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Abstract

Epidemiological studies reveal gender-specific differences in epilepsy. Childhood absence epilepsy (CAE), which is more
prevalent in females, is characterized by typical absence seizures (ASs) consisting of brief periods of unconsciousness,
associated with 2.5-4 Hz spike-wave discharges (SWDs) in the electroencephalogram (EEG). Children with CAE often
present neuropsychological comorbidities, including deficits in attention and executive function. In this study, we investi-
gated anxiety-like behaviour and memory in female Genetic Absence Epilepsy Rat from Strasbourg (GAERS), a validated
model of ASs, compared to Non-Epileptic Control (NEC) and Wistar rats. We found that female GAERS generally showed
normal anxiety-like behaviour relative to both control strains, although some tests suggested a reduction in anxiety.
Importantly, female GAERS showed impaired spatial working memory, while recognition memory was preserved. These
findings when compared with previous data in males indicate that while anxiety levels in female GAERS are preserved
as those of male GAERS, memory performance differs, with males showing impairments in both spatial working memory
and recognition memory. These findings emphasize the importance of considering gender differences in both clinical
and preclinical epilepsy research to better understand the neuropsychological comorbidities associates with ASs. This
knowledge is crucial for the identification of gender-specific mechanism, as well as the development of gender-sensitive,
personalized therapies targeting both seizures and associated cognitive impairments.
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Introduction

Epidemiological studies have revealed gender-specific dif-
ferences in epilepsy expression and prevalence, as well as
in their comorbidities. Although the global prevalence and
rates of unprovoked seizures, status epilepticus, and tonic-
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clonic seizures are higher in males [1-3], some epilepsies,
such as juvenile myoclonic epilepsy and childhood absence
epilepsy (CAE), are more prevalent in females [1, 2, 4].

A common trait of epilepsy comorbidities includes
anxiety, which tends to be more frequent in females than
in males (35.5% in females versus 23.2% in males) [5-7]).
In males with CAE, anxiety is associated with younger
age, seizure frequency and psychosocial factors, including
sleep quality, whereas in females it mostly depends on sei-
zure frequency only [5, 6]. Cognitive impairments are also
prevalent among people with epilepsy, affecting memory,
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attention and executive function. These are mainly related
to epilepsy duration, age of onset, seizure frequency, and
anti-seizure medication (ASMs) [8].

CAE, the most prevalent epilepsy in children, is solely
characterized by the presence of absence seizures (ASs),
that are sudden impairments of consciousness, coupled
with bilaterally synchronous 2.5-4 Hz spike-and-wave dis-
charges (SWDs) on the electroencephalogram (EEG) [9,
10]. Neuropsychological comorbidities, including deficits
in attention, executive function, and memory [11, 12], are
present in ~60% of children with CAE, and can persist into
adulthood, even after seizure remission [13, 14]. To the best
of our knowledge, no studies have investigated gender dif-
ferences in anxiety and neuropsychological comorbidities in
children with CAE. In general, females perform better on
executive function tests, delayed face recognition memory
and verbal learning tasks than males [8, 15—17] whereas in
mesial temporal lobe epilepsy, males perform better than
female on verbal intelligence quotient (IQ), performance
IQ, and naming tasks [18]. This suggests that sex differ-
ences may also be present in CAE.

To characterize the pattern of deficits in female CAE,
we used the well-validated rat model of ASs, the Genetic
Absence Epilepsy Rat from Strasbourg (GAERS) that dis-
play 100% seizure prevalence regardless of sex [19, 20].
Most studies on experimental ASs do not report sex dif-
ferences [21-23]. Early studies on cognitive impairments
focused on male GAERS rats [24-26]. Notably, female
GAERS do not consistently have stronger cognitive impair-
ments than males; rather, the nature and severity of those
deficits vary by cognitive domain. Males GAERS show
greater impairments in visual discrimination and reversal
learning, indicating difficulties with cognitive flexibility
and adaptation [27]. In contrast, females exhibit more pro-
nounced deficits in sociability, with reduced social approach
behaviours compared to males [23]. These sex-specific
patterns highlight the importance of considering sex as
a biological variable in epilepsy research [22, 28]. When
comparing published data from males and females that were
performed in different labs using different colonies, it is dif-
ficult to draw conclusions about sex-differences. Indeed,
GAERS colonies maintained in different establishments
demonstrate phenotypic heterogeneity. Anxiety/depressive-
like behaviour and cognitive impairment have been con-
sistently reported in both sexes of GAERS rats form the
Melbourne and Canadian colonies [22, 23, 27-30]. In con-
trast, data from the Strasbourg [25], Cardiff [31] and Mal-
tese [32—34] colonies have shown inconsistent or low levels
of anxiety-like behaviour in male GAERS compared to
NEC rats. We recently showed that male GAERS from the
Cardiff colony exhibit extensive cognitive impairment [31]
that do not depend on high levels of anxiety-like behaviour.
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Moreover, anxiety testing in other absence epilepsy mod-
els (GAT1 knockout mice) has primarily focused on males,
although two studies in Stargazer mice and WAG-Rijj rats,
found similarly low levels of anxiety-like behaviour in both
males and females [35-38].

