 2C, right).

We found no differences in clasping, weight or survival between

C9-BAC and NT mice in either colony (Fig. 3). Similarly, no

significant longitudinal (or C9-BAC versus NT) differences were seen

in open field (Fig. S2), burrowing, nesting, balance beam (Fig. S3) or

gait (Fig. S4) tests. Although no differences in social recognition were

seen (Fig. S5), a score of >1 indicated that impairment of social

memory was evident in C9-BAC and NT mice in both colonies. We

investigated the possibility of subsets of mice demonstrating potential

ALS/FTD phenotypes but did not find any evidence of this (see

Fig. S6 and Table S2). Seizures and spontaneous deaths were

observed in C9-BAC and NT mice in both colonies.

No evidence of brain or spinal cord pathology in JAX C9-BAC

or Janvier C9-BAC mice

We assessed lower motor neuron loss in vivo using electrophysiology

and spectroscopy and ex vivo using histology. Hindlimb compound

muscle action potentials demonstrated no differences between groups

or over time (Fig. 4A). Detailed electrophysiological studies of

the neuromuscular junction and lower motor neuron excitability

(Fig. S7), as well as molecular spectroscopy of muscle (Fig. S8),

revealed no transgene differences. In keeping with these findings,

no significant difference in lower motor neuron number was observed

between C9-BAC and NT groups in both colonies (Fig. 4B,C;

Fig. S9).

Fig. 1. C9orf72 transgene with GGGGCC repeat expansion size and dipeptide repeat (DPR) protein expression in C9orf72 bacterial artificial

chromosome transgenic (C9-BAC) mice. (A) Repeat sizes determined by Southern blotting in C9-BAC mice in The Jackson Laboratory FVB-N/J (‘JAX’) and

Janvier Labs FVB-N (‘Janvier’) cohorts. One mouse in the Janvier colony had a contraction in repeat length; this mouse was removed from subsequent

analyses. (B) Meso Scale Discovery (MSD) immunoassay for poly-GP and poly-GA DPR proteins in the frontal cortex of 52-week-old C9-BAC mice and non-

transgenic (NT) littermate controls from both cohorts (JAX C9-BAC, n=27; NT, n =11; Janvier C9-BAC, n=27; NT, n=11). (C) MSD immunoassay for poly-GP

DPR protein in the gastrocnemius muscle of 52-week-old C9-BAC mice and NT littermate controls from both cohorts (JAX C9-BAC, n=13; NT, n=14; Janvier

C9-BAC, n=16; NT, n=11). (D) MSD immunoassay for poly-GP DPR protein in the spinal cord of 52-week-old C9-BAC mice and NT littermate controls from both

cohorts (JAX C9-BAC, n=9; NT, n=12; Janvier C9-BAC, n=13; NT, n=9). Values are mean±s.d.; unpaired two-tailed t-test; ****P<0.0001, ***P<0.001, **P<0.01.
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At 52 weeks of age, we also assessed cortical pathology.

Quantification of NeuN (also known as RBFOX3) staining in

the hippocampus and Layer V of the motor cortex revealed no

neuronal loss in C9-BAC mice in either cohort (Fig. 5A,B).

Hippocampal analysis did not demonstrate neuronal loss in

C9-BAC mice (Fig. 5C,D). Additional examinations for

the presence of neuroinflammation revealed no evidence of

astrogliosis or microgliosis in the dentate gyrus or motor cortex

(Figs S10 and S11). Furthermore, there was no evidence of

nucleolin displacement (which would indicate nucleolar stress) in

the motor cortex of Janvier C9-BAC mice (Fig. S12).

Neuroinflammation and neuronal loss is associated with the

seizure phenotype in the background strain

Several mice in both the JAX and Janvier cohorts were observed to

suffer from seizures. In total, we observed seven (10%) mice in the

JAX colony to have seizures (five transgenic, two NT), and eight

(7%) mice in the Janvier colony (three transgenic, five NT).

