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Abstract

Autism spectrum disorder (ASD) is a neurodevelopmental condition causing a range of social
and communication impairments. Although the role of multiple genes and environmental
factors has been reported, the impact of the interplay between genes and environment on the
onset and progression of the disease remains elusive. We housed wild-type (7sc2+/+) and
tuberous sclerosis 2 deficient (7sc2+/-) Eker rats (ASD model) in individually ventilated
cages or enriched conditions and conducted a series of behavioural tests followed by the
histochemical analysis of dendritic spines and plasticity in three age groups (days 45, 90, and
365). The elevated plus-maze test revealed a reduction of anxiety by enrichment, while the
mobility of young and adult Eker rats in the open field was lower compared to wild-type. In
the social interaction test, an enriched environment reduced social contact in the youngest
group and increased anogenital exploration in 90- and 365-day-old rats. Self-grooming was
increased by environmental enrichment in young and adult rats and decreased in aged Eker
rats. Dendritic spine counts revealed an increased spine density in the cingulate gyrus in adult
Ekers irrespective of housing conditions, whereas spine density in hippocampal pyramidal
neurons was comparable across all genotypes and groups. Morphometric analysis of dendritic
spines revealed age-related changes in spine morphology and density which were responsive
to animal genotype and environment. Taken together, our findings suggest that under TSC2
haploinsufficiency and mTORCI1 hyperactivity, the expression of behavioural signs and
neuroplasticity in Eker rats can be differentially influenced by the developmental stage and

environment.

Keywords: animal models of autism; tuberous sclerosis complex, dendritic spine; cingulate

gyrus; open field test; enriched environment; Eker rats
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Lay Summary

Autism spectrum disorder (ASD) is a multifactorial neurodevelopmetnal disease influenced
by an array of genetic and environmental factors. It is not clear how their interplay can
influence the onset, progression, and severity of neurobehavioral phenotypes. This study
shows the in ASD rats, the impact of environment on cognition, social behaviour and
neuroplasticity readouts differ significantly from wild type controls, and depends on their

developmental stage.
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Introduction
The discrete molecular, histopathological, and neurobehavioral phenotypes of the loss-of-
function mutations in the 7sc2 (tuberous sclerosis complex 2) gene make Eker rats a useful
model for studies of TSC, a multisystemic disease featuring benign tumours and lesions in
various organs, and a variety of neuropsychiatric symptoms (Henske et al., 2016; Kutna et
al.,2021). The main cause of cellular and molecular pathology in both rats and humans is the
deficiency of TSC2 protein (known also as tuberin), which leads to hyperactivity of
mTORCI (mammalian target of rapamycin complex 1), an important kinase that controls
protein synthesis, cell growth and proliferation, cell cycle, and metabolism (Crino, 2016). It is
hardly surprising, therefore, that since the first report on the rat model by R. Eker (Eker,
1954), it has been used mainly for research focused on the mechanisms underlying the
development of neoplastic lesions, known as hamartomas (Mizuguchi et al., 2000;
Schwartzkroin et al., 2004; Wenzel et al., 2004; Kutna et al., 2020). However, the mTOR
pathway is also involved in the regulation of a range of processes implicated in
neurodevelopment, synaptic plasticity, and pruning (Hoeffer & Klann, 2010; Ma et al., 2010;
Tang et al., 2014). There is ample evidence suggesting that in Eker rat, the impact of
spontaneous 7sc2 loss-of-function extends beyond abnormal tissue growth and proliferation
and can affect a variety of functional and regenerative mechanisms in neurons, which can
contribute to the important neurobiological process, causing a spectrum of cognitive and
behavioural impairments (Waltereit ef al., 2011; Crino, 2016; Kutna et al., 2021).

Like in humans, brain malformations of 7sc2 loss-of-function rats occur in 30-65% of
cases and have age-dependent onset (Yeung et al., 1997; Wenzel et al., 2004; Yeung, 2004;
Kutna et al., 2020). As the homozygous Tsc2 loss-of-function (7sc2-/-) variant is lethal
(Rennebeck et al., 1998), all Eker rats are heterozygotes, carrying one non-functional allele.

In rats, like in human 7SC2+/- cases, haploinsufficiency of the Tsc2 gene is associated with
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an array of neuropsychiatric signs (Kenerson et al., 2005; Stafstrom, 2005; 2006; Waltereit et
al., 2011; Schneider et al., 2017), including social and communication impairments. Autism
spectrum disorder (ASD) has been recognized in up to 60 % of humans affected by 7.SC2
deficiency, accounting for about 1-4% of the total ASD incidence (Gadad et al., 2013;
Curatolo et al., 2018; Specchio et al., 2020). Waltereit and co-workers were the first to study
social behaviour in Eker rats, showing that the neurobehavioral phenotype with the deficit in
social interactions in adult animals can be influenced by the history of drug-induced seizures
during early development (Waltereit et al., 2011). The same group has shown recently that
the social deficit, but not seizure-induced impairments in the 7sc2+/- Eker rats could be
ameliorated by selective inhibition of mTORCI1 activity (Petrasek et al., 2021). Evidence
from behavioural studies in other models with TSC2 deficiency has demonstrated that
autism-like phenotype with characteristic stereotypic behaviour can be achieved by targeted
depletion of TSC2 protein in cerebellar Purkinje cells at a later developmental stage (Fu &
Ess, 2013; Kutna ef al., 2021). Remarkably, autism-like behavioural phenotype could be also
induced by targeted silencing of the Tsc/ gene in Purkinje cells (Tsai et al., 2012; Tsai et al.,
2018). Detailed analysis of the impact of Tsc2 haploinsufficiency on the morphology and
cellular organization of the rat cerebellum in different age groups (Kutna et al., 2022) has
shown subtle developmental impairments with demyelination of the central track and loss of
Purkinje neurons.