In the present study, we used three anxiety tasks and
two memory tests in female GAERS rats and compared
their results with the female inbred Non-Epileptic Control
(NEC) rat strain from the Cardiff colony and the female out-
bred Wistar rats. We found that female GAERS displayed
reduced neophobia in emergence test, while the level of
anxiety-like behaviour is comparable to Wistar rats. Spatial
working memory deficits were present in female GAERS
rats, but object recognition memory was similar to that of
the two control strains. Notably, females have low levels of
anxiety similar to male GAERS rats from the same colony
[31] but they differ in memory performance, with female
GAERS rats showing deficits in spatial working memory
but not in recognition memory, in contrast to male GAERS
rats that show deficits in both tasks [31].

Materials & Methods
Animal Subjects

Adult (3—6-month-old) female GAERS and NEC rats from
the Cardiff (UK) colony and female Wistar rats purchased
from Charles River Laboratories (Lyon, France) were
housed in groups of 3—4 animals in transparent plastic cages
that contained cardboard tubes, nests, aspen woodblocks
and bedding material. Animals were kept on a 12-hour
light-dark cycle (light on at 7.00am) under constant temper-
ature (22°C) and humidity (80%) and were given ad libitum
access to water and food. Animal age was equally distrib-
uted in the three strains in all tests and all animals com-
pleted the test battery in a daily counterbalanced order. All
experiments were conducted during the light phase of the
light-dark cycle and in conformity with European Commu-
nity Guidelines (Directive 2010/63/UE) and the UK Animal
Scientific Act, and under general guidance for animal epi-
lepsy experimentation (Lidster et al., 2016). Care was taken
in minimizing the number and suffering of the animals.

All animals were acclimatized to the laboratory condi-
tions for at least a week before the beginning of the experi-
ments. Animals were then handled for 5 consecutive days
(5 min/day) before the testing began (Fig. 1A). In each
behavioural task, the testing order was randomized as was
the rats starting position and the location of the object (where
applicable). On the day of the experiments, the animals were
placed for 1 h in the testing room for habituation and all
equipment was cleaned with 30% ethanol between trials to
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4 Fig. 1 Anxiety-like behaviour in female GAERS. a) Timeline protocol
of this study. b1) Representation of the elevated plus maze (EPM).
b2) Illustrative traces of the activity of a Wistar, a NEC and a GAERS
rat during 5 min free exploration of the EPM. b3) Time spent in open
arms (OA) as a percentage of total testing time. b4) Number of entries
in OA. bS) Number of total entries. c¢1) Representation drawing of the
emergence test (ET) arena. ¢2) Latency of emergence from the cen-
tral box. ¢3) Number of entries in the central box. d1) Representation
drawing of the open arena with the indicated virtual central, intermedi-
ate and peripheral zones that was used for the open field test (OFT).
d2) Illustrative traces of the activity of a Wistar, a NEC and a GAERS
rat during the 10 min free exploration of the arena. d3) Number of
entries in different zones. d4) Time spent in each zone. d5) Distance
covered in each zone and total distance covered. d6) Velocity in each
zone and average velocity. (Wistar n=12, NEC n=13, GAERS n=12)
(*p<0.05, **p<0.01, ***p<0.001, one-way ANOVA followed by
Tukey pairwise multiple comparisons tests)

remove olfactory cues. All trials were video-recorded using
CamStudio and OBS studio® (V. 27.1.3, 480 x 640) and the
video-tracking software, SMART PANLAB®, (V3.0.06,
Panlab, Harvard Apparatus, Barcelona, Spain). The refer-
ence point to determine the position of the animal was the
center of the rat dorsum or head. Off-line analysis of track-
ing was performed using Solomon Coder (V. beta 19.08.02).