Histological analyses of two NT mice that were culled mid-seizure

showed extensive neuroinflammation in the dentate gyrus, and

neuronal loss in both the dentate gyrus and cornu ammonis

regions of the hippocampus (Fig. 6). Movies 1 and 2 demonstrate

post-ictal behaviour in NT Janvier (Movie 1) and C9-BAC

JAX (Movie 2) mice, with minimal responsiveness, signs of

distress (orbital narrowing, piloerection, hunched posture) and

clasping.

DISCUSSION

We found no clear evidence of an ALS/FTD phenotype in either the

JAX or Janvier FVB colonies, despite relatively stable repeat

expansion sizes and the production of DPRs. Our findings are in

keeping with those of Mordes et al. (2020) for this mouse model,

Fig. 2. Absence of motor and motocognitive

deficits in C9-BAC mice. (A) Rotarod

performance accounting for weight

demonstrated a significant decrease in

performance over time in all groups (JAX

C9-BAC, n=14-32; NT, n=27-33; Janvier

C9-BAC, n=29-32; NT, n=28-35). (B) Total

number of marbles buried showed significant

decrease in all groups except Janvier C9-BAC

mice (JAX C9-BAC, n=14-32; NT, n=27-33;

Janvier C9-BAC, n=29-32; NT, n=28-35).

(C) Latency to fall in the limb hang test when

accounting for weight revealed no significant

decrease in performance over time in the JAX

cohort (left), but a significant decrease over

time was observed in C9-BAC and NT

littermates in the Janvier cohort (right) (JAX

C9-BAC, n=14-32; NT, n=27-33; Janvier

C9-BAC, n=29-32; NT, n=23-35). Values are

mean±s.d.; two-way ANOVA with repeated

measures and Tukey’s post-hoc test; ns, not

significant; ****P<0.0001, ***P<0.001,

**P<0.01.
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and with other C9orf72 repeat expansion BAC transgenic models

(Jiang et al., 2016; O’Rourke et al., 2015; Peters et al., 2015).

In both colonies, we saw a gradual decline in performance in

several tests (rotarod, marble burying and limb hang), which involve

both motor and cognitive components. A decline in related tests was

not reported by Mordes et al. (2020) (who failed to detect a

transgene-related phenotype), but results similar to ours have been

reported previously. For example, a decline in rotarod performance

in femalewild-type mice after 8 months of agewas found by Li et al.

(2023). Comparing our social recognition data to results from other

strains (Chiang et al., 2018; Farley et al., 2011; Kogan et al., 2000)

suggests impairment of social memory, and, in keeping with this,

impaired learning/memory function in wild-type FVB mice has

also been reported previously (Hsiao et al., 1995). Thus, we have

evidence of motor/cognitive defects in both colonies but no

evidence that it relates to the inserted C9orf72 expansion.

In the absence of a transgene effect, what might be causing these

deficits? When the FVB background became popular for generating

transgenic lines (owing, in part, to large oocyte size), several

investigations on the behavioural characteristics of the mice were

undertaken. These demonstrated cognitive impairment (Bolivar et al.,

2001; Owen et al., 1997), an altered circadian rhythm (Pugh et al.,

2004), hyperactivity, anxiety and aggression (Kim et al., 2002;Mineur

and Crusio, 2002). Furthermore, female mice, which we used in our

work and which manifested the most pronounced phenotype in Liu

et al. (2016), appear suspectable to the so-called ‘space cadet

syndrome’ (SCS) of impaired social behaviour and sudden death (15-

20%) thought to be driven by seizures (Auerbach et al., 2003; Ward

et al., 2000). Seizure frequency in female FVBmice has been reported

at 17% (Goelz et al., 1998), which is higher than the 7-10% we found

across our two colonies. Accurately describing seizure frequency is

difficult without sophisticated telemetry systems, and so the true rate

of seizures remains unclear. The two Janvier NT mice culled mid-

seizure demonstrated astrocyte reactivity, which has also been reported

in SCS (Goelz et al., 1998; doi:10.1038/laban0607-16; Mahler et al.,

1996). Notably, similar changes were also reported by Liu et al.