As a neurodevelopmental disorder, ASD is characterized by abnormal connectivity in
the brain, owing to abnormal synapse formation and functional plasticity (Penzes ef al., 2011;
Penzes et al., 2013; Joensuu et al., 2018; Erli et al., 2020). Although the causative role of
genetic and environmental factors in ASD is well recognized (Chaste & Leboyer, 2012;
Talkowski et al., 2014; Bai et al., 2019; Cheroni et al., 2020; Tseng et al., 2021), the effect of

their interaction on the onset and progression of the disease remains elusive. It is also unclear
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how the interplay between the genes and environment in ASD changes with age, and how
these processes relate to functional and structural remodelling and plasticity in the brain.
Despite the consensus that mMTORCI1 hyperactivity plays a prime role in neurobiological and
behavioural impairments associated with TSC2 deficiency (Crino, 2016; Kutna et al., 2021),
a recent report in neuronal cultures with silencing of the #sc2 gene showed significant
changes in spine morphology, which were resistant to mTORCI1 inhibitors (Yasuda et al.,
2014). Importantly, the pharmacological block of mTORCI also failed to counter the effects
of Tsc2 haploinsufficiency (Yasuda et al., 2014), inferring a functional redundancy of this
key kinase in regulating synaptic plasticity. Given that the preclinical reports of autism-like
symptoms in 7sc2 deficient models have been limited to a single point or a single age-group
analysis (Waltereit et al., 2011; Tsai et al., 2012; Gadad et al., 2013; Reith et al., 2013;
Schneider et al., 2017; Kutna et al., 2021; Petrasek et al., 2021), it is unclear how various
developmental stages and environmental changes can influence the impact of 7sc2 deficiency
on the neuroplasticity mechanisms and behavioural characteristics.

In this study, we carried out a series of behavioural tests in three age groups of
Tsc2+/+ (wild-type, WT) and tuberous sclerosis 2 deficient (7sc2+/-) Eker rat model
maintained in individually ventilated cages or under environmental enrichment, followed by
the histochemical analysis of dendritic spine density and structure, to gain insights into the
effects of the development and environment on the neurobehavioral phenotypes and synaptic

plasticity.

Materials and Methods
Experimental animals
In total, 69 male rats (Long—Evans Tsc2+/+ or WT (n=37) and Tsc2+/- or Eker (n=32)) from

8 litters were used in the current study. The principal reason for limiting our analysis on
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males is that female behaviour is significantly influenced by their estral cycle phase, which is
known to affect open field (Miller et al., 2021), plus maze (Marcondes et al., 2001) and
social behavior (Frye et al., 2000). It is also justified by the fact that human ASD is much
more prevalent in male population, with sex ratio up to 4:1 (Werling & Geschwind, 2013).
Animals were divided into four groups based on their genotype and housing conditions
(individually ventilated cages, or IVC versus enriched environment), with two genotypes
compared at three developmental stages (young, adult, aged), at postnatal days (PND) 45, 90,
and 365. The Eker rat line used in the present study was obtained from M. D. Anderson
Cancer Center, University of Texas (Rennebeck et al., 1998), via Technische Universitét
Dresden, Germany. Animals were housed in a Bio-resources facility of the National Institute
of Mental Health, Klecany, at constant temperature (+21 °C), with a 12-h light/12-h dark
cycle maintained, food and water provided ad libitum. All experimental procedures have been
approved by the Institutional Committee for Animal Protection (Project of Experiments No.
46) in line with the Animal Protection Code of the Czech Republic, and the directive of the
European Community Council (2010/63/EU). Mating and breeding of the rats were
performed in wire lid plastic boxes (44x28x23 cm). After weaning (PND21), the offspring
were transferred to the experimental housing. Rats housed without environmental enrichment
were kept in pairs in sealed individually ventilated cages (IVC, Tecniplast 40x35x21 cm),
which prevented olfactory or acoustic contact with adjacent cages. Opaque partitions and a
translucent curtain prevented visual contact with other animals. Rats maintained under
enriched conditions (enriched group) lived in groups of five individuals in larger translucent
polypropylene boxes (58%37x23 cm) covered with wire lids, equipped with shelters made of
plastic tubes, and pieces of wood and tissue paper for gnawing, with olfactory and acoustic

contacts allowed between neighbouring cages.
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Experiment design

Based on the genotype and housing conditions, rats were divided into: WT housed under (1)
IVC (n=17) and (2) enriched conditions (n=21), and Eker housed under (3) IVC (n=17) and
(4) enriched (n=16) conditions. Animals were studied at three developmental stages: young
(PND45), adult (PND90) and aged (PND365). Overall, we used for the current analysis 26
litters: 10 in PND45, 8 in PND 90 and 8 litters in PND365 age groups. After behavioural
tests, rats were transcardially perfused, and their brains were harvested for histochemical and
immunofluorescence studies. Figure 1A, B presents the experimental design and summary of

the experimental series with the numbers of rats included in the current analysis.

Behavioural tests and animal monitoring

In behavioural experiments, the order of animals was randomized, and the experimenters
were blinded to animal genotypes. Rats were always transferred from their housing to the
experimental rooms in a clean individual cage and left alone for 10 minutes before being
placed in the experimental apparatus. During behavioural tests, all animals were monitored
and recorded by an overhead web camera located above the experimental apparatus, with
videos evaluated subsequently offline. The BORIS software (Friard & Gamba, 2016) was
used for manual scoring of rat behaviour by a blinded human observer while the EthoVision

(Noldus) was used for automatic tracking of rat trajectory.