Behavioural Tests
Elevated Plus Maze

The Elevated Plus Maze (EPM) was elevated 70 cm from
the ground and consisted of two open arms (OA) crossing
in the middle with two enclosed arms (CA) (Fig. 1b1) [39].
Animals were placed in the centre of the maze facing an
open arm and allowed to explore the maze for 5 min. Mild
illumination was used (42 1x). The total time spent in OA
and the total number of arm entries were measured. Twelve
Wistar, 13 NEC and 12 GAERS were used in this test. The
primary outcome was the time spent in OA.

Emergence Test

The apparatus of the Emergence Test (ET) consisted of a
60 % 60 % 60 cm floor arena with high black acrylic walls and
a square box (20x20 cm) in the middle with a cover and
one lateral escape hole (Fig. 1c1). Mild illumination (42 1x)
was used. Rats were placed in the box and the box was then
placed in the middle of the open field. The box was then
closed and the time required to emerge completely from
the box as well as the number of entries in the box were
recorded. Each animal performed a single trial of 10 min.
Twelve Wistar, 13 NEC and 12 GAERS were used in this
test. The primary outcome was the latency to exit the box.
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Open Field Test

The open field (OF) consisted of 65 x 65 %X 60 cm arena with
high black acrylic walls and the trials were 10 min long
(Fig. 1d1). Mild illumination was used (42 1x). The arena
was virtually divided into three different square zones: a
peripheral zone, an intermediate zone, and a central zone.
Each rat was placed in the center of the arena facing north,
east, south or west in a randomly assigned manner. The per-
centage of time in the central zone, as well as entries in the
central zone were measured, and the number of faecal boli
counted. In addition, thigmotaxis, total distance covered,
and average velocity were analyzed as measures of locomo-
tor activity. Twelve Wistar, 13 NEC and 12 GAERS used in
this test. The primary outcome was the permanence in the
central zone.

Novel Object Recognition

The novel object recognition (NOR) test was conducted
in an open field arena (65 % 65 cm) (Fig. 3a) The rats were
habituated to the apparatus for 3 days, 10 min/day in the
absence of any objects. Subsequently, all rats received an
object sample trial (on day 9), and a novel/familiar object
test trial (on day 10) (Fig. 1a). The familiar or novel objects
were randomized and the position relative to the other
object was transposed on day 9. In the sample trial, the rat
was placed in the arena with two familiar objects (Pedras
Salgadas® water bottle and a Cristal® beer bottle) and
allowed to freely explore the objects for 5 min. In the test
trial (on day 10), the rats were allowed to freely explore the
open field containing a familiar object and a novel object.
Exploratory behaviour was quantified as the time touching
or focusing an object (nose pointing in the direction of the
object within a perimeter of 2 cm). The difference between
time spent exploring novel and familiar objects in the total
exploration time was defined as the novelty index (NI), and
calculated as:

Novelty Index =
Time exploring the novel object — Time exploring the familiar object
Total time exploration (s)

Trials were rejected if the animal jumped on the object or
explored each object for less than 10 s in the sample phase.
The total time exploring each object and the frequency of
interactions with the objects, as well as the percentage of
novel object exploration were recorded. Twelve Wistar, 13
NEC and 12 GAERS were used.
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Y-Maze

Honig (1978) [40] defined working memory as information
retained on any single trial that is required for performance
only for that trial [41]. To test short-term spatial working
memory, a Y-Maze composed of three symmetric arms (A,
B and C), with 120° between arms, was used (Fig. 3a). The
rat was placed at the end of a randomly assigned arm and
allowed 8 min of free exploration of the apparatus. The total
number of arm entries was recorded and the percentage of
correct arm alternations (i.e., the animal visited a different
arm than the one it arrived from) was quantified using the
formula:

% correct alternations =
Number of correct alternations
Total entries — 2 x 100

Twelve Wistar, 13 NEC and 12 GAERS were used in this
test. The primary outcome was the percentage of correct
alternations.