(2016), highlighting the potential overlap between the reported ALS/

FTD and seizure histopathology.

We also examined for neurodegeneration and inflammation.

Although there were no significant decreases in neuron counts

between C9-BAC mice and NT controls, there was a decreasing

trend for neuronal loss in the cornu ammonis and dentate gyrus regions

of the hippocampus. This might again relate to SCS, as seizures

are associated with hippocampal neurodegeneration in humans

(Hattiangady and Shetty, 2008), and recurrent seizures due to SCS or

kainic-acid treatment in FVB/N mice have been shown to result in

hippocampal neurodegeneration (Goelz et al., 1998; doi:10.1038/

laban0607-16; McCord et al., 2008; Silva-Fernandes et al., 2010). The

areas of the cornu ammonis that display neurodegeneration in these two

NT mice, primarily the CA1 and CA3 regions, are also identical to the

areas that showed degeneration in acute C9-BACmice in the studies by

Liu et al. (2016) and Nguyen et al. (2020a). Alongside this, stark

increases in astrocyte reactivity and microgliosis were seen in mice

culled owing to severe seizures. These findings are comparable to the

histopathology reported by Liu et al. (2016) and Nguyen et al. (2020a)

in these brain regions, and to the reported SCS in the FVB/N strain

(Goelz et al., 1998; doi:10.1038/laban0607-16; Mahler et al., 1996).

This makes it challenging to determinewhether the pathology seen was

indeed caused by theC9orf72 transgene and highlights how the FVB/N

strain might be unsuitable for use in modelling neurodegenerative

diseases. Overall, our data are in keeping with the SCS.

The previous literature on the FVB genetic background and our

own results highlight the difficulties in working with this strain. It is

noteworthy that a prior study examining the effect of amyloid

Fig. 3. No clasping, weight loss or reduced survival in C9-BAC mice. (A-D) Proportions of clasping scores in all mice from JAX and Janvier cohorts [JAX

C9-BAC, n=35 (B); NT, n=34 (A); Janvier C9-BAC, n=33 (D); NT, n=36 (C)]. (E) Animal weights up to 52 weeks of age (JAX C9-BAC, n=14-32; NT, n=27-33;

Janvier C9-BAC, n=29-32; NT, n=30-35). Values are mean±s.d.; two-way ANOVA with repeated measures and Tukey’s post-hoc test; ns, not significant.

(F) Kaplan–Meier plot showing no difference in survival between any of the groups (JAX C9-BAC, n=35; NT, n=34; Janvier C9-BAC, n=33; NT, n=36).

Values are mean±s.d.; Gehan-Breslow-Wilcoxon test; ns, not significant.
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precursor protein (APP) expression in FVB mice documented

neophobia and impaired spatial alternation, with diminished

glucose utilisation and astrogliosis in the transgenic mice (Hsiao

et al., 1995). However, the authors also reported that 20% of their NT

mice also developed the same clinical syndrome and postulated that

APP overexpression somehow accelerated a naturally occurring age-

related disorder in the mice. DPRs have been associated with the

development of seizures in other mouse models (LaClair et al., 2020)

and Drosophila (West et al., 2020). Thus, it could be possible that a

similar effect was in action in other laboratories, perhaps driven by

factors such as commensal micro-organisms (Burberry et al., 2020).