Elevated plus-maze test (EPM)

The apparatus, made from light grey plastic, consisted of four arms (each 10 cm wide, 50 cm
long) in a cross shape elevated 70 cm above the floor. Two arms opposite each other were
open, the other two were surrounded by 30 cm high walls. The apparatus was illuminated by

fluorescent tubes on the ceiling (480 lux in open arms, 85 lux in closed arms). Each animal
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was placed into the middle part facing the open arm and recorded for 5 min. We analysed
time spent in the open arms (open arm duration), time spent looking down from the maze
across the open arm edge (looking down duration), and the number of arm visits as a measure
of overall activity. There was no variation between the groups in looking out from the closed

arms (risk assessment behaviour), so this parameter was dropped from the analysis.

Open field test (OF)

For the open field test, a square white chipboard arena (70%70 cm), illuminated by
fluorescent tubes located on the ceiling (1000 lux), was used. The animal was placed in the
middle of the arena, and its behaviour was recorded by a camera for 10 min. In the open field
test, we evaluated the locomotor activity of animals, recorded as total travelled distance, and

the time spent in the central 50% of the area of the apparatus (centre duration).

Social interaction test (SI)

In this test, two unfamiliar rats of the same experimental group were left to interact in a dimly
illuminated (18 lux) neutral environment of the open-field arena. The rats were placed into
the apparatus simultaneously, facing the opposite corners, and were recorded for 10 min.
Social isolation (10 min) preceded the interaction test. In this test, we evaluated social
exploration (sniffing the head and body of the social partner), anogenital sniffing (sniffing to
the anogenital region or tail base of the partner), and self-grooming during the first 5 minutes.
Other forms of social behaviour, such as aggressive interactions or allogrooming were absent

or too rare for statistical evaluation.

Histological experiments and dendritic spine counting

10
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For histology experiments, rats were anaesthetized with an intraperitoneal (i.p.) injection of
xylazine (30 mg/kg) and ketamine (200 mg/kg) and transcardially perfused with 0.9% saline
followed by 4% paraformaldehyde (150 ml) (Sigma-Aldrich, catalogue # P6418) in 0.1 M
phosphate buffer, at pH 7.4. Brains were removed and divided into two hemispheres. The
right part was preserved for immunohistochemistry, while the left was used for histological
studies using rapid-Golgi staining (Patro ef al., 2013). After cryoprotection with 30% sucrose
for 48 hrs, the tissue was frozen and serially cut (Leica CM1860 UV) into 100 um coronal
sections. Following sequential incubations in 70% and 100% ethanol (time: each 10 min) and
NeoClear (Merck, catalogue # 109843) (time: 10 min), sections were mounted on gelatin-
coated slides and coverslipped with mounting medium NeoMount (Merck, catalogue #
109016) for light microscopic analysis (Zeiss Axio Imager Z1 microscope). For
morphological analysis and characterization of dendritic spines, we examined the cingulate
gyrus and the CAT1 area of the dorsal hippocampus, based on an anatomical map of a rat brain
(Paxinos & Watson, 2007). Spine counting was carried out manually in an online regime with
a Zeiss Axio Imager Z1 microscope using the 63% objective. The counting researcher was
blinded to the experimental condition and animal genotype. For analysis of dendritic spines,
four pyramidal neurons per rat were selected randomly from defined regions of interest, with
spines of the second-order apical dendrites counted over 10-12 um segments. All protrusions
from dendritic shafts were treated and counted as “spines”, with selection criteria for
qualifying as spines verified by two independent observers. Due to limitations of the light
microscopy method, the estimated numbers of dendritic spines are likely to represent
underestimates of the actual spine numbers, due to lapse of dendritic spines beneath or above
the dendritic segment (Gonzalez & Kolb, 2003). For sorting dendritic spines into
morphological categories such as thin, stubby, and mushroom-like, and their quantification,

we have used established morphological criteria (Rochefort & Konnerth, 2012; Granak et al.,

11
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2021). Given the limitations of light microscopy for visualizing dendritic spines (Mancuso et
al., 2013), we have included in the current analysis only spines that could be unambiguously

identified as one of these morphological types.

Immunofluorescence and confocal imaging

The right side of rat brains selected for immunohistochemistry was post-fixed overnight in
4% paraformaldehyde followed by cryoprotection in 30% sucrose. Frozen material was
serially sectioned on a cryostat (Leica CM1860 UV) into 50 um coronal slices, with each
fifth collected and stored in a cryoprotective solution (ethylene glycol, glycerol, and disodium
phosphate in distilled water) at =20 °C until processed. Free-floating sections were rinsed
extensively in 0.1 M PBS. Non-specific immunoreactivity was blocked with 10% normal
goat serum (NGS, Merck, catalogue # S26) and 0.3% Triton-X100 for 1 hour at room
temperature. This was followed by overnight incubation of brain sections with primary
antibodies in 0.1 M PBS containing 0.3% Triton-X 100, at 4 °C. The following primary
antibodies were used: anti-glial fibrillary acidic protein (GFAP, rabbit polyclonal, 1:5000,
Dako, catalogue # Z033429), anti-Neuronal nuclear antigen (NeuN, mouse monoclonal,
1:1000, Millipore, catalogue # MAB377), anti-phospho-S6 ribosomal protein antibody (pS6,
rabbit monoclonal, 1:1000, Cell Signaling, catalogue # 5364). Sections were subsequently
rinsed in 0.1 M PBS and incubated with secondary antibodies in 0.1 M PBS containing 0.3%
Triton-X 100 for 2 h at room temperature. The following secondary antibodies conjugated
with fluorophores were used, according to the chosen primary antibodies (Donkey anti-mouse
AF488, catalogue # 715-545-150, and Donkey anti-rabbit AF594, catalogue # 711-585-152,
and 1:500, Jackson ImmunoResearch). After exposure to secondary antibodies, sections were
rinsed in 0.1 M PBS and coverslipped in ProLong Gold Antifade Reagent with DAPI (Cell

Signaling Technology, catalogue # 8961) and viewed with a Leica TCS SP8X confocal
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system (10x objective lens, argon laser) (Leica Microsystems Mannheim, Germany). Brain
images were acquired using appropriate excitation lines and filters, with data analysis carried
out offline using Image] 1.47 software (NIH, USA). The intensity of excitation was
optimized and maintained consistently throughout all datasets, with image brightness and
contrast standardized across image series. Obtained numerical values were tabulated and used
for comparative analysis and statistical tests. Figures were produced using Adobe Illustrator

(Adobe Systems, San Jose, CA).