Statistics

Statistical significance was evaluated using Graph-
Pad Prism (V. 9) for Windows® and Rstudio® (Version
2021.09.0+351). Data are reported in the text and figures as
mean+ SEM of n independent observations in each experi-
mental group. In behaviour analysis, each rat’s performance
corresponds to an nvalue. The ROUT method was used for
outlier identification. Unpaired two-tailed Student’s t-test
was used for independent samples, to perform two-sample
comparisons. One-way ANOVA followed by Tukey’s post-
hoc test was used for multiple comparisons between more
than two groups. Two-way ANOVA followed by Tukey’s
post-hoc test was used to detect interactions between strain
and day (independent variables) on the dependent variables.

Results
Anxiety-like Behaviour in the EPM

In the elevated plus maze (EPM) (Fig. 1bl), one-way
ANOVA revealed a significant strain-dependent differ-
ence in the time spent in the OA (F,;; =15.23; p<0.001)
(Fig. 1b3) (see representative traces in Fig. 1b2). Post-hoc
analysis showed that GAERS spent 23.93+3.2% of time in
OA, which was similar to that of Wistar rats (33.30+3.54%;
p=0.082) and significantly higher than NEC (10.1+2%;
p<0.007). Nevertheless, no significant differences were
found among strains in the number of OA entries (F, 3,=1.77;

p=0.186) (Fig. 1b4), or in the total number of arm entries
(Fp33=1.61; p=0.22).

In summary, in the EPM test, female GAERS rats display
anxiety-like behavior comparable to Wistar, while NEC
exhibit higher levels of anxiety-like behaviour than the con-
trol strains.

Neophobia in the ET

Before conducting the OFT, we assessed the behaviour
of the three strains in the ET (Fig. 1cl), a less anxiogenic
variation of the OFT used to evaluate neophobia and explor-
atory behaviour. One-way ANOVA revealed a significant
strain effect on the latency to emerge from the central box
(F,3,=5.05; p=0.012). GAERS exhibited a significantly
shorter emergence latency (9.69+1.3s) compared to both
Wistar (22.6+4.8; p=0.048) and NEC rats (25.20+3.7;
p=0.001) (Fig. 1¢2), indicating reduced anxiety-like avoid-
ance behaviour and, therefore, reduced neophobia. Still, the
number of entries in the central box did not differ signifi-
cantly across strains (F, 3,=0.79; p=0.47) (Fig. 1¢3).

In summary, female GAERS display lower anxiety-like
behaviour in the ET, compared to Wistar and NEC rats,
which show similar levels of anxiety-like behaviour.

Exploratory Behaviour in the OFT

The OFT (Fig. 1d1) was conducted on day 7 (Fig. 1a) to
assess spontaneous locomotor activity and anxiety-like
behaviour, complementing the EPM findings (see repre-
sentative traces in Fig. 1d2). One-way ANOVA revealed
no significant strain differences in the number of entries
into the central zone (F,;,=1.15; p=0.33) (Fig. 1dd3) or in
total entries as a measure of exploration (F, 3,=1.1; p=0.34)
(Fig. 1d3).

Analysis of time spent in various zones showed no signif-
icant strain effects for the distance covered in the periphery
(F,3,=0.04; p=0.96), intermediate (F, ;,=0.06; p=0.94), or
central zones (F, 3,=0.27; p=0.76) (Fig. 1d4).

Regarding exploratory behaviour, a significant strain
effect was observed for the distance covered in the periphery
(F,3,74.78; p=0.02), with GAERS covering less distance
than NEC (1930+190.8 cm vs. 2666+134.2 cm; p=0.01)
(Fig. 1d5). No differences were found for distances covered
in the intermediate (F,;,=0.86; p=0.43), nor central zone
(F,3,=0.32; p=0.73) (Fig. 1d5). The total distance trav-
elled also differed significantly between strains (F, ;,=4.45;
p=0.02) (Fig. 1d5), with GAERS travelling less than NEC
(2476+232.4 cm vs. 3281+139.6; p=0.024) (Fig. 1d5).
However, the mean velocity did not differ (Fig. 1d6).

In summary, female GAERS rats show a reduced neo-
phobia profile compared to Wistar and NEC with some
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evidence of reduced anxiety, as evidenced by the shorter
latency to emerge in the ET. No firm conclusion can be
drawn for the anxiety-like behaviour of NEC rats since they
spent a smaller time in the OA of the EPM (indicative of
higher anxiety) but show similar entries in the intermedi-
ate and central zones compared to Wistar rats. Regarding
locomotion, female GAERS show decrease levels of activ-
ity in the periphery and in total exploration, although they
do not show reduced velocity and thus normal locomotor
behaviour.

