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Abstract

Background: Myotonic dystrophy type | (DMI) is a multisystemic disorder frequently associated with central nervous
system (CNS) involvement, especially in congenital and childhood-onset forms. However, behavioral alterations in pre-
clinical models have so far been only partially characterized, underscoring the need for more comprehensive analyses
to support the development of targeted therapeutic approaches.

Objective: This study aimed to provide a comprehensive behavioral characterization of DMSXL mice, a transgenic
model carrying large CTG repeat expansions in the human DMPK gene, to identify robust and translational CNS-relevant
phenotypes for preclinical studies.

Methods: Using both longitudinal and cross-sectional designs, we assessed a wide range of behavioral domains including
motor function, emotional reactivity, cognition, and social interaction over time in DMSXL mice. The study was conducted
in two independent laboratories with complementary expertise in DMI pathophysiology and behavioral phenotyping.
Results: DMSXL mice displayed a consistent pattern of behavioral alterations reflecting CNS dysfunction. These altera-
tions included dysregulation of emotional responses such as altered anxiety-like behavior and impaired risk evaluation,
subtle deficits in object recognition and spatial memory, and reduced sociability and social discrimination.
Sensorimotor gating and goal-directed behaviors were also affected, while working memory and general locomotion dur-
ing open field exploration were largely preserved.

Conclusions: This study defines a constellation of behavioral impairments in DMSXL mice that mirror CNS symptoms in
DMI patients and establishes a set of sensitive, age-dependent endpoints suitable for CNS-targeted therapeutic evalu-
ation. The behavioral framework presented here offers valuable guidance for the design of future preclinical trials in DMI.
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Introduction

Myotonic dystrophy type 1 (DM1) is an autosomal domin-
ant multisystemic disorder,' characterized not only by myo-
tonia and progressive muscle weakness, but also by a broad
range of clinical features, including cardiac conduction
defects and central nervous system (CNS) alterations.
DM1 is highly variable in terms of age at onset, symptom
severity, and clinical presentation. Anticipation, manifested
by increasing severity and earlier onset in successive gen-
erations, is particularly pronounced in DM1, which can
affect adults, children, and newborns (congenital DM, or
CDM). Although initially considered primarily a muscle
and cardiac disorder, accumulating clinical, neuropsycho-
logical, imaging, and histopathological evidence has
demonstrated that DM1 is also a true brain disorder.”™

Central nervous system (CNS) involvement in DM1 has
been well documented in early-onset forms, especially con-
genital and pediatric-onset DM1. Although the congenital
form (CDM) is associated with severe systemic symptoms
at birth, children who survive the neonatal period frequently
present with significant neurological and cognitive impair-
ments. These include moderate to severe intellectual dis-
ability, reduced IQ, delays in speech and language
development, deficits in visuospatial and visuo-constructive
abilities, and attention deficit, with or without hyperactivity
(ADHD). Several studies have also reported autism spec-
trum disorder, communication difficulties, and social
anxiety.>™'! A parental survey further emphasized that com-
munication difficulties and fatigue had the greatest impact
on children’s daily lives.'? In the pediatric form of DMI,
classical neuromuscular symptoms may be absent. In such
cases, cognitive impairments, such as visuo-spatial deficits,
executive dysfunction, and learning difficulties, as well as
psychiatric manifestations, including difficulties in
forming relationships with peers, may represent the only
clinical signs of the disease. Executive dysfunction, in par-
ticular, results in reduced initiative, impaired planning and
decision-making abilities, and frequently leads to apathy
and inactivity, which significantly impact quality of life in
this patient population.

In adult DM patients, cognitive impairment with lower
1Q scores is a common but variable feature, even in the least
severe forms.'? Deficits in executive functions, episodic
memory, and visuo-constructive abilities are frequently
reported and are suggestive of a frontal dysexecutive syn-
drome.”'*"1° Patients are often described as apathetic, avoi-
dant, and lacking initiative, with significant difficulties in
social interactions and daily activities.'” Apathy has been
linked to frontal lobe dysfunction and cognitive decline,
independently of fatigue, sleepiness, age, or motor disabil-
ity.'® Many DM patients also show impairments in social
cognition, including difficulties recognizing facial expres-
sions and understanding others’ mental states, as demon-
strated by deficits in theory of mind tasks.'®** In addition

to cognitive and behavioral symptoms, DM1 patients fre-
quently suffer from excessive daytime sleepiness (EDS),
sleep apnea, periodic limb movements, REM sleep dysregu-
lation, and prolonged nocturnal sleep.”>** EDS appears to
result primarily from central dysfunction of sleep regula-
tion, while both respiratory muscle involvement and
impaired central ventilatory control contribute to
sleep-related breathing disorders.”” Fatigue, a major com-
plaint in DM, likely arises from both central and peripheral
mechanisms, with CNS dysfunction playing a primary role
in the subjective sense of tiredness.?

The identification in 1992 of the mutation responsible for
DM, located in the DMPK gene on chromosome 19, pro-
vided important clues to understanding this unusual pattern
of inheritance. The underlying mutation is an abnormally
expanded CTG trinucleotide repeat, which is highly
unstable and typically increases in size across generations.
This expansion is generally correlated with the severity of
the disease.”” RNAs carrying expanded CUG repeats
form intranuclear ribonuclear foci that accumulate in the
nuclei of cells expressing the mutant DMPK gene during
development and in various tissues. These foci interfere
with a subset of RNA-binding proteins, including
members of the MBNL and CELF families.”®** These pro-
teins are directly affected by the RNA foci either through
sequestration, as in the case of MBNL proteins, or via post-
translational stabilization, such as for CELF1. The resulting
imbalance in the steady-state levels of these regulatory pro-
teins disrupts multiple aspects of RNA metabolism, includ-
ing transcription, alternative splicing, polyadenylation,
mRNA stability, nuclear export, miRNA and RNA interfer-
ence (RNAi) regulation, and both canonical and
repeat-associated non-AUG (RAN) translation mechan-
isms. Toxic RNA foci have been observed in various
brain regions and cell types, and numerous splicing
defects have been reported.’*> These findings suggest
that RNA toxicity and its downstream consequences also
contribute to central nervous system (CNS) dysfunction in
DM1 patients. Among the RNA-binding proteins involved,
MBNL2 appears to play a particularly important role in the
CNS pathology of DM1.%**” However, CELF proteins are
also likely to be involved.?'%3°

To explore the molecular basis of CNS symptoms in
DMI, several transgenic mouse models have been devel-
oped to gain insights into central nervous system (CNS)
involvement in the disease. Knockout mice for MBNLI
and/or MBNL?2 have confirmed the involvement of these
proteins in CNS alterations. Loss of MBNL function
induces splicing defects in the brain®*%** affecting
GABAergic function,45 neuronal distribution, dendritic
morphology, and postsynaptic architecture.*®*’ These
mice exhibit long-term cognitive deficits and a depressive-
like state associated with neuronal loss, increased microglia,
and decreased neurogenesis,‘tg’49 as well as motivational
deficits.”® Interestingly, they also show social deficits and
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autism-relevant mis-splicing profiles which are also
observed in knockin mice with CTG expansions in the
mouse gene.’! In order to study the contribution of large
CTG repeats in the context of DMPK human sequences,
we developed several years ago a transgenic mouse model
carrying 45 kb of the DM locus with the DMPK gene and
large CTG repeats.’>>* These mice express mutant
DMPK RNA in various tissues, including the CNS, and
display RNA foci in various brain regions associated with
splicing defects.”>>*° Foci are also observed in different
brain cells, including neurons and astrocytes.>’* Mice car-
rying >1000 CTG repeats show electrophysiological and
behavioral deficits, such as novelty-induced inhibition,
anhedonia, and excessive rest time.®>° Reversal learning
experiments also reveal differences in cognitive flexibility
and motivation in DMSXL mice, reminiscent of what is
observed in DM1 patients.®® They show deficits in short-
term synaptic plasticity, as well as changes in neurochem-
istry and synaptic dysfunction.’®®' DMSXL mice are also
used for preclinical studies aiming at targeting in various
tissues the human DMPK sequences and the CTG
repeat®® and CNS is of particular interest in this model
that express significant levels of toxic DMPK mutant
RNA in the brain.’>* In this study, behavioral assessments
were conducted in two independent and complementary
laboratories. Longitudinal analyses were performed at the
Imagine institute and at the Myology research center
(CRM, Paris, France), in the laboratory where the
DMSXL mouse model was originally developed and is
extensively studied in the context of DM1. This time-course
approach aimed to identify the temporal emergence of
CNS-related phenotypes and define optimal windows for
future preclinical therapeutic interventions. In parallel,
in-depth behavioral investigations were carried out at the
CNR Institute of Biochemistry and Cell Biology
(CNR-IBBC, Rome, Italy), in the laboratory with recog-
nized expertise in mouse behavioral phenotyping, to
expand and refine the characterization of specific pheno-
typic traits. This cross-laboratory design reinforces the
robustness and reproducibility of our findings and provides
a comprehensive evaluation of CNS manifestations in
DMSXL mice. Ultimately, these complementary strategies
strengthen the translational relevance of the model and its
potential use in preclinical testing of CNS-targeted therap-
ies for myotonic dystrophy type 1.

Material and methods

Animal housing and genotyping of the French cohorts

Mice were housed in ventilated racks (Tecniplast GM500
cages, Buguggiate, Italy) under standard conditions with a
12-h light/dark cycle (lights on from 7:00 am to 7:00
pm), room temperature maintained between 22 °C and
24 °C, and relative humidity between 20% and 42%.