Data analysis and statistics

For immunofluorescence signal intensity analysis and neuron counting, low-power
fluorescence images were taken from the cingulate gyrus and the dorsal hippocampus of rats.
For intensity measurements, images were converted into 8-bit black and white formats. In the
cingulate gyrus, signal intensity was estimated on randomly defined regions of interest
(ROIs) within layers 2 and 3, while in the hippocampus, ROIs were placed within the CA1
region of the dorsal hippocampus. Neuron counting was carried out manually after splitting
GFAP-NeuN double stained fluorescence micrographs of cligulate gyrus area into gray
images of neurons and glia, with numbers tabulated and analysed off-line. Mean signal
intensity values were pulled from 14-26 optical sections using a dedicated macro of ImageJ.
For analysis of fluorescence areas, data were acquired using a dedicated function of ImageJ,
as specified elsewhere (Kutna et al., 2022). The mean values of each bar in bar graphs in
Figure 5 present the calculated average of 9 individual measurements per rat from three rats
per group. The standard error of the mean was calculated as SEM = o/vn, where o is the
sample standard deviation, while n is the number of samples. For statistical tests of signal
intensity measurements, normal distribution of the data was assumed. For dendritic spine

density and spine type analysis, the averaged values were collected from 4 neurons per

13
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animal, with 5-6 animals per experimental group. Two-way analysis of variance (ANOVA)
with genotype and environment as between-subject factors was used for statistical evaluation
of the data, using IBM SPSS Statistics (data from brain analyses) and GraphPad Prism
(behavioural data) software. Each experimental time point was evaluated separately. All
results are presented as means = SEM. The significance threshold was set at p = 0.05, with

values below considered statistically significant.

Results
Impact of genotype, age and environment on anxiety and general locomotor activity
Anxiety and general locomotor activity were tested in the elevated plus maze and open field
tests in three age groups (Figure 1A-C for experiment design and sample size). In the
elevated plus maze, rats housed in enriched environments showed higher number of all arm
visits at PND45 (F (1, 76) = 4.930; p = 0.0294), and PND365 (F (1, 36) = 6.685; p = 0.0139),
suggesting higher levels of activity (Figure 2A). At PND365, there was also a significant
interaction between genotype and environment (F (1, 36) = 9.280; p = 0.0043), showing that
the effect of enrichment was more pronounced in Eker rats. Rats from enriched environments
spent more time in the open arms of the maze at both PND90 (F (1, 52) = 7.734; p = 0.0075)
and PND365 (F (1, 36) = 10.89; p = 0.0022) (Figure 2B). Measurement of looking down
duration from the open arms showed a significant increase in rats housed in an enriched
environment, irrespective of their genotype, at all three timepoints: PND45 (F (1, 76) =
8.944; p = 0.0037), PND9O0 (F (1, 52) = 17.16; p = 0.0001) and PND365 (F (1, 36) =12.22; p
= 0.0013) (Figure 2C). Overall, these results suggest a lower level of anxiety in rats housed
under enriched conditions.

Another commonly used test for locomotor activity and anxiety levels is the open

field paradigm, with measurements of the travelled distance and time spent in the centre of
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the apparatus (Mechan et al., 2002). Eker rats showed lower locomotor activity at PND45 (F
(1, 48) = 13.34; p = 0.0006) and PND90 (F (1, 56) = 5.134; p = 0.0273). This behavioural
trend was not detected in aged rats, which showed similar mobility (Figure 2D). Unlike
travelled distance, the time spent in the centre showed a strong response to the environmental
enrichment at PND90 (F (1, 56) = 25.41; p < 0.0001) and PND365 (F (1, 36) = 5.099; p =
0.0301), with the rats from enriched environment spending less time in the central area. At
PND365, there was also a significant interaction between the animal genotype and
environment (F (1, 36) = 6.945; p = 0.0123), because the effect of environment was apparent
only in the WT animals at this developmental stage (Figure 2E). Although we have
randomized animals from different litters, we nevertheless conducted a one-way ANOVA
analysis with one factor i.e. litter in PND45 rats, which was the largest (10 litters). No effects
has been found on travel distance in open field test (p=0.322). The results of a two-way
ANOVA with factors of genotype and environment, and with factor litter as a covariat, also
confirmed the potential absence of litter bias with accuracy of our observations and their

interpretations.

Effects of 7Tsc2 deficiency on social behaviour are sensitive to age and the environment

Next, we analysed the behaviour of rats during social interaction. Duration of social contact
was shorter in young (PND45) rats maintained in enriched conditions (F (1, 64) = 10.27; p =
0.0021) (Figure 3A). A similar comparison of adult and aged groups in IVC and enriched
housing conditions did not reveal any difference. Anogenital sniffing was affected by
environment at PNDO90 (F (1, 56) = 7.934; p = 0.0067) and PND365 (F (1, 36) = 15.69; p =
0.0003), with animals housed in enriched cages spending significantly more time exploring
their partners (Figure 3B). Aged Eker rats response to environmental enrichment was

enhanced in comparison to WT rats (interaction between genotype and environment at P365,

15

Page 18 of 47



Page 19 of 47

European Journal of Neuroscience

F (1, 36) = 5.444; p = 0.0253). Finally, rats were assessed for self-grooming. This behaviour
was sensitive to environment, as it was increased by enrichment at PND45 (F (1, 64) = 11.13;
p = 0.0014) and PND90 (F (1, 56) = 7.105; p = 0.0100). Interestingly, at PND365,
environmental enrichment showed no effect, but there was a significant effect of genotype (F
(1,36) = 11.82; p = 0.0015) with Eker rats exhibiting less grooming, and interaction between
genotype and environment (F (1, 36) = 5.094; p = 0.0302), as the effect of genotype was
especially pronounced in rats housed in an enriched environment (Figure 3C). It must be
stressed that the difference in self-grooming at P365 could result from normal sample-to-
sample variations given the low number of animals, hence this result should be taken with a

degree of caution.