Recognition Memory in the NOR Test
Following 5 days of handling and 2 days of habituation to

the OF arena, the sample trial of the NOR test took place
with two objects in the arena (Fig. 1a). Twenty-four hours

later the familiar/novel test trial (Fig. 2a) was followed
totest long-term recognition memory. In this phase, the total
exploration time did not reveal significant strain differences
(F,3,=2.82; p=0.07), although a non-significant tendency
towards a decrease was observed in GAERS compared to
NEC (38.65+2.58 vs. 50.98+4.74; p=0.086) (Fig. 2e).
Novelty index did not differ between strains (F,3,=0.69;
p=0.509) (Fig. 2¢), with all strains being able to discrim-
inate the novel from the familiar object. This was further
confirmed by the percentage of time spent in novel object
exploration (F, 5,=0.687; p=0.510) (Fig. 2d).

In summary, female GAERS rats show similar long-term
object recognition memory to NEC and Wistar rats.

Novel Object Recognition
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Fig. 2 Long-term recognition memory of female GAERS in the NOR
test. (a) Representation of the arena for the NOR test: rats were pre-
sented with a novel object 24 h after the learning session. (b) Illustra-
tive traces of the activity of a Wistar, a NEC and GAERS rat during
5 min free exploration. (¢) Novelty index (see Methods for details).
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n=12) (*p<0.05, **p<0.001; one-way ANOVA followed by Tukey
pairwise multiple comparisons tests)
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Spatial Working Memory in the Y-Maze

An index of spatial working memory was acquired as spon-
taneous alternations in the Y-Maze (Fig. 1a). Performance
was above chance level (i.e., >50%) in all strains. Never-
theless, one-way ANOVA revealed significant differences
between strains (F, 3,2=3.63; p=0.037), with post-hoc com-
parisons showing a significant decrease in correct alterna-
tions for GAERS compared to NEC (65.08+£2.99% vs.
74.45+2.5%; p=0.033) (Fig. 3c). Furthermore, one-way
ANOVA detected a difference in total arm entries between
strains (F , 3,=16.98; p<0.001) GAERS show lower explo-
ration compared to Wistar (19.42+1.31 vs. 28+1.16;
p<0.001) and NEC (26.92+0.91; p<0.001) (Fig. 3d), con-
firming the reduction of exploratory behaviour in the epi-
leptic strain.

In summary, female GAERS rats showed a reduction in
correct spontaneous alternations compared to NEC and total
exploration compared to NEC and Wistar females, a finding
consistent with impaired working memory.

Discussion

The main findings of this study (Fig. 4a-c) are that female
GAERS rats (1) display normal anxiety-like behaviours rela-
tive to two non-epileptic control strains with some evidence
of reduced neophobia, (2) show deficits in a spatial working
memory task, but (3) exhibit long-term recognition memory
similar to the control strains. This behavioural profile dif-
fers from that of male GAERS rats from the same Cardiff
colony [31] (Fig. 4d-f), which demonstrated lower levels
of anxiety-like behaviour and neophobia and impairments

Spontaneous Alternation in the Y- Maze

Free exploration
for 8 min

100

80

% Correct Alternations

Fig. 3 Spatial working memory of female GAERS in the Y-Maze. (a)
Representation of the Y-Maze and types of alternations during the
8 min free exploration of the Y-Maze. (b) Illustrative traces of the
activity of a Wistar, a NEC and GAERS rats during 5 min free explo-