Cages were changed every two weeks, with no cage
changes during the week of behavioral testing. Animals
had access to water via non-automated bottles. They were
fed ad libitum with Safe AO04 chow. Homozygous
DMSXL mice (and tested WT controls) additionally
received a dietary supplement consisting of diet gel and
soft mash prepared from powdered chow mixed with
water. Mice were housed and handled in accordance with
European guidelines for the care and use of laboratory
animals  (Directive  86/609/EEC; French  Decree
2001-131). The project was approved by the local ethics
committee and the French Ministry of Higher Education,
Research and Innovation (APAFIS#6418-2015111
01421606 v9 and APAFIS#23473-2019071014259655
v12).

DMSXL mice (C57BL/6 background) carry a 45 kb
fragment of human genomic DNA containing the DMPK
gene with an expanded CTG repeat (>1000CTG), as previ-
ously described.’>’® Genomic DNA was extracted from a
tail biopsy collected at postnatal day 10. Genotyping was
performed by PCR using primers specific to the Fbxl7
gene, where the transgene is integrated. The sequences of
the oligonucleotide primers used (in a 1:0.5:0.5 ratio) were:

FBF: TCCTCAGAAGCACTCATCCG
FBWDR: ACCTCCATCCTTTCAGCACC
FBRBR: AACCCTGTATTTGACCCCAG

The CTG repeat length was verified by PCR, as previ-
ously described.>*

Behavioral testing in the French cohorts

All behavioral tests were conducted during the light phase
(9 a.m. to 1 p.m.) using standardized protocols. All appar-
atus and devices were purchased from Bioseb (Vitrolles,
France), unless otherwise specified. Mice were acclimated
to the behavior room at least the day before testing by
being placed on a dedicated rack in their home cages to
allow habituation to the environment. DMSXL and WT
mice were tested in alternation, and video analyses were
performed blind to genotype. A detailed description of the
cohorts used, as well as the timeline and distribution of
the behavioral tests, is provided in Figure 1.

Open field. The open field consisted of a white, matte-finish
plastic box (45 cmx45 cm) with 40 cm high walls. The
arena was monitored by a digital camera (DFX
22AUCO03) connected to SMART v3.0 software. Animals
were allowed to explore the arena for 30 min under con-
trolled lighting conditions (150 lux along the walls and
180 lux in the center). Behavioral analysis was performed
using SMART v3.0. Tests were conducted in the
morning, and DMSXL and WT animals were assessed in
an alternating order. After each session, the arena was
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Figure |. Experimental timeline of behavioral testing across three independent cohorts of DMSXL and WT mice in Paris, France.

Cohort | included male and female mice (n= 16—18 per genotype and sex) tested longitudinally in the open field at |, 2, 4, 8, and 12
months of age to assess locomotor activity, exploratory behavior, and anxiety-related responses. Cohort 2 consisted of male mice (n=
19-20 per genotype) tested at |, 2, and 4 months of age. At each time point, animals underwent a 3-day testing sequence: day | —

habituation for 15 min in the open field arena, day 2 — elevated plus maze, and day 3 — Y-maze, to evaluate anxiety-related behaviors and
working memory. Cohorts 3 and 4 included male mice tested in the novel object recognition task at 2 months (Cohort 3, n=8) and 4
months (Cohort 4, n=8), and pooled for the three-chamber test conducted at 5 months of age (n= 16 per genotype), to assess

recognition memory and social interaction behaviors, respectively.

cleaned using ethanol wipes, followed by thorough rinsing
with water and drying.

Elevated plus maze. The elevated plus maze (EPM) con-
sisted of two open arms and two enclosed arms (5 cm
wide X 75 cm long), elevated 45 cm above the ground.
The central zone was defined as a 5 cm X5 cm square at
the intersection of the arms. Mice were placed in the
central zone at the beginning of the trial, and their position
was tracked via a digital camera (DFX 22AUCO03) con-
nected to SMART v3.0 software (Panlab, Harvard
Apparatus). Tests were conducted in the morning under
controlled lighting conditions (180 lux in the open arms
and 150 lux in the center). The mouse location was deter-
mined by the position of the body centroid. Each trial
lasted 10 min. DMSXL and WT mice were tested in alter-
nation, and video recordings were analyzed blind to geno-
type. After each session, the apparatus was cleaned with
70% ethanol and allowed to dry.

Y-maze. The Y-maze, made of gray polyvinyl chloride, was
placed in a behavior room with uniform lighting (150 lux
in each arm). The maze consisted of three arms (8 X 30 X
15 cm; width X length X height), arranged at 120° angles.

Mice were placed at the center of the maze and allowed
to freely explore for 8 min. All sessions were recorded
using a digital camera (DFX 22AUCO03) connected to
SMART v3.0 software. We analyzed the number of
entries and the time spent in each arm. Spontaneous alterna-
tion behavior was calculated as the number of triads of con-
secutive entries into all three arms divided by the total
number of arm entries minus two. Between each trial, the
maze was cleaned with 70% ethanol and allowed to dry.

Novel object recognition test. The novel object recognition
test was conducted in a white, matte-finish plastic 45 cm
X 45 cm box with 40 cm walls and monitored by a digital
camera (DFX 22AUCO03), connected to SMART v3.0 soft-
ware. The test consisted of two 10 min phases: (1) explor-
ation and (2) test. To reduce novelty-induced stress, mice
were habituated to the empty arena for 30 min the day
before testing. In the exploration phase, mice were placed
in the arena containing two identical novel objects (ran-
domly selected from a colored tower of Lego bricks or a
filled flask, Supplementary Figure S1, both 4x10 cm’")
and allowed to explore freely. Twenty-four hours later, in
the test phase, mice were reintroduced into the same
arena, now containing one familiar and one novel object
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placed in the same locations as during the exploration
phase. The identity and position of the novel object were
systematically alternated across animals and equally
balanced between genotypes. The arena and objects were
cleaned or replaced between animals to eliminate olfactory
cues.

Object investigation was manually scored from video by
two experimenters blinded to genotype. Only exploration
bouts where the animal’s nose was directed toward the
object at close proximity were counted, using two separate
stopwatches (one per object), until the total investigation
time (novel + familiar objects) reached 20s. For each
mouse, the percentage of time spent investigating the
novel and familiar objects was calculated based on this
20-s total. The discrimination index was calculated as
(time spent exploring the novel object - time spent explor-
ing the familiar object) / (time spent exploring both
objects), providing a normalized measure of recognition
memory performance.’”

Three-chamber sociability test. The three-chamber sociability
test was used to assess social preference and recognition.
The testing apparatus consisted of a three-chambered rect-
angular box (20x42x22 cm, LxXW X H), with dividing
walls featuring small openings to allow free access
between chambers. The two outer chambers contained
wire cup-like cages (10 cm bottom diameter, 13 cm
height), enabling auditory, olfactory, and visual interaction,
but preventing physical contact (Supplementary Figure S2).
Habituation procedures were carried out prior to testing: the
test mouse was first habituated to the apparatus and the
empty wire cups the day before the test (10 min), and
again for 5 min on the test day. The stimulus mouse was
also habituated to the wire cup-like cages the day before,
in two sessions of 5 min each. The test comprised three con-
secutive phases:

1. Habituation (5 min): the test mouse was placed in
the apparatus with both wire cups empty, to accli-
mate to the environment.

2. Social interaction (10 min): one wire cup contained
an unfamiliar, age-matched, same-sex conspecific
(Stranger 1), while the other remained empty.

3. Social preference (10 min): Stranger 1 remained in
its cup, while a second novel conspecific (Stranger
2) was placed in the opposite cup.

At the beginning of each phase involving social stimuli,
the stimulus mouse was first positioned inside the wire cup,
and the test mouse was then placed in the central chamber
with the side doors closed. All doors were then opened sim-
ultaneously to allow free exploration. The locations of the
social stimuli (familiar vs. novel) were systematically alter-
nated between animals to avoid spatial bias.

All sessions were recorded using a digital camera (DFX
22AUCO03) connected to SMART v3.0 software, and the
time spent in interaction with the wire cup-like cages was
scored. After each run, the wire cups were cleaned with
ethanol and left to dry, and the apparatus was cleaned
with 70% ethanol and allowed to dry.

Social interaction and preference were quantified by
measuring the percentage of time spent in each chamber
and the frequency of direct sniffing bouts directed at the
wire cups (number of bouts per 10 min session).

Statistical analysis. For all behavioral data, mixed-effects
models were used to assess the effects of age and genotype,
followed by Sidak’s multiple comparisons test when appro-
priate. In addition, post hoc analyses were performed at
individual time points to compare genotypes using the non-
parametric Mann—Whitney U test as a complementary
approach. For simple comparisons between genotypes on
single behavioral parameters (e.g., total distance traveled,
time spent in open arms, or alternation rates), data were
assessed for normality and analyzed using unpaired t-tests
or Mann—Whitney U tests as appropriate.

For behavioral paradigms involving multiple within-
subject conditions (e.g., exploration of familiar vs. novel
objects in the novel object recognition test, or empty cage
vs. stranger mouse in the social interaction test), data
were initially considered for matched-pair analysis.
However, due to the presence of occasional missing
values (e.g., one DMSXL mouse missing in the social pref-
erence phase), we opted for a non-parametric unpaired
approach to preserve all available data and maintain consist-
ency across cohorts. Consequently, group comparisons
were performed using the Kruskal-Wallis test followed
by Dunn’s multiple comparisons correction.

All analyses were conducted using GraphPad Prism
(version 10), with significance set at p <0.05.

Animals and housing of the Italian cohorts

A DMSXL mouse colony was established at the
IBBC-EMMA-Infrafrontier animal facility (Monterotondo,
Italy) by crossing hemizygous male and female mice
obtained from G. Gourdon. Prior to mating, the CTG
triplet expansion in each hemizygous animal was verified
using long-range PCR and Southern blot analysis.”?
Offspring were genotyped by PCR of tail samples DNA>®
and sex matched litters were group housed (n=3-5 mice
of mixed genotypes) in standard IVC cages (Tecniplast
S.p.A) with food and chlorinated, filtered water ad libitum.
Room temperature was 21+2°C, relative humidity was
50-60%, and mice were kept in a 12 h light/dark cycle
with lights on at 07:00 am until 07:00 pm.