DPR expression is also worthy of consideration. Only two of the

five DPRs were detected in the cortex (poly-GP and poly-GA), and

one (poly-GP) was detected in the gastrocnemius muscle and spinal

cord; in all tissues only DPRs translated from the sense G4C2-repeat

RNA were identified. Poly-GR, a potentially more ‘toxic’ DPR

(Kwon et al., 2014; Mizielinska et al., 2014) was not detected. Poly-

GR was not reported by Liu et al. (2016), but, in a subsequent

publication, the same group documented poly-GR in the frontal

cortex and hindbrain (Nguyen et al., 2020b). The amount detected

was very small and at the limit of detection for the Meso Scale

Discovery (MSD) enzyme-linked immunosorbent assay (ELISA)

we used, so it is possible that we were unable to record it. However,

poly-GR was not detected in mice from another laboratory that

reported a motor phenotype (Nguyen et al., 2020a).

There were also some methodological differences between our

study and that of Nguyen et al. (2020a). For example, in open field

testing, Liu et al. (2016) andMordes et al. (2020) used 30 min trials,

whereas we used 10 min trials. Inspection of the data from Liu et al.

(2016) shows that mobility was variable. We, like Mordes et al.

(2020), found mice within our data to have relatively reduced

mobility in this test, with broadly similar performance levels to

subsets within the analysis by Liu et al. (2016). However, in both

our work and that of Mordes et al. (2020), such performance levels

were seen in both C9-BAC and NT mice. Furthermore, Liu et al.

(2016) assessed only a small group of C9-BAC and NT mice (NT,

n=7; asymptomatic C9-BAC, n=8; symptomatic C9-BAC, n=14)

compared to our cohorts (JAX C9-BAC, n=14-32; NT, n=27-33;

Janvier C9-BAC, n=29-32; NT, n=30-35), which could lead to

differences in the representation of poorly performing mice.

However, it should be noted that the above do not entirely account

for apparent improvements seen following interventions to target

RAN translation such as metformin (Zu et al., 2020) or antibodies

(Nguyen et al., 2020b) to target RAN translation. Likewise, the

papers of Mordes et al. (2020) and Nguyen et al. (2020a) do not

completely resolve the absence/presence of phenotype. What does

appear consistent is the presence of anxiety-like behaviour, seizures,

gait disturbances, reduced locomotor activity and impaired learning,

which have been reported in different laboratories around the world

for decades (Bothe et al., 2004; Mineur and Crusio, 2002; Silva-

Fernandes et al., 2010). Any change in behaviour/phenotype relating

to a transgene must therefore superimpose upon this baseline, which

can itself decline over time (Hsiao et al., 1995). Similarly, the

reproducibility in preclinical research is a further issue (Justice and

Dhillon, 2016; Mandillo et al., 2008), as is the context-dependent

biological variation (Voelkl et al., 2020). Each study must therefore

be judged with these factors in mind, but, unfortunately, we are

unable to provide a definitive explanation as to why they occur.

Fig. 4. No motor axon loss or lower motor neuron loss in C9-BAC mice. (A) Electrophysiology of the hindlimb muscles showed no decrease in

compound muscle action potential (CMAP) over time in any group (JAX C9-BAC, n=14-32; NT, n=28-30; Janvier C9-BAC, n=28-32; NT, n=28-36). Values

are mean±s.d.; repeated measures two-way ANOVA; ns, not significant. (B) Motor neuron counts in ventral horns of the L4-5 region of the spinal cord at

52 weeks of age revealed no significant loss of motor neurons in C9-BAC mice in both cohorts (JAX, n=5 per group; Janvier, n=5 per group). Values are

mean±s.d.; nested t-test; ns, not significant. (C) Representative examples of ChAT staining of motor neurons in the ventral horn of the lumbar spinal cord in

NT and C9-BAC mice from the JAX cohort.
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In summary, we found no evidence of an ALS/FTD phenotype in

two cohorts of C9-BAC mice on two different FVB backgrounds.

DPR expression provides a molecular fingerprint that could be

useful to test DPR-related therapeutic strategies (Castelli et al.,

2023), and, in this regard, the model could prove to be a robust

platform for studies on this aspect of ALS/FTD pathophysiology.