~

60—
40-
20
0- 0-

Wistar NEC GAERS

%k %k %k

d
% *ok ok
40

-

o

§

# Total arm entries
N
o
|

Wistar NEC GAERS

ration. (¢) Number of correct alternations (percentage). (d) Total num-
ber of entries (Wistar n=12, NEC n=13, GAERS n=12) (*p<0.05,
**p<0.01, ***p<0.001, one-way ANOVA followed by Tukey pair-
wise multiple comparisons tests)
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4 Fig.4 Schematic summary of anxiety and memory in female GAERS,
NEC and Wistar rats and comparison with those of male rats of the
same strains. a-¢) Schematic radial plots comparing the results of
female GAERS, NEC and Wistar rats. Data are normalized to NEC
(a) and Wistar (b, ¢). Each point corresponds to either an anxiety or a
memory test, as illustrated. Data points<1 and > 1 indicate a lower and
a higher execution, respectively. d-e) Schematic radial plots compar-
ing the results of male and female rats of the Wistar (d), NEC (e), and
GAERS (f) strains (data of male GAERS, NEC and Wistar rats are
from Neuparth-Sottomayor et al., 2023). Data are normalized to males
Wistar (d), males NEC (e), and males GAERS (f). (a) Compared to
female NEC, female GAERS show lower anxiety-like behaviour in 2
out of 3 anxiety tests, reduced exploration levels and are deficient in
spatial working memory but not in recognition memory. (b) Compared
to female Wistar, female GAERS show low levels of anxiety and neo-
phobia, reduced exploration levels. (¢) Compared to female Wistar,
female NEC show high anxiety-like behaviour in one out of 3 tests and
show similar levels of cognitive performance. (d) Compared to males,
female Wistar show reduced anxiety-like behaviour and increased lev-
els of exploration in the Y maze. (e¢) Compared to males, female NEC
show higher level of exploration in the OFT. (f) Compared to males,
female GAERS show lower levels of anxiety-like behaviour and nota-
bly increased recognition memory

in both recognition and spatial working memory. To our
knowledge, this is the first systematic investigation of anxi-
ety and cognition in the female GAERS rats, thus providing
important information concerning sex-related changes in
cognition in children with CAE.

Comorbid Anxiety

The present study found normal, and in some cases reduced,
anxiety-like behaviour in GAERS females compared to
NEC rats, particularly in the EPM and ET. This suggests
that the spatial alternation deficits in female GAERS rats
are unlikely to be confounded by heightened anxiety. These
findings align with evidence of normal/lower anxiety-like
behaviour in male GAERS compared to NEC and outbred
Wistar rats [31, 34]. Male and female GAERS from the Aus-
tralia colony have high levels of anxiety and depressive-like
behaviour compared to controls [29, 30, 42—44], whereas
in the Canadian colony the results are more mixed with
some studies reporting normal or increased anxiety-like
behaviour in female GAERS [22, 23, 27, 28, 45]. Although
housing conditions—such as temperature, humidity, and the
duration of the light-dark cycle were similar across all stud-
ies, the differences in behavioural outcomes may also reflect
colony-specific factors, including genetic drift or subtle
variations in breeding practices [46].

Recognition Memory: a Sex-specific Difference in
Rats with Spontaneous ASs

Our finding that female GAERS rats show unimpaired long-
term recognition memory contrasts with the results in male
GAERS (Fig. 4) in a previous work [31]. Sex differences in

learning have been noted in other tasks. For example, pre-
vious studies have shown that male GAERS have impair-
ments in reversal learning and visual discrimination tasks
and learn these tasks more slowly and make more errors
than female GAERS and NEC rats [27]. The pattern of
spared object recognition in female GAERS rats suggests
that the function of perirhinal cortex may be relatively pre-
served even in the presence of ASs. This may reflect altered
levels of hormones, glutamate receptors and GABAergic
inhibition, and/or alterations in intracellular signalling path-
way that are known to modulate synaptic plasticity [47-50].

Research on sex differences in cognitive function is a key
factor in ASs studies, particularly for models that exhibit
SWDs. Research in other rat strains with SWDs, such as
Hooded Lister and Fisher 344 rats, provide insights into
potential sex-specific patterns that may apply to GAERS.
Notably, female hooded Lister rats outperform males in non-
spatial working memory tasks, while their spatial perfor-
mance varies with the estrous cycle, peaking when estrogen
and progesterone levels are low [51]. Similarly, middle-aged
female Fisher 344 rats show more robust spatial long-term
memory than males, specifically under chronic stress, pos-
sibly due to estrogen’s protective effects [52—54]. However,
the consistent presence of SWDs in these strains may modu-
late cognition, suggesting that sex differences in GAERS
could similarly reflect interactions between hormonal fac-
tors and disruption caused by epileptiform activity.