DMSXL homozygous mice required a special care during
the first month after birth. As previously reported by Huguet
et al.,> these animals exhibited high perinatal mortality
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and significant postnatal growth delay (Supplementary
Figure S3). To address these challenges, both breeding
pairs and weaned litters were provided with an energy-rich
diet (EMMAZ23; Mucedola, Settimo Milanese, Italy). In add-
ition, gel-based nutritional supplements (DietGel76A; Clear
H20, Westbrook, ME) and moistened chow were placed
on the floor of all cages to facilitate access for homozygous
pups. Some homozygous mice also developed misaligned
upper incisors, which required regular trimming to ensure
adequate feeding. These welfare-related issues persisted
throughout the entire duration of the study. Animals were
subjected to an experimental protocol approved by the
Veterinary Department of the Italian Ministry of Health
(no. 832/2019-PR), and experiments were conducted accord-
ing to the ethical and safety rules and guidelines for the use of
animals in biomedical research provided by the relevant
Italian laws and European Union’s directives (no. 86/609/
EEC and subsequent).

Experimental design in Italian cohorts

A comprehensive battery of behavioral tests was conducted
in DMSXL homozygous (DMSXL) mice and their age- and
sex-matched wild-type (WT) littermates. Two independent
cohorts were used (Table S1), comprising a total of 28 WT
and 23 DMSXL mice. The first cohort included only male
animals, as female littermates were destinated to pilot
studies for a previously published work from our group.®
The second cohort included both sexes. Adult mice were
assessed from 12 to 20 weeks of age (3—5 months) across
arange of functional assays to evaluate spontaneous explor-
ation and locomotor activity, anxiety-related behavior,
working and spatial memory, neuromuscular strength, sen-
sorimotor processing, fine motor skills, emotional memory
(Figure 2). At least two days interval between tests was
ensured to minimize stress. All tests were conducted
between h 10:00 am and 5:00 pm, and mice were habituated
to the testing environment for at least 30 min before each
session.

Body weight and grip strength test. Male and female WT and
DMSXL mice were weighed weekly throughout the behav-
ioral testing period (age 12-20 weeks). From the age of 17
weeks, only animals of the second cohort were weighed,
and, due to other scheduled procedures, only 6 WT males
and 8 WT females were weighed at age 20 weeks
(Table S2).

Grip strength test was performed as described’* at age 14
weeks. Briefly, mice were gently pulled by their tail while
gripping with the all four paws to a small grid attached to
a dynamometer (Bioseb, France). Peak force in grams
was recorded over three consecutive trials with one
minute of inter-trial interval. Mean values were considered
for the analysis.

Open field test. The open field test was used to assess spon-
taneous exploratory activity and anxiety-like behavior,
which are inferred from the natural conflict between the
drive to explore and the aversion to open spaces. Mice
were individually placed in a square arena (cm 44 X 44 X
h 33.5, made of gray PVC) and allowed to explore freely
for 20 min. The apparatus was located in a dimly lit
(approximately 100 lux inside the arena), quiet testing
room. Locomotor activity was recorded in 5-min intervals
for a total of 20 min by an automated video tracking
system (ViewPoint, Lyon, France) and expressed as dis-
tance traveled in cm. Anxiety-like behavior was evaluated
based on the number of visits to the center of the arena
during the first 5-min interval, and the percentage of time
spent in the center area over each 5-min interval across
the 20-min session.”” Immediately after the session, the
number of fecal boli left in the arena was counted as an add-
itional index of anxiety-related emotionality.’®

Wheel running activity. A subgroup of 20 male and female
WT and DMSXL mice were singly housed into Type 1I
long home cages (Ebeco, Germany), each equipped with
a running wheel (TSE Systems, Bad Homburg,
Germany). Food and water were available ad libitum, and
nest paper was supplied in each cage. For the DMSXL
group, some food pellets were also placed directly inside
the cage to facilitate access. Mice were monitored continu-
ously for running wheel activity over a two-week period
using the PhenoMaster software (TSE Systems, Germany).
The following parameters were analyzed for the 12-h
dark phase, as previously described”” : (1) distance travelled
(meters) and mean distance run over the two weeks (Km);
(2) average duration (seconds) of running episodes in
which the velocity exceeded 30 rpm; (3) maximal speed
(m/s), calculated from daily values as the mean of peak
speed values sampled every 5 min; (4) mean running time
over the two weeks (minutes). To monitor health status,
mice were checked daily and weighed every 3—4 days.

Light/dark test. This test was used to evaluate anxiety-related
phenotypes. It is based on the innate aversion of mice to
brightly lit open spaces and the tendency to explore a novel
environment.”® The apparatus consisted of a standard rat cage
(cm 36.5%20.7xh14) equally divided into a light (cm 18X
20.7, 520 Iux) and a dark compartment of the same size, con-
nected by a small opening.”® Each mouse was gently placed in
the illuminated side, facing the wall opposite to the dark com-
partment. The latency to enter the dark compartment (all four
paws inside) was recorded manually as the primary measure.
After the first entry, the number of transitions between the
light and dark compartments and the percentage of time
spent in the illuminated side were measured for a duration of
5 min, as indicators of exploratory activity and anxiety-like
behavior, respectively.
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Figure 2. Experimental timeline at CNR-IBBC, Rome, Italy. Two

cohorts of DMSXL mice and WT littermates between 12 and 20

weeks of age (3—5 months), were subjected to a comprehensive battery of behavioral tests assessing multiple functional domains. Tests
were grouped by behavioral domain and administered in the order illustrated. Representative images are shown above each test. Testing
was spaced to minimize stress and fatigue. Cohorts and group size are shown in Supplementary Table SI.

Elevated plus maze test. The elevated plus maze (EPM) was
used to evaluate anxiety-related behaviors in mice, as ori-
ginally described by Lister.® The apparatus was made of
dark grey PVC and consisted of two opposing open arms
(30x5 cm, with 0.3 cm edge barriers), two opposing
closed arms (305 cm, with 13 cm high walls), and a
central square platform (5X5 cm) connecting the arms.
The maze was elevated 50 cm above the floor. Lighting
levels were set at approximately 80 lux in the open arms
and 30 lux in the closed arms. Each mouse was placed on
the central platform facing one of the open arms, and behav-
ior was recorded for a 5-min test session. Video recordings
were later analyzed manually using a custom-made soft-
ware (Mouse Watch 1.1, R. H. Butler, personal communica-
tion). The following parameters were measured: number of
entries into open and closed arms (defined as all four paws
entering the arm), and the time spent in each arm type.””

Fear conditioning test. Fear learning and memory were
assessed using an automated conditioning system (Freeze
Monitor, San Diego Instruments, CA, USA), following pre-
viously described procedures.”®*' The protocol consisted
of three phases:

Conditioning session (day 1): each mouse was placed in the
test chamber (25 X% 25xh19 cm, 65 lux) and allowed to
explore it for 2 min. A conditioned stimulus (CS), consist-
ing of a tone and light combination (92 dB, 140 lux, 20 s
duration), was then presented and paired during the final
second with a mild foot shock (unconditioned stimulus,
US, 0.4 mA, 1 s). After the CS-US pairing, the mouse
remained in the chamber for a total session duration of
5 min.

Context session (day 2, 24 h later): The mouse was returned
to the same testing chamber for 6 min, with no CS or US

presentation. Freezing behavior was recorded as an index
of contextual memory.

Cue session (day 2, 4 h after the context session): The
mouse was placed in a modified chamber to provide a
novel context: the apparatus was rotated 90°, covered
with black PVC plates on floor and walls, room light was
turned off (0 lux), and a cinnamon scent was introduced
in the chamber. The mouse explored for 2 min before
being re-exposed to the CS (tone + light, 2 min). In all
phases, freezing behavior, defined as the absence of any
movement except for respiration, and activity were auto-
matically recorded. Freezing was considered to occur
when the system detected fewer than three infrared beam
breaks within a 5-s period, with a minimum freezing
episode lasting 2 s.** Freezing data were expressed as the
percentage of time spent freezing in one or two-minute
trial blocks.

Acoustic startle reflex and pre-pulse inhibition. The acoustic
startle reflex (ASR) is a rapid motor response to a sudden
auditory stimulus, typically characterized by whole-body
flinching. This response can be modulated when a weaker
auditory stimulus (pre-pulse) precedes the startling pulse,
a phenomenon known as pre-pulse inhibition (PPI), which
provides a functional measure of sensorimotor gating, the
brain’s ability to filter and process sensory information.®?
ASR and PPI were assessed using the SR-Lab apparatus
(San Diego Instruments, San Diego, CA, USA). Mice
were individually placed in the chamber, and after a
5-min acclimation period with 72 dB background noise
(BN), they were exposed to a randomized series of 9 trial
types: startle pulse alone (white noise, 110 dB 40 ms);
four pulse-alone trials (76, 80, 88, or 100 dB, 10 ms);
three pre-pulse + startle pulse trials, in which a pre-pulse
of 76, 80, or 88 dB (10 ms) preceded the startle pulse
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(110 dB, 40 ms) by 50 ms; one background noise trial (72
dB, BN) to assess baseline activity. Each trial type was pre-
sented 10 times in pseudorandom order, with an inter-trial
interval (ITI) varying between 20 and 30 s (average 25 s).
The startle response was recorded for 65 ms after the
onset of the startle pulse, and the peak startle amplitude
(Vmax) was used for analysis. PPI was calculated using
the formula: % PPI=100X(Vmax startle trial -Vmax pre-
pulse + startle pulse trials) / Vmax startle trial.”*

Nest building ability. To evaluate fine motor skills, we used
the non-invasive nest building.®*

Mice were single housed in standard cages containing
only bedding material, without nesting paper. Food pellets
were placed directly in the cage, and wet chow was pro-
vided to DMSXL mice. A pre-weighed amount of cotton
(8-9 grams) was placed on the food grid, requiring the
mice to use their forepaws to pull it through the bars and
construct a nest. Cotton use and nest building were evalu-
ated after 24 and 48 h. At each time point, the remaining
cotton on the grid was weighed, and the nest was scored
based on its shape and structure using a standardized
5-point scale (0=no nesting, 4=a well-structured
dome-shaped nest, Figure 11G). The data reported refer to
the 48-h time point.