The impact of Tsc2+/- deficiency on dendritic spines depends on age and environment

Next, we studied if the described age, genotype, and environment-dependent differences
reflect underlying differences in synaptic density and dendritic spine morphology. After
behavioural tests, rats were perfused and brains were analysed for dendritic spine density and
morphology in the cingulate gyrus and hippocampus, two key structures implicated in ASD.
Although Tsc2 deficit is known to cause impairments of spine formation in neurons in vitro
(Yasuda et al., 2014), it is unclear if these alterations are age-dependent and react to
environmental variations. Figure 4A and B show low-power micrographs of Golgi-stained
brain slices with typical pyramidal cells included in this analysis (Bregma +2.5 and -3.5)
(Paxinos & Watson, 2007). Dendritic spines were counted on the first branches from the main
apical shaft (4 branches per animal) on 4 neurons per animal with 5-6 animals in each group,
and classified based on their morphology in thin, mushroom, and stubby groups (Rochefort &

Konnerth, 2012).
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Two-way ANOVA with genotype and environment factors did not show any
difference in spine density between age-matched groups in the CA1 (Figure 4C). At PNDA45,
we observed a slight trend of an interaction (F (1, 16) = 3.105; p = 0.097) between the effect
of genotype and environment. At PND365, we observed a stronger trend (F (1, 16) = 3.882; p
= 0.066) toward a higher density of spines in Eker rats. Overall, however, the data showed a
gradual age-dependent decline in spine density across all groups in the CAIl of the
hippocampus. Similar measurements in the cingulate gyrus showed a significant effect of
genotype at PND90, with spine density increased (F (1, 16) = 64.398; p < 0.001) in the Eker
rats (Figure 4D). The density of dendritic spines in WT rats at PND90 was comparable to that
at PND45. At PND365, we found a significant effect of enrichment (F (1, 16) = 4.624; p =
0.047), with Eker rats housed in environmental enrichment showing a lower spine density
(Figure 4D).

Analysis of the spine morphology showed that in the hippocampal CA1 region
(Figure 4E), the dendritic spines of WT and Eker rats showed considerable variability in
young, adult, and aged groups, with mushroom type dominating in young and aged Eker
genotype, without visible effects of housing conditions. Interestingly, all four experimental
groups, irrespective of the genotype and housing conditions, showed a strong increase in the
number of thin spines at PND90 as compared to PND45 followed by a reduction in
mushroom spines, with mushroom type rebounding back in the older rats (Figure 4E). Similar
measurements in the cingulate gyrus revealed a general trend of an increase in stubby spines
with a reduction in mushroom spines at PND365 in both genotypes. In rats housed in an
enriched environment, we observed a considerable age-related increase in the density of thin
spines from PND45 to PND90, which was especially pronounced in the Eker genotype

(Figure 4F).

17
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Comparison of pS6 and GFAP expression between Eker and control rats housed in
different environments

Next, we looked for changes in mTORCI1 and glial activity markers in the cingulate gyrus
and CAIl region using pS6 and GFAP staining (Figure 5). Ribosomal protein S6
phosphorylation is a key readout of mTORCI1 activity with its changes reported in various
brain disorders, including ASD and neurodegenerative diseases. Figure 5A, D shows
representative micrographs of the prefrontal cortex and hippocampus stained for pS6, GFAP,
and NeuN (neuronal marker). The results of fluorescence intensity studies are summarized in
Figure 5B-F. In adult PND90 Eker groups, there is a higher level of pS6 in the pyramidal
layer of the CAI region, in agreement with mTORCI1 hyperactivity (F (1, 8) = 6.960;p =
0.03). Results of similar measurements of pS6 in the cingulate gyrus are shown in Figure 5C,
with both genotype and environment having significant effects on its levels at PND365.
There was a notable increase in the mean intensity of pS6 protein in Eker rats in layer 2 (F (1,
8) = 20.385; p = 0.002; not shown) and layer 3 neurons (F (1, 8) = 22.905; p = 0.001; Figure
5C). Importantly, from this analysis, it emerges a strong environmental effect on the
expression of pS6 in layer 2 (F (1, 8) = 5.713; p = 0.044; not shown) and layer 3 (F (1, 8) =
13.363; p = 0.006), with higher pS6 expression in enriched animals, with a reduction in pS6
in expression evident in the aged groups. Neuronal counting was carried out in cingulate
cortex of 12 rats in total, 3 per group, using 3 slices per rat. A two-way ANOVA statistical
analysis showed no change in neuronal density: Genotype: F(1,8) = 1.895; p = 0.206;
Enrichment: F(1,8) = 0.146; p = 0.712; Genotype - Enrichment (interaction): F(1,8) = 0.006;
p=0.941. We also compared the distribution and intensity of astrocyte marker GFAP (Figure
5D, E, and F). Two-way ANOVA with factors of genotype and environment showed no
significant differences in the GFAP intensity in all age groups in the stratum oriens of the