As recently highlighted, it is unrealistic to expect mouse models to

manifest all the hallmarks of human disease (Fisher et al., 2023).

Perhaps additional insults are required to bring other aspects of the

pathophysiology into play and for phenotypes to emerge (Kahriman

et al., 2023; Nelson et al., 2024). Further development of C9orf72

preclinical models, therefore, remains an important area of ALS/

FTD research.

MATERIALS AND METHODS

Animal model

All mouse experiments were carried out in accordance with the Animals

(Scientific Procedures) Act 1986 under a UK Home Office project licence.

The ARRIVE Essential reporting guidelines (version 2.0) were followed

(Percie du Sert et al., 2020). The C9orf72 FVB/N model of ALS/FTD

generated by Liu et al. (2016) was used in this study. Two separate colonies

were generated. The JAX colony was generated using transgenic males

containing a human C9orf72 transgene with 500 hexanucleotide repeats

bred to NT FVB/N females from The Jackson Laboratory (stock numbers

029099 and 001800, respectively). The Janvier colony was generated using

two transgenic males containing a human C9orf72 transgene with 500

hexanucleotide repeats donated by Professor Smita Saxena at the University

of Bern, Bern, Switzerland, bred to NT FVB/N females from Janvier Labs

(stock number SC-FVBN-F). NT littermates were used as controls. Mice

were bred in a specified pathogen-free facility and then transferred to a

conventional facility for experimental work (12 h light/dark cycle, room

temperature of 21°C and 45-55% humidity). Mice were fed 2018 Teklad

Global Rodent Diet (Envigo). They were housed in cages of three to five

mice but were separated if evidence of fighting was observed. Only female

mice were included in these experiments as they exhibited the most severe

phenotype in the initial report (Liu et al., 2016). Mice were genotyped for

the BAC using C9BAC-forward (5′-TCGAAATGCAGAGAGTGGTG-3′)

and C9BAC-reverse (5′-CTTCCTTTCCGGATTATATGTG-3′) primers on

DNA isolated from ear clips. A beta-actin control primer was also used

(forward, 5′-CTGTCCCTGTATGCCTCTGG-3′; reverse, 5′-

AGATGGAGAAAGGACTAGGCTACA-3′). All PCR-positive mice

underwent Southern blotting of post-mortem frontal cortex DNA to assess

hexanucleotide repeat length. Transgenic micewere excluded from the study

if they did not have, or showed a contraction of, the hexanucleotide repeat.

Southern blotting

DNAwas extracted from frontal cortex brain tissue using a DNeasy Blood &

Tissue Kit (Qiagen, 69504) following the manufacturer’s instructions. A

total of 10 µg DNA was digested using Alul and Ddel restriction enzymes

(New England Biolabs) at 37°C for 16 h and electrophoresed in a 1%

agarose gel in 1× TAE. The agarose gel was denatured in 1.5 MNaCl, 0.5 M

NaOH and neutralised in 3 MNaCl, 0.5 M Tris-HCl, pH 7.5. DNAwas then

transferred to a positively charged nylon membrane (Amersham Hybond

N+) by capillary blotting overnight and cross-linked by UV irradiation.

A digoxigenin (DIG)-labelled oligonucleotide probe – 5′ [DIG]-

(GGGGCC)x5-[DIG] 3′ – was ordered from Thermo Fisher Scientific and

Fig. 5. No motor cortex or hippocampal neuron loss in C9-BAC mice. (A) Immunohistochemistry with anti-NeuN antibody in C9-BAC and NT mice shows

no neurodegeneration in layer V of the motor cortex in either cohort at 52 weeks of age. (B) Quantification of neurons from NeuN-stained sections in layer V

of the motor cortex shows no loss of neurons in C9-BAC mice compared to NT littermates in either cohort at 52 weeks of age (n=4 mice per group). Values