Y-maze test. The Y-maze is used to assess spontaneous
alternation which is considered as an index of active retro-
grade working memory and is driven by the innate curiosity
of rodents to explore previously unvisited areas. The appar-
atus, made of opaque grey PVC, consisted of three identical
arms (cm 30X 9xh 15) arranged at 120° angles to form a
Y-shape, and connected by a central equilateral triangular
platform. Mice were individually placed at the end of one
arm, facing the wall, and allowed to freely explore the
maze for 5 min under moderate lighting conditions
(approximately 100 lux in the central area). The starting
arm was alternated between animals to avoid positional
bias. An arm entry was recorded when all four paws
entered the arm. A spontaneous alternation was defined as
successive entries into each of the three arms on overlap-
ping triplet sets (e.g., ABC, BCA, CAB, etc.). The percent-
age of spontaneous alternation performance (% SAP) was
calculated as: % SAP = (Number of actual alternations /
[Total number of arm entries - 2]) X 100. Additionally, alter-
nate arm returns (AAR) were scored (e.g., ABA, BCB,
CAC, etc.). The total number of entries was used as a
measure of locomotor activity, while the latency to exit
the starting arm was used as an indicator of emotionality
or hesitation behavior.”*

Open field with objects. The task, simplified and adapted
from Mandillo et al.®® and Branchi & Ricceri, et al.,86
was used to assess both spatial and recognition memory
in the open field arena. The test was conducted over six

consecutive sessions, each lasting 5 min and separated by
5-min intervals, during which mice were placed back to
home cage. In session 1, mice were placed in the empty
open field arena for 5 min. In sessions 2—4, two distinct
objects (familiar objects) were placed symmetrically
~8 cm from one of the arena walls, on which a striped
black-and-white paper was fixed to aid spatial orientation
(Supplementary Figure S4). In session 5, one of the two
familiar objects (the same across all animals) was relocated
to a different position (displaced object). In session 6, the
displaced object was replaced by a novel object. Object
exploration was defined as direct sniffing (nose within
~2 cm from the object) or approaching, i.e., the animal’s
head and body oriented toward the object with the nose
clearly directed at it, typically involving a forward stretch-
ing posture. Sessions were video-recorded (four mice sim-
ultaneously), and the videos were subsequently analyzed
manually. The following measures were calculated:
Preference for the displaced object — difference in explor-
ation time between the displaced object in session 5 vs.
the same object in session 4; Novel object recognition —
comparison of time spent exploring the novel vs. familiar
object in session 6; Discrimination index — calculated as
(time exploring displaced/novel object — time exploring
familiar object) / total exploration time, in session 5 or 6,
respectively.

Statistical analysis. Statistical analyses were performed using
GraphPad Prism version 8.3.1 (GraphPad Software, San
Diego, CA, USA) or StatView version 5.0.1 (SAS
Institute Inc., Cary, NC, USA). Data were tested for normal-
ity using the Shapiro-Wilk and Kolmogorov-Smirnov tests.
Continuous variables were analyzed with unpaired t-test or
Welch’s corrected t-tests, paired t-tests, one-way or
two-way ANOVA (with repeated measures where applic-
able), and non-parametric tests such as Kruskal-Wallis or
Mann—Whitney U tests. When multiple comparisons were
made, appropriate corrections (Sidak’s, Tukey’s, or
Bonferroni’s post-hocs) were applied. Sex and genotype
were considered as independent factors where appropriate.
When no main effect of sex or sex X genotype interaction
was detected, data from males and females were pooled to
increase statistical power. For each parameter outliers were
identified using Grubbs’ method (Alpha=0.05) and excluded
when justified. Data are presented as mean + SEM or

median, as appropriate, and significance was set at p <0.05.

Results

Longitudinal analysis of exploratory and anxiety-like
behaviors in DMSXL mice from French cohorts
An overview of the experimental timeline and the distribu-

tion of behavioral tests across the different mouse cohorts
studied is provided in Figure 1. To assess general locomotor
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activity, exploratory behavior, and anxiety-like responses
over time, we performed the open field test on a first
cohort of male and female WT and DMSXL homozygous
mice (n=16-17 per group) at 1, 2, 4, 8, and 12 months
of age, during 30 min sessions. Behavioral parameters mea-
sured included total distance traveled, as well as the per-
centage of time spent and distance traveled in the central
versus peripheral zones of the arena, which together
reflect locomotor performance and anxiety-related behavior
(Figure 1).

Over the course of aging, DMSXL mice exhibited sig-
nificant differences in body weight and open field behavior
compared to WT littermates (Figure 3). As expected, both
male and female DMSXL mice had significantly lower
body weight than WT controls at all time points assessed
(Figure 3A) as previously described.”® In the open field
test, an age-dependent effect was observed for total distance
traveled over the 30-min session in both sexes, with a
general decline in activity over time (Figure 3B). No signifi-
cant genotype differences were detected; however, at 8 and
12 months of age, DMSXL males tended to remain slightly
more active than their WT counterparts. This suggests that
neither the smaller body size of DMSXL mice nor their
potential muscle weakness significantly affects their spon-
taneous locomotor activity in the open field. Time spent
and distance traveled in the center of the arena, two com-
monly used indices of anxiety-like behavior, both showed
a significant overall genotype effect, with DMSXL males
exhibiting higher values compared to WT (Figure 3C and
D). These differences were not observed at 1 month of
age. This pattern suggests a genotype-dependent reduction
in anxiety-like behavior or altered risk assessment in
DMSXL mice, emerging at 2 months and persisting with
age. No significant genotype differences were detected in
females for these parameters, although a difference was
noted at 12 months; this finding should be interpreted
with caution due to the smaller sample size at this time
point (n=6 per group). To better understand why
DMSXL mice, particularly males, spent more time in the
center of the arena, we further analyzed the total number
of entries into the central zone (Supplementary
Figure S5). A statistically significant effect of age and geno-
type was observed only in males, with DMSXL mice
showing a progressive increase in center entries relative to
WT, reaching significance from 8 months of age. These
findings confirm that the increased time spent in the
center is not attributable to reduced mobility or passive
behavior, but rather reflects a genuine behavioral pheno-
type, possibly related to altered anxiety processing or risk
evaluation in DMSXL mice.

To assess novelty-induced inhibition behavior, we ana-
lyzed the total distance traveled and the number of entries
into the center during the first 5 min of the open field test
at different ages (Figure 4A). A significant age effect was
observed for total distance in both sexes with a general

decline over time. A genotype effect was detected only in
females, with DMSXL mice showing reduced activity com-
pared to WT at 1 month of age. For the number of center
entries, no significant main effects of age or genotype
were detected in females. However, post hoc analyses
revealed a significant reduction in center entries in 1-month-
old DMSXL females compared to WT, consistent with their
lower overall activity and suggesting novelty-induced
inhibition at this early stage. This phenotype appeared tran-
sient, as it was no longer detectable after 2 months of age. In
contrast, DMSXL males exhibited an opposite pattern later
in life, showing an increased number of center entries com-
pared to WT at 8 months of age. Together, these results
indicate an early and transient inhibition of exploratory
behavior in DMSXL females, whereas males display a
late-onset increase in center exploration.

Given the alterations observed in the open field test, we
next sought to determine whether these behavioral differ-
ences extended to another widely used paradigm of anxiety-
like behavior. We therefore employed the elevated plus
maze (EPM), a well-established assay that probes risk
assessment and exploratory drive in a novel anxiogenic
environment. Based on our previous findings showing
more pronounced behavioral alterations in male DMSXL
mice, we focused this analysis on males from a second
cohort and performed the EPM test at 1, 2, and 4 months
of age to capture potential age-dependent effects. In the ele-
vated plus maze test, significant age and genotype effects was
observed for total distance traveled (Figure 4B). At 1 month
of age, DMSXL male mice exhibited a marked reduction in
locomotor activity compared to their WT littermates asso-
ciated with significantly reduced entries into the closed
arms reflecting early hypoactivity (Figure 4B). This differ-
ence progressively decreased with age, and by 4 months,
total distance traveled was comparable between genotypes.
When evaluating anxiety-like behavior through the percent-
age of time spent in the open arms, we found a significant
age-dependent decrease across groups, indicating increased
avoidance behavior with age. No difference was detected
between genotypes at 1 or 2 months. However, at 4
months, DMSXL mice spent a significantly greater propor-
tion of time in the open arms than WT mice, suggesting
altered risk assessment and impaired inhibitory control. A
similar age-related decline was observed in the distance trav-
eled within the open arms. While no significant genotype
effect was observed at earlier ages, DMSXL mice exhibited
significantly greater open-arm exploration at 4 months com-
pared to WT controls, as evidenced by an increased number
of entries into the open arms at that age (Figure 4B).
Together, these results suggest that DMSXL mice exhibit
early hypoactivity and later-emerging alterations, which
may reflect age-dependent changes in emotional reactivity
or decision-making processes.