CA1 region of the hippocampus or layers 2 and 3 of the cingulate gyrus.
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Discussion

Loss-of-function mutations of 7SC2 are amongst the best-characterized genetic aberrations
reported in ASD, with Tsc2 deficit also causing an autism-like neurobehavioral phenotype in
animal models (Gadad et al., 2013; Henske et al., 2016; Specchio et al., 2020). It is generally
assumed that behavioural abnormalities in ASD humans and model animals share cellular and
molecular pathology. Indeed, multiple reports suggest specific histochemical and functional
changes in the hippocampus, cerebellum, and cerebral cortex in rat and mouse models,
reminiscent of those in human ASD autopsies (Gadad et al., 2013; Kutna et al., 2021; Kutna
et al., 2022). These changes have been demonstrated to affect glutamatergic and GABAergic
neurons and synapses, cause immune response impairments and disrupt the mTORCI1
signalling (Gadad et al., 2013; Won et al., 2013; de la Torre-Ubieta et al., 2016). As a
complex multifactorial disease, the onset and outcome of ASD in humans, in addition to
genetic determinants, is modulated by environmental effects. The influences of multiple
factors have been implicated in heterogeneity in ASD neuropathology and manifestations.
Currently, there is a pressing need in determining how the interplay of multiple factors such
as genes, environment, and age can influence the onset, progression, and severity of the
pathology with neurobehavioral phenotypes.

We analysed the effects of age and environmental enrichment on the anxiety level,
locomotor activity and social interactions in Eker (7sc2+/-) rats, followed by histological
assessments of dendritic spine density and morphology, and compared the results with similar
readouts in WT (7sc2+/+) controls. In the elevated plus-maze test, we found that number of
arm visits, looking down duration, and time spent in the open arms in IVC housed adult and
specially aged groups were notably lower than those in the enriched groups, suggesting

higher anxiety levels in the former. Interestingly, the decrease in anxiety levels by the
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environmental enrichment was most pronounced in the older rats. These findings are in
support of the overall anxiolytic effects of environmental enrichment reported in animal
studies (Sztainberg et al., 2010; Lopes et al., 2019) and agree with the developmental
progression of neurobehavioral phenotypes in Tsc2+/- animal models (Feliciano, 2020;
Kutna et al., 2020; Kutna et al., 2021; Kutna et al., 2022) as well as ASD in humans
(Ozonoff et al., 2008; Davidovitch ef al.,, 2013). Of note, in the open field test, the
environmental enrichment had the opposite effect in older age groups, reducing the
exploration of the central part of the arena (PND90 and PND365), which is usually taken as a
sign of elevated anxiety. Also, increased self-grooming in the social interaction test might be
interpreted as stress- or anxiety-induced displacement behaviour, as it mostly occurred in
short bursts, unlike grooming under non-stressful circumstances (Kalueff & Tuohimaa,
2005b; a). The anxiety level in rats likely depended on the similarity of the experimental
apparatus with their housing cages, with rats housed in an enriched environment feeling
calmer in the plus-maze with its enclosed compartments and elevated walkways, while the
featureless open-field arena was more natural for the rats housed in the IVC cages.
Nevertheless, the aged Eker rats showed lower self-grooming, which became more
pronounced after exposure of rats to environmental enrichment. It must be emphasized also
that the readouts from the elevated plus-maze and open field tests, although taken as
measures of anxiety, are not correlated and can reflect different behavioural dimensions
(Ramos, 2008; Sudakov et al., 2013). Of note, in the open field test, the young (PND45) and
adult (PND90) Eker rats showed lower mobility (measured as the travelled distance) as
compared to the age-matched WT controls, with the differences levelling at up at PND365.
On the other hand, in the same test, we observed no genotype-dependent differences in centre
duration. The causes for decreased locomotion of Eker rats in the open field test and

amelioration of this difference in the aged rats are not clear but might be related to an overall
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reduction of motor activity reported in human ASD (Peier ef al., 2000; Stins & Emck, 2018),
as well as to changes in structures controlling locomotor activity and coordination such as the
cerebellum and brain stem (Gadad et al., 2013; Kutna et al., 2022).

The social interaction test revealed that environmental enrichment affected social
behaviour towards unfamiliar conspecifics, increasing the tendency to explore the anogenital
area of the partner in adult and aged rats while decreasing exploration of the head and body in
young rats. The effects of the environment on anogenital exploration were more pronounced
in the Eker rats. Several previous studies have reported impaired social behaviour of the Eker
rats, which was not observed in the present data. Waltereit et al. showed a reduction in social
interactions in rats after induction of status epilepticus at a very young age (Waltereit et al.,
2011). Petrasek and co-workers recently reported a deficit of anogenital social exploration in
Eker rats from the same breeding colony (Petrasek et al., 2021). The discrepancy between the
results of the previous study with the current report can perhaps be explained by the fact that
the rats in this study (both genotypes) generally were socially less active (compare Figure 2b,
c in Petrasek et al., 2021, with Figure 3A, B in the present study), seemingly contributed by
differences in housing conditions. Also, the earlier studies used non-IVC cages, with cage
type known to influence the rat performance in behavioural tests (Brain & Benton, 1979;
Waurbel, 2001; Van de Weerd et al., 2002).