are mean±s.d.; nested one-way ANOVA; ns, not significant. (C) Immunohistochemistry with anti-NeuN antibody in C9-BAC and NT mice shows no

transgene-related neurodegeneration in the hippocampus in either cohort at 52 weeks of age. (D) Quantification of neurons from NeuN-stained sections of

the hippocampus shows no neurodegeneration in the cornu ammonis or dentate gyrus regions in C9-BAC mice at 52 weeks of age in both cohorts (n=4 mice

per group). Values are mean±s.d.; nested t-test; ns, non-significant; *P<0.05.
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denatured at 100°C for 10 min and immediately quenched in ice before use.

After 4 h pre-hybridisation in DIG Easy Hyb™ solution (Sigma-Aldrich) at

48°C, the membrane was hybridised with 100 ng/ml probe and fresh DIG

Easy Hyb™ solution at 48°C overnight in a rotating hybridisation oven. The

membrane was washed with 2× SSC 0.1% SDS at 48-65°C for 10 min, and

then washed again with fresh 2× SSC 0.1% SDS for 10 min, 0.5× SSC 0.1%

SDS for 15 min, and 0.2× SSC 0.1% SDS for 15 min at 65°C. The

membrane was then washed and blocked using the DIG Wash and Block

Buffer Set (Sigma-Aldrich) following the manufacturer’s instructions,

incubated with alkaline phosphatase-conjugated anti-DIG (Merck,

11093274910) at 1:20,000 for 30 min, then washed three times for

10 min in wash buffer. The membrane was then placed in detection buffer

followed by application of CSPD ready-to-use chemiluminescent substrate

(Roche), sealed in a plastic sheet and exposed for 3 h on chemiluminescent

film (Amersham, 28906837).

DPR quantification

Quantification of DPR protein in the frontal cortex and gastrocnemius

muscle was done using MSD ELISA. Tissue was lysed in reporter lysis

buffer (Promega) supplemented with 20 µl/ml cOmplete EDTA-free

protease inhibitor cocktail (Sigma-Aldrich, 11873580001) and 20 µg/ml

PMSF (Sigma-Aldrich, P7626) using a Precellys evolution homogeniser

and 1.4 mm zirconium oxide beads (Precellys, 432-0356) at 5500 rpm for

2×30 s, 10 min incubation on ice and another round of homogenisation.

Protein lysates were collected after centrifugation at 17,000 g for 10 min.

Protein extract concentrations were determined using a Bradford assay and

diluted with lysis buffer to 1 mg/ml or 2 mg/ml for cortex and muscle tissue,

respectively, prior to incubation in duplicate with a poly-GP capture

antibody (custom synthesis, Eurogentec) coated on 96-well plates. A

standard curve was generated for each plate using serial dilutions of the

poly-GPx7 peptide CGPGPGPGPGPGPGP in duplicate (0.125 to 40 ng/

ml). After washing, a second biotinylated poly-GP detect antibody

(generated by Eurogentec from immunisation of a second rabbit) was

used with a sulfo-tag streptavidin substrate that led to generation of the

electroluminescent signal read in the MSD instrument (following the

manufacturer’s instructions). The duplicate absorbance readings after blank

background subtraction were averaged and converted to concentration unit

through the standard curve. Quantifications of poly-GA, poly-GR, poly-PA

and poly-PR peptides were performed at the same time in parallel on

separate 96-well plates.

Mouse behavioural tests

All behavioural tests were performed monthly, and electrophysiological

tests every 3 months, from 12 weeks to 52 weeks of age. Sample sizes for

each test are specified in the figure legends. Sample sizes were determined

using previous work with such tests (Mead et al., 2011). Mice were checked

daily, and distress was scored weekly; this included assessment for clasping

(see Table S1 for details). Seizures were defined as convulsions or

behavioural arrest followed by a period of stillness, laboured breathing and

lack of response when provoked lasting up to 10 min. Observed seizures

were scored according to the scoring system detailed in Van Erum et al.