These findings are consistent with the behavioral profile
observed in the open field test, where DMSXL males from
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Figure 3. Longitudinal assessment of locomotor activity, and anxiety-like behavior in WT and DMSXL mice using the open field test.
Male and female WT and DMSXL homozygous mice (n= 16—18 per group, except at |2 months for females where n=6 per group)
were tested at |, 2, 4, 8, and 12 months of age. (A) DMSXL mice showed significantly lower body weight than WT littermates at all ages
tested, consistent with previous reports. (B) Total distance traveled during the 30-min session declined with age in both genotypes and
sexes. No significant genotype effect was detected, although DMSXL males tended to be slightly more active than WT at older ages. (C,
D) Time spent and distance traveled in the central zone of the arena revealed a significant genotype effect in males, with DMSXL mice
spending more time and traveling more distance in the center from 2 months of age onwards, suggesting reduced anxiety-like behavior
or altered risk assessment. No significant differences were observed in females, except at |2 months, which should be interpreted
cautiously due to smaller group sizes. Data are presented as mean + SEM. Statistical analyses were performed using mixed-effects
models followed by Sidak’s multiple comparisons test. *p <0.05, **p<0.01.

2 months displayed greater exploratory behavior in the center. Together, these data indicate that DMSXL mice
anxiogenic center zone, reflected by increased percentage exhibit early hypoactivity, possibly related to
of time, number of entries, and distance traveled in the novelty-induced inhibition at one month, followed by the
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Figure 4. Exploratory and anxiety-like behaviors in WT and DMSXL mice: analysis of novelty-induced inhibition in the open field and
performance in the elevated plus maze. (A) Open field. Male and female WT and homozygous DMSXL mice (n = 16—18 per group, except
at 12 months for females where n =6 per group) were tested longitudinally at |, 2, 4, 8, and 12 months of age. In males, total distance
traveled and number of entries into the center declined with age, with no significant genotype differences, although DMSXL mice showed a
modest increase in center entries at 8 months. In females, a significant genotype effect was observed for total distance at | month, with
DMSXL mice displaying reduced locomotion compared to WT. No significant main effects of age or genotype were detected for the
number of center entries. However, a post hoc Welch’s t- test revealed a significant reduction in the number of center entries in
|-month-old DMSXL females compared to WT, consistent with a transient novelty-induced inhibition phenotype no longer evident at later
ages. (B) Elevated plus maze. Wild-type (WT) and homozygous DMSXL male mice (n= |6-20/genotype depending on age) were tested
longitudinally at I, 2, and 4 months of age in the elevated plus maze. Body weight was significantly reduced in DMSXL mice compared to
WT at all ages tested. Total distance traveled showed a significant age X genotype interaction with reduced locomotor activity in DMSXL
mice at | month, which normalized by 4 months. Anxiety-like behavior was assessed through the percentage of time and distance spent in
the open arms. Both measures declined with age, consistent with increased avoidance of the open arms. At 4 months, DMSXL mice spent
significantly more time and traveled a greater distance in the open arms compared to WT, suggesting altered risk assessment or
disinhibition. DMSXL mice made significantly more entries into the open arms at 4 months than WT with a main effect of age on open-arm
entries. In contrast, entries into the closed arms were significantly reduced in DMSXL mice at | month, reflecting early hypoactivity. Data
are presented as mean + SEM. Statistical analyses were performed using mixed-effects models followed by Sidak’s multiple-comparisons
test or Welch’s t-test post hoc tests where indicated ($). p <0.05, *p <0.01, *<0.001, **p <0.0001.



12

Journal of Neuromuscular Diseases

emergence of atypical anxiety-like behavior in adulthood,
possibly reflecting dysregulated emotional reactivity or
reduced avoidance responses to anxiogenic situations.

Cognitive function in DMSXL mice: working and
recognition memory performance

To investigate potential cognitive impairments in DMSXL
mice, we assessed two complementary forms of memory
using the spontaneous alternation Y-maze and the novel
object recognition tests. These paradigms probe distinct
cognitive domains and operate on different temporal
scales. The Y-maze test evaluates spatial working
memory, based on the natural tendency of rodents to alter-
nate between arms during free exploration. This task
requires the ability to retain and update spatial information
over short time intervals and is sensitive to deficits in execu-
tive function and attention. In contrast, the novel object rec-
ognition test probes recognition memory, as it relies on the
animal’s ability to discriminate between familiar and novel
objects. In our protocol, the recognition phase was per-
formed 24 h after the familiarization session, thereby asses-
sing memory consolidation over a prolonged delay.

For the Y-maze, the second cohort of male mice was
tested at 1, 2, and 4 months of age (Figure 5A). At 1
month, DMSXL mice exhibited a significant reduction in
total distance traveled compared to WT littermates as well
as a decrease in the total number of arm entries indicating
reduced exploratory activity. These differences were no
longer observed at 2 and 4 months, where both parameters
were comparable between genotypes. Spontaneous alterna-
tion performance did not differ between WT and DMSXL
mice at any age tested. Both genotypes displayed similar
alternation percentages across time points, suggesting pre-
served spatial working memory in DMSXL mice under
these conditions. Finally, latency to the first arm entry did
not differ between genotypes at any age, further supporting
the absence of initiation deficits or reduced exploratory
drive in this task.

The novel object recognition test was performed in two
independent cohorts of male WT and DMSXL mice (n=38
per group) at 2 and 4 months of age, using a 24-h delay
between the familiarization and test phases. At 2 months,
both WT and DMSXL mice spent significantly more time
exploring the novel object compared to the familiar one
(Figure 5B). These results indicate that recognition
memory is preserved in DMSXL mice at this age. At 4
months, WT mice also showed a significant preference for
the novel object. DMSXL mice tended to prefer the novel
object as well, but this difference did not reach statistical
significance, suggesting a less robust novelty discrimin-
ation. However, this difference was not captured by the dis-
crimination index (Figure 5C), likely due to greater
inter-individual variability and reduced total exploration

time in some animals. Together, these findings suggest
that long-term recognition memory is preserved in
DMSXL mice at 2 months, but may become less consistent
with age, as reflected by a weaker and more variable novelty
preference at 4 months.

Assessment of social interaction and novelty
preference in the three-chamber test

To extend our behavioral characterization of DMSXL mice
to the social domain, we next employed the three-chamber
test, a three-chambered apparatus used to evaluate sociabil-
ity and preference for social novelty in rodents. This test
allows assessment of the animal’s interest in a conspecific
versus an inanimate object, as well as its ability to discrim-
inate between a familiar and a novel social partner. Given
that social impairments have been described in DMI1
patients, we aimed to determine whether DMSXL mice
display alterations in social interaction behaviors that may
reflect key features of the CNS phenotype.

During the sociability phase, both WT and DMSXL
mice spent significantly more time in the compartment con-
taining the unfamiliar mouse (Stranger 1) compared to the
empty one, indicating a preserved preference for social
interaction in both genotypes, although the effect was mark-
edly stronger in WT mice than in DMSXL (Figure 6A). In
the social novelty phase, WT mice spent significantly more
time in the chamber containing the novel stranger (Stranger
2) compared to the familiar one (Stranger 1), whereas
DMSXL mice did not display a significant preference, indi-
cating impaired social discrimination (Figure 6B). These
findings were further supported by sniffing behavior ana-
lysis. During the sociability phase, WT mice showed a sig-
nificantly higher number of sniffing bouts directed at
Stranger 1 than at the empty cage, whereas this preference
was not significant in DMSXL mice. However, in the
social novelty phase, the number of sniffing bouts did not
significantly differ between Stranger 1 and Stranger 2 in
either genotype, suggesting that this parameter may be
less sensitive for detecting social novelty preference under
our experimental conditions.

Together, these results suggest that while WT mice
exhibit intact sociability and social novelty recognition at
5 months, DMSXL mice show a reduced drive for social
interaction and impaired social discrimination.

Reevaluation of body weight and grip strength in
DMSXL male and female mice

To complement the longitudinal behavioral profiling per-
formed in Paris, further analyses were conducted at the
CNR Institute of Biochemistry and Cell Biology
(CNR-IBBC, Italy) on two independent cohorts of
DMSXL and WT mice between the age of 12 and 20
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Figure 5. Exploratory activity, spatial working memory, and object recognition performance in WT and DMSXL male mice. (A) Y-maze
spontaneous alternation test. Wild-type (WT) and homozygous DMSXL male mice (n = 17-20/genotype depending on age) were tested at
I, 2, and 4 months of age. At | month, DMSXL mice exhibited significantly reduced total distance traveled and total arm entries compared
to WT littermates, indicating early hypoactivity. This difference was no longer detected at 2 and 4 months, suggesting normalization of
exploratory behavior over time. The percentage of spontaneous alternations, a measure of spatial working memory, was similar between
genotypes across all ages, indicating preserved working memory performance. Latency to the first arm entry did not differ between WT
and DMSXL mice at any time point, suggesting intact initiation of exploration and absence of strong novelty-induced inhibition in this task.
(B) Novel object recognition test (NOR). Long-term object recognition memory was evaluated in independent cohorts of male WT and
DMSXL mice (n=8 per group) at 2 and 4 months of age using a 24-h delay between familiarization and test phases. During the
familiarization phase, mice spent equal amounts of time exploring the identical objects (Al, A2). At 2 months, both WTand DMSXL mice
spent significantly more time exploring the novel object (N) compared to the familiar one (A) indicating preserved recognition memory at
this age in both genotypes. At 4 months, WT mice maintained a significant preference for the novel object (N), while DMSXL mice
exhibited a similar trend that did not reach significance, suggesting a weaker and less consistent novelty preference. (C) Discrimination
index (DI): The DI did not reveal significant genotype differences, likely due to greater inter-individual variability and reduced total
exploration time in some DMSXL mice. Data are presented as mean + SEM. Statistical analyses were performed using mixed-effects
models followed by Sidak’s multiple-comparisons test (Y-maze), Kruskal-Wallis test followed by Dunn’s post hoc test (NOR) or Mann—
Whitney U test for genotype comparison of the DI. *p <0.05, *p <0.01.
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weeks, corresponding to approximately 3 and 5 months of
age. This complementary cross-sectional approach
allowed a more detailed phenotypic assessment during a
critical age window, using a comprehensive behavioral
test battery (Figure 2).