The reliance of exploratory, anxiety, and social behaviours on the limbic system
(which include cingulate gyrus and hippocampus) and related circuits (Martin et al., 2010;
Winter et al., 2013; Eslinger et al., 2021) prompted our histochemical investigations of
changes in dendritic spine density and morphology, which are known to be altered in human
ASD (Penzes et al., 2011; Penzes et al., 2013; Joensuu et al., 2018; Erli et al., 2020) and in
ASD experimental animal models (Peier et al., 2000; Gadad et al., 2013). Although in vitro

evidence suggests an important role of TSC2 protein in governing the dendritic spine
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morphology and density, in rapamycin-dependent and rapamycin-independent way (Zhou et
al., 2006; Yasuda et al., 2014), to the best of our knowledge, the impact of Tsc2 loss-of-
function on dendritic spine morphology in vivo has been only studied at a single
developmental stage of transgenic mice (Tavazoie et al., 2005; Meikle et al., 2008). The
similarity of spine density in the hippocampal CAl region between the two genotypes of
three age groups irrespective of housing conditions suggests that behavioural differences
described herein do not rely on structural plasticity mechanisms of this limbic region.
Environment and genotype-dependent variations in spine density and morphology in the
cingulate gyrus, on the other hand, imply that the behavioural changes tax synaptic plasticity
mechanisms of this brain region. Indeed, our morphometric analysis of dendritic spines
revealed a higher proportion of spines with stubby morphology and reduced mushroom
spines in aged rats of both genotypes. On the other hand, we found an age-related alteration
in the density of thin spines, which were more prominent in the Eker genotype. Likewise, the
genotype-dependent differences in spine density varied with the age of animals, with overall
spine numbers in adult Eker rats significantly exceeding those in age-matched controls.
Unfortunately, in the absence of mechanistic data, it is not possible to interpret these
differences in the context of described behavioural observations. It is anticipated that with
future studies of developmental dynamics in dendritic spines in Eker rats and other animal
models of ASD, it would be possible to shed light on neurobiological mechanisms and the
functional significance of these changes. Nevertheless, the occurrence of the behavioural and
histochemical changes in adult and aged groups (PND90 and PND365) agrees with increased
expression of pS6 protein, signifying higher activity of mTORCI as a potential cause.

In summary, the results of our behavioural study and histochemical analysis show that
the expression of neurobehavioral and neuroplasticity signs in rats with 7sc2 loss-of-function

and constitutive mTORCI1 hyperactivity are strongly influenced by the age of experimental
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animals and housing conditions. Complex interdependence of multiple factors in the
expression of neurobehavioral phenotypes in Tsc2+/- Eker rats described herein agrees with
the multifactorial nature of ASD and calls for in-depth mechanistic studies with identification

of underlying processes, with the prospect of their therapeutic modifications.
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Figure legends

Figure 1. Experiment design with illustrations of behavioural tests and morphometric
analysis. (A) Experiment design. After the weaning at the postnatal day (PND) 21, rats were
transferred to either an enriched environment or individually ventilated cages (EE or IVC,
respectively) and subjected to behavioural tests followed by histological analysis in three age
groups: PND45 (young), PND90 (adulthood) and PND365 (aged). (B) Table showing the
number of rats used in various experiments of the current study. (C) Schematized

representation of principal experimental paradigms utilized in this study.

Figure 2. The impact of age, genotype, and environment on behavioural outcomes in the
elevated plus-maze (A, B, C) and open field (D, E) tests. Summary bar graphs of the
number of arm visits (A), time spent in the open arms (B) and duration of looking down from
the maze (C). Summary bar graphs of travelled distance (D) and time spentin the
centre of the open field apparatus (E). PND45 left bars; PND90 middle bars; PND365 right
bars. Asterisks mark where the difference between groups reached statistical significance * p
< 0.05, ** p < 0.005, *** p < 0.0005. White bars represent datasets with no significant

difference. GEN — genotype, ENV — environment.

Figure 3. The impact of age, genotype, and environment on behavioural outcomes in
social interaction test. Summary bar graphs of the duration of active social contact - head or
body sniffing (A), anogenital exploration duration (B) and self-grooming duration (C).
PND45, left bars; PND90 middle bars; PND365 right bars. Asterisks mark where the
difference between groups reached statistical significance * p < 0.05, ** p < 0.005, *** p <
0.0005. White bars represent datasets with no significant difference. GEN — genotype. ENV —

environment.
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Figure 4. The impact of the age, genotype, and environment on dendritic spine density
and morphology. (A, B) Representative low-magnification images of Golgi rapid stained
slices: the cingulate gyrus, bregma +2.5 mm; dorsal hippocampus, bregma -3.5. Rectangles
mark the anatomical locations where dendritic spines were analysed. D — dorsal, M — medial.
Scale bars: 1.0 mm. (A) Representative light microscopic images of pyramidal neurons with
apical and basal dendrites in layer II-III of the cingulate gyrus (middle and right) and (B)
CA1 region of the hippocampus (middle and right). Scale bars 15 um. High-magnification
images of secondary dendritic branches with dendritic spines from the prefrontal cortex and
hippocampus (A, B: right panels). Black arrows point at individual spines. Scale bars 5 pum.
Summary bar graphs of the mean spine density in the CA1 region of the hippocampus (C)
and cingulate gyrus (CG) (D). Postnatal days: PND45, left bars; PND90 middle bars;
PND365 right bars. Asterisks mark statistically significant differences indicated by two-way
ANOVA, with a degree of significance * p < 0.05, ** p < 0.005. White bars represent
datasets with no difference. (E, F) Summary stacked bars representing the fraction (number
insets) of three main morphological variants of dendritic spines: thin spines, marked in blue;
stubby spines in orange, and mushroom spines in grey. The graphs present data from five rats
of each experimental group for individual data points (n = 5). GEN — genotype, ENV —

environment.