(2019). Severe or repetitive seizures, or failure to recover from seizure,

resulted in euthanasia. All tests were performed unaware of genotype.

Accelerating rotarod test

Mice were placed on an accelerating rotarod (Ugo Basile, 47500), which

gradually rotated from 4 rpm to 40 rpm over a period of 5 min. Each animal

underwent two trials with at least 5 min between each trial, and the best

performance was used for analysis. Initial training was performed over 3

consecutive days at 12 weeks of age before the first test.

Marble-burying test

Individual mice were placed in a cage (42.5 cm×26.6 cm×18.5 cm) filled

with 5 cm of sawdust. Ten glass marbles (1 cm diameter) were placed in two

columns of five marbles at evenly spaced intervals. Mice were left

undisturbed for 30 min under white light before being removed, and the

number of marbles buried was counted. A marble was classed as buried

when at least two-thirds covered by sawdust.

Limb hang

A metal grid was placed 35 cm above a cage (42.5 cm×26.6 cm×18.5 cm)

filled with ∼5 cm of sawdust to provide a soft landing. Each mouse was

placed on the grid for 3-5 s before the grid was inverted over the cage. The

hang period began with all four paws grasping the grid. The hang time was

Fig. 6. Pathological changes in the dentate gyrus in NT Janvier mice culled during a seizure. (A) GFAP and Iba1 staining in the dentate gyrus. Right:

60× magnification of the indicated region on the left. (B) Quantification of GFAP and Iba1 staining shows increased staining area in NT Janvier mice culled

mid-seizure (‘Seizure’) in comparison to that in Janvier C9-BAC mice and NT littermates not observed to have seizures (C9-BAC, n=4; NT, n=4; Seizure,

n=2). (C) NeuN staining shows neurodegeneration in the cornu ammonis and dentate gyrus regions of the hippocampus in an NT Janvier mouse culled

mid-seizure (left) compared to that in an NT mouse not observed to have a seizure (right). (D) Quantification shows neuronal loss in the cornu ammonis and

dentate gyrus regions of the hippocampus in NT mice culled mid-seizure compared to that in NT mice not observed to have a seizure (C9-BAC, n=4;

NT, n=4; Seizure, n=2).
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measured from when the grid was inverted to when the mouse fell. Any

mouse that jumped off the grid was immediately re-tested. Each mouse

underwent two trials, with at least 5 min between each trial, and the average

time and the longest time were used for analyses.

Electrophysiology

Mice were anaesthetised (2% isoflurane), the left hindlimb was shaved, and

depilatory cream was used to remove all fur. Recordings were made using

a Dantec Keypoint Focus EMG System (Optima, UK). Recordings were

made using either needle electrodes (for individual muscle recordings) or

ring electrodes (for ‘hindlimb’ recordings). Compound muscle action

potentials were obtained via nerve stimulation with a pair of twisted

electrodes placed on the skin (square-wave electrical stimulus of 0.1 ms).

Supramaximal potentials were obtained for analysis.

Histology

Mice were deeply anaesthetised with an overdose of pentobarbital and

transcardially perfused with phosphate buffered saline (PBS). Brain and

spinal cord were dissected and post-fixed in 4% paraformaldehyde for 24 h

at 4°C before being stored in PBS at 4°C. Lumbar spinal cord samples were

embedded in paraffin wax and then sectioned in the L4-5 region (as per the

protocol of Austin et al., 2022) at 10 µm using a microtome and mounted

serially on charged slides over a series of five slides, with four sections per

slide for a total of 20 slides. For choline acetyltransferase (ChAT) staining,

slides were deparaffinised in two changes of xylene and rehydrated through

graded ethanol, then antigen retrieved in Reveal Decloaker (Biocare

Medical) for a 30 min cycle at 125°C with a pressure of 20 psi. Slides were

permeabilised and blocked in 5% bovine serum albumin 0.25% Triton X-

100 in PBS for 10 min at room temperature prior to incubation with primary

antibody against ChAT (1:100; Merck-Millipore, AB144P) for 72 h at 4°C.