Mice body weights were recorded weekly throughout the
duration of the test battery. As already reported,”*%%7
homozygous DMSXL mice exhibited persistently lower
body weights, with an approximate overall reduction of
40% in males and 36% in females compared to their wild
type littermate controls (Supplementary Figure S3 A). To
measure muscle strength, the grip test was performed at
the age of 14 weeks. Both male and female DMSXL mice
displayed reduced grip force assessed with the four paws,
with a decrease of approximately 24% in males and 37%
in females compared to wild-type controls. This phenotype,
previously reported in adult females,>* was also confirmed
here in adult males (Supplementary Figure S3 B).

DMSXL mice show reduced locomotor activity and
abnormal emotional responses

Spontaneous locomotor activity was assessed in two differ-
ent conditions: for 20 min in the open field at the age of 12
weeks, and continuously over 14 days in the home cage by
monitoring voluntary running wheel activity (age 16-18
weeks). No significant differences in distance travelled or
habituation were found between genotypes in either sex
when tested in the open field arena (Figure 7A to C);
however, females, regardless of genotype, displayed a
higher average speed compared to males (Figure 7D).
Conversely, DMSXL mice showed significantly reduced
activity compared to wild-type littermates during their
active phase (12-h lights off), when monitored in the
home cage using running wheels. All running wheel activ-
ity parameters (distance, duration of running episodes,
maximal speed, running time) were markedly decreased
in DMSXL mice (Figure 7E-I). Interestingly, this pheno-
type was consistent with the reduced spontaneous activity
recorded 24/7 using the Digital Ventilated Cage (DVC®)
system, as we previously reported.>

As for the evaluation of anxiety-related behaviors, when
tested in the open field, male but not female DMSXL mice
spent a significantly lower percentage of time in the center
of the arena (Figure 8A and B), and, additionally, showed a
reduced number of visits to the center in the first 5 min
(Figure 8C). Both male and female DMSXL mice produced
more fecal boli compared to wild-type at the end of the test.
While we cannot entirely exclude gastrointestinal (GI) altera-
tions in DMSXL mice (a significant feature in DM1 patients),
we interpret increased number of fecal boli primarily as an
indicator of heightened anxiety (Figure 8D). At the age of
13 weeks mice were further tested in the light/dark and ele-
vated plus maze tasks. In the light/dark test, a significantly

reduced time spent in the lit compartment was observed in
DMSXL mice (Figure 8F), thus indicating increased anxiety-
like behavior. No difference was observed in the latency to
enter the dark side for the first time between wild-type and
DMSXL mice; however, DMSXL mice made fewer light-
dark transitions (Figure 8E and G).

Interestingly, in the elevated plus maze test we observed
an opposite trend. Specifically, DMSXL mice, regardless of
sex, exhibited an increased exploration of the open arms
compared to wild-type littermates, as shown by a signifi-
cantly higher number and percentage of open arm entries,
and a corresponding lower number of closed arm entries,
as well as a greater percentage of time spent in the open
arms (Figure 9).

To assess emotional memory, male and female DMSXL
and WT littermate mice were tested in a fear conditioning
paradigm. Both genotypes exhibited comparable freezing
responses to a context or to a combined visual and auditory
cue associated to a mild footshock, indicating a similar
associative learning and memory (Figure 10A and B).
However, when freezing behavior was analyzed in 1-min
trial blocks, DMSXL mice showed significantly increased
freezing time, in particular during the middle phase of the
context test (Figure 10C, middle panel), suggesting an
abnormal emotional response to the conditioned context.
This heightened freezing response does not appear to be
related to the muscular impairment of mutant mice, as the
motor activity recorded in the testing chamber during the
context session did not differ between genotypes, aside
from a slight difference at minute 4 (Figure 10D, middle
panel). Of note, DMSXL mice showed a reduced activity
during the initial two minutes of the conditioning session
possibly indicating early hypoactivity or altered response
to a novel environment (Figure 10D, left panel).

DMSXL mice show impaired sensorimotor gating
and deficits in fine motor skills

At 15 weeks of age, sensorimotor gating and fine motor
skills were assessed in WT and DMSXL homozygous
mice using the acoustic startle response (ASR)/pre-pulse
inhibition (PPI) test and the nest building assay, respect-
ively. DMSXL mice exhibited a markedly reduced peak
startle response to most of the 10 ms acoustic stimuli pre-
sented, as well as to the 110 dB, 40 ms startle pulse, com-
pared to their wild-type littermates, (Figure 11A and B).
Additionally, compared to wild-type littermates, DMSXL
mice showed a statistically significant reduction of percent-
age pre-pulse inhibition indicating an impaired sensori-
motor processing (Figure 11C and D). We can exclude
auditory deficits in DMSXL mice since they retained the
ability to inhibit their response to the startle pulse when it
was preceded by a pre-pulse and all responded to a
sudden click (20 kHz, 90 dB) eliciting a Preyer reflex
(data not shown).
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Figure 6. Social behavior assessment in the three-chamber test. Social interaction and social preference were evaluated at 5 months of
age in male WT and DMSXL mice (n = | 6/genotype). (A) Social interaction phase: Total distance traveled (top), percentage of time
spent in each compartment (middle: Empty (E) vs. Stranger | (S1)), and frequency of sniffing bouts (bottom: E vs. SI). Both WT and
DMSXL mice spent significantly more time in the compartment containing the unfamiliar mouse (SI) compared to the empty cage,
indicating preserved sociability in both genotypes. However, this preference was more pronounced in WT mice. WT animals also
displayed a significantly higher number of sniffing bouts toward S|, while this preference was not significant in DMSXL mice. (B) Social
preference phase: Total distance traveled (top), percentage of time spent in each compartment (middle: Stranger | (SI) vs. Stranger 2
(S2)), and frequency of sniffing bouts (bottom: S| vs. S2). WT mice showed a significant preference for the novel stranger (S2) over the
familiar one (S1), whereas DMSXL mice did not exhibit a significant compartment preference. No significant difference in sniffing bouts
between S| and S2 was observed in either genotype, suggesting that this parameter may be less sensitive to detect social novelty in this
setting. Together, these findings suggest that while WT mice exhibit intact sociability and social novelty recognition at 5 months,
DMSXL mice show reduced social interaction drive and impaired social discrimination. Statistical analyses were performed using
Kruskal-Wallis tests followed by Dunn’s post hoc multiple comparisons. *p <0.05, **p <0.01, **p <0.001.
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Figure 7. DMSXL mice show unaltered exploratory activity in the open field but reduced voluntary wheel running. Mice were tested
in the open field at the age of 12 weeks (A-D). (A,B) Distance travelled in 5-min time bins in males (A) and females (B) and total
distance (C) during the 20-min open field test. No main effect of Genotype was detected in either sex in the distance travelled (2-way
RM-ANOVA; in males, °p=0.05 Sidak’s multiple comparisons); main effect of Time (F3,60y=37.07 p<0.0001 in males, F 30)=63.75
p <0.0001 in females) revealed habituation in both sexes. A significant Time X Genotype interaction was found in males only (F 9¢) =
3.5 p=0.0178). (D) Female mice showed a higher average speed compared to males (2-way ANOVA effect of Sex F(| 46y =4.2, #p =
0.04). Data are expressed as mean + SEM. WT: males n = 18, females n = 10; DMSXL: males n = 16, females n =7. One WT female was
excluded in C and D as outlier. At the age of 16 weeks a subgroup of mice (WT n=4/sex and DMSXL n = 6/sex) were singly housed
with freely accessible running wheels and monitored 24/7 for 14 days (E-I). (E,F) Distance travelled (E) and average run duration (F)
during 12-h dark cycle. DMSXL mice showed a reduced performance in both parameters. (E) 2-way RM-ANOVA effects of Genotype
F(I,IS) =26.06 P <0.0001 s Time F(4,66) =5.205 P= 0.001 4, Time X Genotype F(|3,234) =295 P= 0.0005. (F) Genotype F(I,IS) =18.08 P=
0.0005, Time F4¢4)=9.63 p<0.0001. Data are expressed as mean + SEM. *p <0.05, **p <0.01 Sidak’s multiple comparisons test. (G-I)
During the 12-h dark phase, DMSXL mice ran significantly shorter distances (G), at a lower maximal speed (H), and for a reduced time
() compared to WT littermates. Data are expressed as mean + SEM. ¥*¥p <0.001; ***p <0.0001, unpaired t-test.
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Figure 8. DMSXL mice show anxiety-like phenotype. Mice were tested in the open field at the age of 12 weeks for 20 min (A-D).