Potential Mechanisms of Female GAERS Working
Memory Impairment and Sex-specific Differences

The most striking result in our experiment is the dissocia-
tion between working memory and recognition memory
in female GAERS rats. Deficits in working memory in
female GAERS were detected in the spontaneous alterna-
tion task in the Y-Maze in the current study, and also in the
male GAERS from our laboratory [31] (Fig. 4). Moreover,
female GAERS showed lower arm exploration compared to
female Wistar and NEC rats, confirming a reduced explor-
atory behaviour in the epileptic strain. Our previous work
highlighted pathophysiological mechanisms contributing
to memory deficits in GAERS, but sex-specific differences,
particularly in working and recognition memory warrant
further exploration.

GAERS exhibit genetic, cellular, and neuronal network
abnormalities compared to NEC and Wistar rats (see recent
reviews by [55-57]). These abnormalities disrupt theta
and gamma oscillations, which are essential for work-
ing memory, by interfering with sensory and cognitive
integration in the hippocampus and prefrontal cortex [58,
59]. However, the absence of recognition memory deficits
in female GAERS point to sex-specific factors that may
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protect perirhinal cortex function, a key region for object
recognition [60]. Recognition memory relies on long-term
depression (LTD) in the perirhinal cortex [61, 62]. In male
GAERS, frequent SWDs may impair LTD by altering glu-
tamatergic and GABAergic signalling, leading to recogni-
tion memory deficits [63]. In contrast, female GAERS may
be protected by sex hormones, particularly estrogen, which
modulates synaptic plasticity. Estrogen enhances hippocam-
pal and cortical plasticity, potentially counteracting seizure-
induced LTD impairments in the perirhinal cortex [64—66].
For example, low estrogen levels during estrous phases
improve discrimination in fear-conditioning tasks, align-
ing performance with males [67], while higher progester-
one levels during behavioural estrus or pregnancy improve
object recognition and placement tasks [68]. Although spec-
ulative, these hormonal effects may stabilize LTD in female
GAERS, preserving recognition memory despite SWDs.
Moreover, neurosteroids, particularly allopregnalone and
androstanediol may lead to sex-specific alterations in GAB-
Aergic mechanisms, by modulating GABAergic inhibition
and mitigating seizure-induced excitability in the peri-
rhinal cortex, further protecting recognition memory [20,
69]. Additionally, activation of progesterone and oestrogen
receptors increase GABA , receptor-mediated tonic current
in males but not female mice [70].

These findings suggest that sex-specific differences in
GAERS memory performance may arise from an interplay
between AS-induced network dysfunction and hormonal
modulation of synaptic plasticity. Future studies should
investigate how estrogen and neurosteroids influence peri-
rhinal cortex LTD in GAERS to confirm these mechanisms
and explore therapeutic targets for sex-specific cognitive
comorbidities in ASs.

Conclusions

In summary, female GAERS rats exhibit anxiety-like
behaviour comparable to males and selective vulnerability
to working memory, while males show a more widespread
cognitive impairment. Further research should explore the
mechanisms underlying the selective vulnerability in work-
ing memory and spared recognition memory in female
GAERS rats, such as the role of sex hormones, GABAergic
inhibition, prefrontal cortical and hippocampal networks.
Addressing these crucial questions will help overcome our
current knowledge gap regarding the interactions between
sex, epilepsy and associated cognitive comorbidities.
Taken together, our findings align with accumulating
evidence of neuropsychological comorbidities in children
with CAE, including deficits in attention, executive func-
tion, such as cognitive flexibility and planning [11-14,

@ Springer

71]. In both children with CAE and animal models of ASs
males and females show poor working memory, indicat-
ing a strong parallel in this cognitive domain. Recognition
memory, however, remains relatively intact in children with
CAE, suggesting resilience in certain cognitive domains
despite impairments in other areas [11, 35]. In GAERS
rats, recognition memory deficits are observed, particularly
in tasks requiring integration of sensory information, such
as crossmodal object recognition in male GAERS rats [25,
31]. In contrast, female GAERS show intact recognition
memory, which is similar to the CAE phenotype, although
in future they should be tested in crossmodal object recog-
nition task to evaluate this further. This parallel suggests
that certain cognitive domains may be more resilient to
seizure-related disruptions across species and, the parallels
in working memory deficits highlight the predictive validity
of these models in studying comorbidities in both males and
females with ASs. Investigating sex/gender differences in
human and experimental ASs will enhance our understand-
ing of their neuropsychological comorbidities and support
the development of patient-tailored therapies aimed at alle-
viating both seizures and cognitive impairments.
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