Slides were washed three times in PBS and incubated for 1 h at

room temperature with donkey anti-goat conjugated to AlexaFluor™ 555

(1:1000, Thermo Fisher Scientific, A28039). Slides were coverslipped

using Hardset Vectashield with 4′,6-diamidino-2-phenylindole (DAPI)

mounting medium (VectorLabs) and imaged using an IN-Cell Analyzer

2000 (GE Healthcare). Motor neuron counting was performed unaware

of genotype using ImageJ software on five animals per group, four slides

per mouse, with eight sections per slide. Sections on each slide were

separated by 50 µm to prevent double counting. Motor neurons were

identified by positive ChAT staining and a clear nucleolus. Any sections

with damage or poor staining were excluded. Numbers of motor neurons per

ventral horn per section were analysed in GraphPad Prism 9 using a nested

t-test.

Brain samples were sliced on a mouse brain matrix (Agnthos, Sweden)

to isolate either the motor cortex or the hippocampus, embedded in paraffin

wax, and sectioned coronally and sagittally, respectively, at 5 µm on a

microtome and mounted onto charged slides. Motor cortex and

hippocampal sections were mounted continuously, with three sections per

slide for a total of 16 slides. NeuN staining was performed by DAB staining

using a Vectastain Elite ABC-HRP peroxidase (Rabbit IgG) kit

(VectorLabs, PK6101) and a DAB substrate kit (VectorLabs, SK-4100).

Sections were deparaffinised and antigen retrieved in access revelation

buffer pH 6 (BiocareMedical) for a 30 min cycle at 125°Cwith a pressure of

20 psi prior to incubation with primary antibody against NeuN (1:500; Cell

Signaling Technology, 12943) for 1 h at room temperature. The slides were

then washed and incubated with ABC-HRP reagent, washed again and then

incubated with DAB substrate, counterstained with Haematoxylin and

coverslipped with DPX mounting medium (Cellpath, SEA-1300-00A).

Slides were visualised using a digital slide scanner (NanoZoomer XR,

Hamamatsu). Neurons were counted in the cornu ammonis and dentate

gyrus regions of the hippocampus and layer V of the motor cortex using

QuPath’s built-in positive cell detection algorithm. Four mice per group,

four slides per mouse, with three sections per slide, were counted. Slides

were separated by 40 µm to prevent double counting, which was undertaken

blind to genotype. Neurons per mm2 were analysed in GraphPad Prism 9

using a nested t-test.

To assess astrocytosis and microgliosis in the brain, motor cortex and

hippocampal sections were immunostained by incubating in primary

antibodies against GFAP (1:500; Abcam, ab4674) and Iba1 (also known

as AIF1; 1:500; GeneTex, GTX100042) overnight at 4°C and then

incubating in appropriate fluorescent secondary antibodies (1:1000;

Thermo Fisher Scientific, A11039, A28039) for 90 min. Slides were

coverslipped using Hardset Vectashield with 4′,6-diamidino-2-

phenylindole (DAPI) mounting medium (VectorLabs) and imaged using

an IN-Cell Analyzer 2000 (GE Healthcare). Images were taken at 20×

magnification and analysed using ImageJ software. Analysis was performed

unaware of genotype. Percentage area staining, integrated density (a

measure of staining intensity) and circularity were analysed in GraphPad

Prism 9 using a nested t-test.

Statistics

GraphPad Prism 9 was used for all statistical analyses unless otherwise

stated. Repeated measure two-way ANOVA with post-hoc Tukey was used

for analysis unless otherwise stated. All data are presented as mean±s.d.

unless otherwise stated.
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