(A) Male DMSXL mice spent less time in percentage in the center of the arena, RM-ANOVA effect of Genotype F(| 35=7.51 p=

0.0099, **p =0.0067 Sidak’s multiple comparisons test, and showed a lower number of visits to the center of the arena in the first 5 min
(C), 2-way ANOVA main effect of Genotype F(; 47)= 13.46 p=0.0006, *p =0.01 Tukey’s multiple comparisons test. In females, no

genotype difference was observed (B,C). (D) Both male and female DMSXL mice and WT males showed greater number of fecal boli at
the end of the test compared to WT littermates and to WT females respectively, 2-way ANOVA Genotype effect, F(| 30)=27.67 p<
0.0001, Sex effect, F(| 30)=9.49 p=0.0044; *p=0.036 WT vs DMSXL in males, **p =0.0005 WT vs DMSXL in females, #p=0.011 in
WT group, Tukey’s multiple comparisons test. (E-G) A week later, mice performed the Light/Dark (L/D) test for 5 min, starting from
the light side. While no difference between genotypes was observed in the latency to enter the dark side for the first time (E), DMSXL
mice spent less time in percentage in the light side (**p =0.001 | unpaired t-test) (F), and made fewer transitions (**p =0.0021 Welch’s
t-test) (G), compared to WT. Data are expressed as mean + SEM. In L/D test, since no main effect of sex or interaction was found in
the two-way ANOVA, data from males and females were pooled (WT n =28, DMSXL n=23).
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Figure 9. DMSXL mice show abnormal behavior in the elevated plus maze. Mice were tested in the elevated plus maze at |3 weeks of
age for 5 min. (A,B) Both male and female DMSXL mice showed more entries in the open arms (A) and fewer entries in the closed
arms of the apparatus compared to WT littermates (B). (A) 2-way ANOVA main effect of Genotype F(| 47y=4.85 p=10.0325. (B) 2-way
ANOVA main effect of Genotype F(| 47y =6.74 p=0.0125, #p = 0.044 males vs females in WT group, Tukey’s multiple comparisons test.
(C,D) DMSXL mice exhibited a significantly higher percentage of entries into the open arms over the total entries (C) and spent
significantly more time in the open arms (D) compared to WT littermates. (C) 2-way ANOVA main effect of Genotype F(| 47)=11.57
p=0.0014, *p =0.0184 WT vs DMSXL in males, Tukey’s multiple comparisons test. (D) 2-way ANOVA main effect of Genotype
F(1.45y=11.45p=0.0015, *p =0.0257 WT vs DMSXL in females, Tukey’s multiple comparisons test. No significant main effect of Sex or
Sex X Genotype interaction was found for any of the parameters. Data are expressed as mean + SEM. WT: males n= |8, females n=
10; DMSXL: males n= 16, females n=7. In D, one WT female and one DMSXL male were excluded as outliers.

Fine motor abilities were assessed by providing singly
housed mice with nesting material (cotton) and evaluating
their capacity to construct a nest over a 48-h period.
DMSXL mice of both sexes used significantly less cotton
compared to their wild-type littermates (Figure 11E), indi-
cating reduced forelimb skills. Consistently, nest quality
scores were overall lower in DMSXL mice with a statistic-
ally significance difference only in females (Figure 11F).

DMSXL mice show specific spatial and non-spatial
memory deficits
To evaluate memory function, DMSXL and wild-type litter-

mate mice were subjected to a working memory task
(Y-maze) at the age of 14 weeks, and to a novel/displaced

object recognition test, at the age of 20 weeks. As previ-
ously mentioned, the Y-maze assesses spatial working
memory by measuring spontaneous alternation behavior.
Moreover, the total number of entries can be used as a par-
ameter of motor activity. DMSXL mice showed signifi-
cantly fewer total arm entries compared to wild-type
controls, suggesting reduced exploratory activity
(Figure 12A), although no differences were found in the
latency to exit the first arm (Figure 12B). Regarding the
working memory, DMSXL mice showed a percentage of
spontaneous alternation performance (SAP) similar to wild-
types (Figure 12C), and a corresponding low percentage of
alternate arm return (AAR, Figure 12D), indicating an intact
working memory.

In the object recognition test, mice were habituated to
two distinct objects placed in the open field arena over
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Figure 10. DMSXL mice show intact associative learning but altered freezing response in contextual fear conditioning. Mice were
tested in the fear conditioning apparatus at the age of 16 weeks. (A,B) In both context- and cue-dependent learning paradigms, both
WT and DMSXL mice showed increased percentage freezing time to the conditioned context after 24 h (A), or, 4 h later in a different
context, to the light and tone stimuli previously associated to a foot-shock (B). (A) 2-way RM ANOVA context learning F(; 49) = 62.58
p<0.0001; (B) cue learning F; 4gy=117.7 p<0.0001. During the conditioning session, DMSXL mice showed a mild but significant
increase in freezing response and a corresponding decrease in activity across time compared to WT littermates, in particular during the
first two minutes (C,D left panels). (C) 2-way RM ANOVA Genotype effect, F(| 49=6.83 p=0.0118, Time effect F(3;55y=15.83 p<
0.0001; (D) 2-way RM ANOVA Genotype effect, F(; 49y=8.46 p=0.0054, Time effect F3¢5)=44.77 p<0.0001, *p <0.05 WT vs
DMSXL Sidak’s multiple comparisons test. During the context recall session, DMSXL mice showed a significantly higher freezing
response over time compared to WT (C, middle panel) 2-way RM ANOVA Genotype effect, F(; 49)=5.0 p=0.029, Time effect
Fizis5=15.83 p=0.006, *p <0.05 WT vs DMSXL Sidak’s multiple comparisons test, which was not accompanied by a general
reduction in locomotor activity (D, middle panel) 2-way RM ANOVA Genotype effect not significant, Time effect F4,77)=4.59 p=
0.0022, *p <0.05 WT vs DMSXL Sidak’s multiple comparison test. During the cue session, both WT and DMSXL mice showed
increased freezing response and decreased activity when exposed to light and tone stimuli (C,D right panels) 2-way RM ANOVA Time
effect F3107)=53.55 p<0.0001 (C), F(3135=203 p<0.0001 (D), with DMSXL mice displaying reduced activity counts compared to
WT (D, right panel) 2-way RM ANOVA Genotype effect, F(j 499=5.5 p=0.023. Data are presented as mean + SEM, data from males
and females were pooled (WT n =28, DMSXL n=23). In (B) one DMSXL mouse was excluded as outlier.
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Figure I1. DMSXL mice show deficits in sensorimotor gating and fine motor skills. At the age of 15 weeks, mice were tested for
sensorimotor gating in the Acoustic startle response/Pre-Pulse Inhibition (PPI) test (A-D) and for their ability to build their nest (E-G).
(A\) In the Acoustic startle/PPI test, mice received a random sequence of pulse-alone trials (76—100 dB, 10 ms) or pre-pulse (10 ms) +
startle pulse (110 dB, 40 ms) trials. DMSXL mice showed a clear deficit in the peak response (Vmax) to all the acoustic stimuli
compared to WT, responding to the 100 dB pulse only, 2-way RM-ANOVA effects of Genotype F | 49) = 56.64, Stimulus F, 77y =28.82,
and GenotypexStimulus F4g¢) =24.63, all p <0.0001; *¥p <0.01, **p <0.001, ***p <0.0001 WT vs. DMSXL; § p<0.05, §§ p<0.01,
§§§§ p <0.0001 vs BN in genotype groups, Bonferroni’s multiple comparisons. (B) DMSXL mice showed a reduced response to the |10
dB startle pulse: ***¥p <0.0001 WT vs. DMSXL Welch’s t-test. Nonetheless, inhibition of the response, reported as percentage,
occurred in DMSXL mice when the startle pulse was preceded by a pre-pulse, although to a significantly lesser extent than in WT mice.
(C) 2-way RM-ANOVA effects of Genotype F(; 49)=42.45, Stimulus F(; 95 =50.89, p<0.0001; **p <0.01, **¥p <0.0001 WT vs.
DMSXL; §§ p<0.01, §§8§ p<0.0001 vs 76 in genotype groups, Bonferroni’s multiple comparisons. (D) Global %PPI: **+¥p <0.0001 WT
vs. DMSXL Welch’s t-test. Since there were no sex differences, the data of male and female individuals were pooled together (WT n=
28, DMSXL n=23). (E-G) To evaluate fine motor skills, mice were singly housed and provided with cotton to be used for nest building.
(E,F) Both male and female DMSXL mice showed reduced nest building ability compared to WT littermates, measured as the
percentage of cotton used after 48 h, and a lower nest score. (E) 2-way ANOVA Genotype effect, F(; 3;)=74.55 p<0.0001; ***p <
0.001, **¥p <0.0001 WT vs. DMSXL in males and females respectively, Sidak’s multiple comparisons test. (F) The Kruskal Wallis test
revealed a significant difference across the four groups (p =0.0267). Pairwise comparisons using Mann-Whitney U tests showed a
significant reduction in nest-building scores in DMSXL females compared to WT (**p =0.0043, U =7.5). (G) Representative images of

nest shape and the relative score. Data are expressed as mean + SEM or median. WT: males n = 10, females n = |0; DMSXL: males n =
8, females n=7.
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Figure 12. DMSXL mice show intact working memory but display deficits in object recognition. Working memory was evaluated
using the Y-maze spontaneous alternation task, at the age of 14 weeks (A-D). (A) DMSXL mice showed a significant reduction in total
arm entries compared to WT (unpaired t-test, t = 3.4, **p =0.0013). No differences were observed in latency to exit the first arm (B),
spontaneous alternation performance (%SAP) (C), or alternate arm returns (%AAR) (D). Data are expressed as mean & SEM. Data
from male and female mice are pooled; WT n=28, DMSXL n=23. At the age of 20 weeks a subgroup of mice performed the
displaced/novel object recognition task (E-H). After three habituation sessions (52-S3-54) with two familiar objects, mice had to explore
the same objects, one of which was relocated in a different position in the arena (S5). (E) WT mice spent significantly more time
investigating the displaced object (DO) compared to the non-displaced one (NDO) **p=0.0071, t=3.24 paired t-test, whereas this
difference was not observed in DMSXL mice. (F) In the novel object session (S6), WT mice also showed a significantly higher
exploration of the novel object compared to the familiar one (*p =0.024, t=2.57 paired t-test), a difference not significant in DMSXL
mice. Discrimination index for the displaced object (G) and novel object (H) in WT and DMSXL mice, calculated as the sniffing time
difference of displaced/novel object with the familiar one, over total exploration time. (*p =0.02, t=2.483 unpaired t-test; #### p <
0.0001; #p =0.014, One sample t-test vs. 0). Data are presented as mean + SEM, data from males and females were pooled (WT n=
13-14, DMSXL n=12-13).
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three 5-min sessions (S2-S4). In the subsequent session
(S5), one of the familiar objects was relocated to a different
position (displaced object), while in the last session (S6) the
same object was replaced with a new one (novel object)
(Supplementary Figure S4). In this task, while wild-type
mice showed a significant preference for the displaced
object over the non-displaced one, DMSXL mice failed to
discriminate between objects, suggesting impaired spatial
memory (Figure 12E). This finding was supported by the
computation of the discrimination index (DI), calculated as
the difference in time spent exploring the displaced object
versus the familiar one, over the total exploration time in
S5. DI was significantly lower in DMSXL mice compared
to wild-type controls (Figure 12G). Moreover, wild-type
mice exhibited a significant preference (p<0.0001) for the
displaced object, as shown by a DI significantly greater
than zero whereas DMSXL mice showed a reduced but still
significant discrimination (p<0.05). In the novel object
session (S6), wild-type mice spent significantly more time
exploring the novel object compared to the familiar one
whereas DMSXL mice did not show a significant preference,
suggesting a deficit in novel object recognition (Figure 12F).
This preference was not reflected in a DI significantly differ-
ent from zero, both genotypes displaying comparable DI with
no significant difference between groups (Figure 12H). This
may indicate either high inter-individual variability or that
the preference was not strong or consistent enough to be cap-
tured by the normalized index, highlighting the importance of
using multiple complementary measures in object recognition
tasks. Nevertheless, these CNR results are comparable to
what was found in the French cohort at 4 months, despite dif-
ferences in the test procedures.