Figure 5. The impact of age, genotype, and environment on neuronal and astrocyte
markers NeuN and GFAP and mTOR activation marker pS6. (A, D) Representative
immunofluorescence images of hippocampal CA1 (left panels) and cingulate gyrus (CQG)
areas (right panels) in coronal brain slices stained for the neuronal marker NeuN (green), a

marker of mTOR activation pS6 (red; A), and an astrocyte marker GFAP (red; D). Narrow
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right insets show an enlarged view of stratum oriens (SO) of the CAl region of the
hippocampus (left panels) and layer III of the CG (right panels). CA1l scale bars 75 pm.
Cingulate gyrus scale bars 100 pm. (B, C) Summary bar graphs of the mean intensity of pS6
signal in the stratum pyramidale (PYR Layer) of the CA1 region (B) and layer III of the
cingulate gyrus (C). (E, F) Summary graphs of the mean intensity of GFAP in the stratum
oriens of the CAl region (E) and layer 3 of the CG (F). Asterisks mark the results of
comparison reaching statistical significance, using two-way ANOVA, with a degree of
significance * p < 0.05, ** p < 0.005. White bars represent datasets with no significant
difference. Postnatal day (PND) 45, left bars; PND90 middle bars; PND365 right bars. The
graphs present data from three rats of each experimental group for each data point (n = 3),
with intensity measurements pulled from 9 regions of interest (ROIs) quantified per animal.

GEN — genotype, ENV — environment.
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Figure 1. Experiment design with illustrations of behavioural tests and morphometric analysis. (A)
Experiment design. After the weaning at the postnatal day (PND) 21, rats were transferred to either an
enriched environment or individually ventilated cages (EE or IVC, respectively) and subjected to behavioural
tests followed by histological analysis in three age groups: PND45 (young), PND90 (adulthood) and PND365
(aged). (B) Table showing the number of rats used in various experiments of the current study. (C)
Schematized representation of principal experimental paradigms utilized in this study.
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Figure 2. The impact of age, genotype, and environment on behavioural outcomes in the elevated plus-maze
(A, B, C) and open field (D, E) tests. Summary bar graphs of the number of arm visits (A), time spent in the
open arms (B) and duration of looking down from the maze (C). Summary bar graphs of travelled distance
(D) and time spent in the centre of the open field apparatus (E). PND45 left bars; PND90 middle bars;
PND365 right bars. Asterisks mark where the difference between groups reached statistical significance * p
< 0.05, ** p < 0.005, *** p < 0.0005. White bars represent datasets with no significant difference. GEN -
genotype, ENV - environment.
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Figure 3. The impact of age, genotype, and environment on behavioural outcomes in social interaction test.
Summary bar graphs of the duration of active social contact - head or body sniffing (A), anogenital
exploration duration (B) and self-grooming duration (C). PND45, left bars; PND90 middle bars; PND365
right bars. Asterisks mark where the difference between groups reached statistical significance * p < 0.05,
** p < 0.005, *** p < 0.0005. White bars represent datasets with no significant difference. GEN -
genotype. ENV - environment.
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Figure 4. The impact of the age, genotype, and environment on dendritic spine density and morphology. (A,
B) Representative low-magnification images of Golgi rapid stained slices: the cingulate gyrus, bregma +2.5
mm; dorsal hippocampus, bregma -3.5. Rectangles mark the anatomical locations where dendritic spines
were analysed. D - dorsal, M — medial. Scale bars: 1.0 mm. (A) Representative light microscopic images of
pyramidal neurons with apical and basal dendrites in layer II-III of the cingulate gyrus (middle and right)
and (B) CA1 region of the hippocampus (middle and right). Scale bars 15 pm. High-magnification images of
secondary dendritic branches with dendritic spines from the prefrontal cortex and hippocampus (A, B: right
panels). Black arrows point at individual spines. Scale bars 5 um. Summary bar graphs of the mean spine
density in the CA1 region of the hippocampus (C) and cingulate gyrus (CG) (D). Postnatal days: PND45, left
bars; PND90 middle bars; PND365 right bars. Asterisks mark statistically significant differences indicated by
two-way ANOVA, with a degree of significance * p < 0.05, ** p < 0.005. White bars represent datasets with
no difference. (E, F) Summary stacked bars representing the fraction (number insets) of three main
morphological variants of dendritic spines: thin spines, marked in blue; stubby spines in orange, and
mushroom spines in grey. The graphs present data from five rats of each experimental group for individual
data points (n = 5). GEN - genotype, ENV - environment.
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Figure 5. The impact of age, genotype, and environment on neuronal and astrocyte markers NeuN and GFAP
and mTOR activation marker pS6. (A, D) Representative immunofluorescence images of hippocampal CA1
(left panels) and cingulate gyrus (CG) areas (right panels) in coronal brain slices stained for the neuronal
marker NeuN (green), a marker of mTOR activation pS6 (red; A), and an astrocyte marker GFAP (red; D).

Narrow right insets show an enlarged view of stratum oriens (SO) of the CA1 region of the hippocampus
(left panels) and layer III of the CG (right panels). CA1 scale bars 75 ym. Cingulate gyrus scale bars 100
um. (B, C) Summary bar graphs of the mean intensity of pS6 signal in the stratum pyramidale (PYR Layer)
of the CA1 region (B) and layer III of the cingulate gyrus (C). (E, F) Summary graphs of the mean intensity
of GFAP in the stratum oriens of the CA1 region (E) and layer 3 of the CG (F). Asterisks mark the results of

comparison reaching statistical significance, using two-way ANOVA, with a degree of significance * p < 0.05,

** p < 0.005. White bars represent datasets with no significant difference. Postnatal day (PND) 45, left
bars; PND90 middle bars; PND365 right bars. The graphs present data from three rats of each experimental
group for each data point (n = 3), with intensity measurements pulled from 9 regions of interest (ROIs)
quantified per animal. GEN - genotype, ENV - environment.
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Graphical abstract
Schematic representation of the key factors shaping the histopathological profile with affected
neurobehavioral domains in autism spectrum disorder (ASD) Eker rat. The effects of age, genotype and
environment converge on mTORCL1 signalling pathway leading to alterations in neuronal plasticity with
behavioural impairments.
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