Discussion

In this study, we provide a comprehensive behavioral charac-
terization of DMSXL transgenic mice carrying large expan-
sions of CTG repeats in the human DMPK gene, using
complementary longitudinal and cross-sectional approaches
in two independent laboratories. Our results highlight a con-
stellation of behavioral alterations reminiscent of the central
nervous system (CNS) symptoms observed in DM1 patients,
particularly those with early-onset forms of the disease.
Consistent with previous reports>**” DMSXL mice dis-
played reduced body weight and muscle strength across
both sexes, which, however, did not appear to interfere
with the majority of behavioral outputs assessed.
Importantly, longitudinal assessments revealed age-
dependent changes in exploratory and anxiety-like beha-
viors, particularly in male mice. At early ages, DMSXL
mice exhibited hypoactivity and novelty-induced inhib-
ition, whereas from two months onwards, they showed
increased center exploration in the open field. While longi-
tudinal testing in Paris revealed increased center exploration
in DMSXL males, indicative of reduced anxiety-like

behavior, cross-sectional testing in Rome at 3 months
showed reduced center time and fewer center entries in
DMSXL males in the open field and reduced percentage of
time in the light side of the L/D test, suggestive of heightened
anxiety. Interestingly, in a previous study, we observed
decreased vertical exploratory activity (percentage of
rearing during the first minute of the initial 5 min of the
first open-field session) and increased marble-burying, in
concordance with novelty-induced inhibition and increased
anxiety in response to novelty.”® Similarly, an altered
response to novelty was observed in the first minutes of the
fear conditioning test in DMSXL mice of the Italian
cohort. Anxiety-related behaviors in rodents are known to
be influenced by environmental conditions likely due to var-
iations in experimental setup, lighting, arena size or material,
and prior test experience. These aspects underscore the
importance of contextual factors when interpreting behav-
ioral data and highlight the need for standardized conditions
in multicenter preclinical studies.”* Despite discrepancies,
both sites consistently reported genotype-dependent altera-
tions in emotional responses, reinforcing the translational
value of the DMSXL model. Moreover, both laboratories
found a greater time spent in open arms in the elevated
plus maze, suggesting altered anxiety processing or impaired
risk assessment. Such seemingly paradoxical behaviors
across tests (open field and elevated plus maze) could be
accounted for by differences in the underlying motivational
and cognitive components: the open field mainly assesses
exploratory drive, locomotor activity, and response to
novelty, while the elevated plus maze is more dependent on
conflict-based risk evaluation. Comparable paradoxical behav-
ioral patterns have been reported in GLT14/— mice, a model
also showing reduced anxiety-related avoidance and impaired
risk evaluation.® Interestingly, previous work has shown
decreased GLT1 expression in the cerebellum of DMSXL
mice,”’ suggesting a possible shared underlying mechanism.
Importantly, these phenotypes were not confounded by
hypoactivity, as locomotor performance was either preserved
or increased in DMSXL males at later stages.

Cognitive assessments performed in the two laboratories
revealed overall preserved working memory performance in
the Y-maze test, with no genotype differences in alternation
rates or initiation latency. Differences were observed
around 3-4 months of age in the total number of arm
entries between the two cohorts: the Italian cohort showed
areduced number of total arm entries in DMSXL mice com-
pared to WT, while no such difference was detected in the
French cohort at the same age. Reduced number of entries
and total distance was however found in the French
cohort at the 1-month Y-maze test, i.e., the first exposure
to that context. Nevertheless, the discrepancy between
cohorts may reflect differences in experimental environ-
ment (lighting, noise, odors, handling) as well as in habitu-
ation procedures or testing sequence, all of which are
known to influence exploratory behavior in rodents. In
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addition, this test parameters have been already found sub-
optimal in achieving reproducibility across labs.”*

Subtle impairments in long-term recognition memory
emerged in the novel object recognition task at 4 months,
where novelty preference was less robust and more variable
in DMSXL mice from Paris. Similar results, despite different
procedures, were obtained in the Italian cohort using a displaced
object recognition task, further supporting a deficit in spatial
novelty detection, consistent with the spatial memory impair-
ment previously reported in the water maze test.>® These find-
ings echo the visuo-spatial and executive impairments
reported in DM patients®®*** and reinforce the notion that
cognitive deficits in DMSXL mice are subtle, age-dependent,
and task-specific. DMSXL mice also exhibited abnormalities
in social behavior. While both genotypes showed a preference
for the compartment containing a social stimulus during the
sociability phase of the three-chamber test, the response was
markedly attenuated in DMSXL mice. Furthermore, during
the social novelty phase, only WT mice demonstrated a clear
preference for the novel social partner, indicating a deficit in
social discrimination in DMSXL animals. These results were
supported by sniffing behavior analysis, although sniffing-
based metrics appeared less sensitive to novelty detection.
The combination of reduced sociability and impaired social
recognition mirrors the social difficulties reported in pediatric
DMI1 patients, including autism spectrum-like features and
impaired theory of mind.®'7%-2

Additional and in-depth behavioral assessments from the
Italian cohort further emphasized the CNS dysfunction in
DMSXL mice. These included reduced night time voluntary
wheel running activity in the home cage monitored 24/7,
increased anxiety-related responses in the open field and
light/dark tests, abnormal emotional responses in the fear con-
ditioning task, and impaired sensorimotor gating in the PPI
paradigm. Notably, DMSXL mice also showed reduced nest-
building abilities, reflecting impaired fine motor coordination
and reduced goal-directed behavior. Although DMSXL mice
motor abilities impairments could reflect fatigue and deficits
in motivation, we cannot exclude muscular involvement.
DMSXL mice also show clear emotional dysfunctions and
react abnormally to experimental contexts: impaired risk
assessment and increased freezing could be connected to spe-
cific cognitive impairments such as abnormal sensorimotor
processing and spatial memory deficits.

Together, these findings align with key neuropsychiatric
and executive symptoms described in DM1 patients, includ-
ing apathy, emotional dysregulation, attentional deficits,
impaired initiative, fatigue and motor processing.”> The
robust and reproducible alterations observed across two inde-
pendent sites (findings are summarized in Table 1) strengthen
the translational relevance of this model and underscore its
potential for preclinical evaluation of CNS-targeted therapies.
Beyond the identification of CNS-related phenotypes, this
study also provides a detailed behavioral framework that
can guide future therapeutic testing. By combining

longitudinal and cross-sectional designs, we delineated a set
of behavioral endpoints - such as altered anxiety-like behav-
ior, impaired social discrimination, subtle cognitive impair-
ment and sensorimotor gating deficits - that are both
sensitive to genotype and relevant to patient symptoms.
Importantly, our results help define the developmental trajec-
tory of these phenotypes and highlight optimal time windows
for preclinical studies during which therapeutic interventions
may be most effective. This toolbox of behavioral assays thus
constitutes a valuable resource for evaluating the efficacy of
CNS-directed treatments in DM 1, enabling both early detec-
tion of therapeutic benefit and long-term monitoring of
disease progression. A potential limitation of this study is
the frailty of DMSXL homozygous mice, which are known
to display increased preweaning mortality and pose chal-
lenges for colony management and cohort production. In
addition, these mice are homozygous knockout for the
Fbxl7 gene, into which the human DMPK transgene carrying
large CTG expansions is inserted. Although FbxI7 knockout
mice have not been reported to exhibit overt neurological or
behavioral phenotypes (www.mousephenotype.org/data/
genes/MGI:3052506), we cannot entirely exclude a contribu-
tion of this background. Nevertheless, several recent studies
from our laboratory and others, focusing on the central
nervous system, support the notion that the observed pheno-
types are primarily driven by the presence of long CTG
expansions and their downstream molecular consequences.
(e.g.,>880357 rather than to the integration site. These find-
ings support the interpretation that the behavioral alterations
reported here predominantly reflect RNA toxicity and CNS
dysfunction associated with repeat expansion.

In conclusion, we described a detailed behavioral profile of
DMSXL mice that revealed CNS-relevant deficits strongly
resembling the clinical phenotype of DMI1 patients often
observed in the severe forms of the disease. DMI
CNS-related symptoms such as fatigue, reduced processing
speed, visuospatial impairments, blunted affect, social with-
drawal, executive dysfunction, attention deficits, and apathy,
have been associated with structural and functional brain
abnormalities such as white matter lesions and altered frontos-
triatal and limbic connectivity.”**> Such parallels not only
support the translational validity of the DMSXL model for
CNS-related pathology in DM1, but also highlight the poten-
tial of preclinical behavioral assays possibly combined to in
vivo brain imaging to elucidate the mechanistic underpinnings
of cognitive and affective dysfunction in this disorder.

Abbreviations

DMI Myotonic dystrophy type |

CDM Congenital myotonic dystrophy
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