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Abstract

Based on previous reports, exposure to pesticides could be linked to the prevalence increase of autism spectrum disorders
(ASD). Gestational exposure to chlorpyrifos (CPF) has been associated with ASD diagnosis in humans and ASD-like
behaviors in rodents. However, ASD severity degree results from the complex relationship between genetic background and
environmental factors. Thus, animals with a genetic vulnerability and prenatally exposed to CPF could have a more severe
ASD-like phenotype. Fragile X syndrome is one of the most common monogenic causes of ASD, characterized by a mutation
in the X chromosome which alters the expression of the fragile X mental retardation protein (FMRP). Based on this, some
fmr1 knockout (KO) rodent models have been developed to study the physiological and genetic basis of ASD. Both fmrl-
KO and wild-type male rats (F2 generation) were used in the present study. F1 pregnant females were randomly exposed to
1 mg/kg/mL/day of CPF (s.c.) from GD12.5-15.5 or vehicle. Different behavioral, developmental, and molecular variables
were analyzed in F2 males. KO rats were heavier, emitted altered USVs, were socially inefficient, reacted more to a novel
stimulus, were hyperactive when exploring a new context, but hypoactive when exploring anxiety-inducing environments,
and had an upregulated hippocampal expression of the grin2c gene. When exposed to low doses of CPF during gestation,
these KO rats showed decreased climbing capacity, dysfunctional social interaction, and increased hippocampal expression
for kccl and 5ht2c genes. Gestational CPF exposure increased the ASD-like phenotype in those animals with a genetic vul-
nerability, although its effect was less generalized than expected. It is the first time that this additive effect of CPF exposure
and the fmr1-KO genetic vulnerability model is explored concerning social traits or any other behavior.
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Abbreviations

Al Anxiety index

ANOVA  Analysis of the variance

APOE Apolipoprotein E

ASD Autism spectrum disorders

CA Closed arm

CPF Chlorpyrifos

FSX X fragile syndrome

GD Gestational day

KO Knockout

NOR Novel object recognition

OA Open arm

0] Organophosphate

PM Plus maze

PND Postnatal day

RT-qPCR Retro-transcription-quantitative polymerase
chain reaction

S1 Stranger 1

S2 Stranger 2

SI Social index

SNI Social novelty index

USv Ultrasound vocalization

WT Wild-type

3-CT 3 Chambers test

Introduction

Autism spectrum disorders (ASD) are a heterogeneous set
of behaviors characterized by decreased sociability, altered
communication skills, and a greater appearance of stereo-
typed behaviors [1]. Along with these core symptoms, diag-
nosed patients are commonly more impulsive, compulsive,
anxious, and show specific alterations in locomotor activ-
ity [2—4]. Although the genetic root of ASD phenotype is
unquestionable [5], the notorious increase in its prevalence
observed in recent decades [6, 7] has been associated with
several environmental factors, including pesticides. Of the
latter, organophosphate (OP) pesticides are gaining special
interest regarding their impact on ASD diagnosis in both
humans and ASD-like behaviors in rodents [8—10].
Chlorpyrifos (CPF) is one of the most widely used OPs
in the world [11]. It is also the most studied OP compound
concerning ASD-like behaviors in rodents [9]. Based on the
literature and our empirical findings, development seems to
be particularly sensitive to exposure to low doses of CPF,
even at doses that do not significantly inhibit cholinester-
ase enzymatic activity, regarding multiple behavioral and
physiological endpoints, including ASD-like related behav-
iors in rodent models. For an in-depth review, see Biosca-
Brull et al. [9]. In short, the empirical data point to a greater
link between gestational exposure to low doses of CPF and
increased ASD-like behaviors around gestational days (GD)
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GD12-15 in mice, e.g., Lan et al. and Lan et al., respectively
[12, 13], while other compounds (e.g., valproic acid) have
been systematically linked to these types of abnormal behav-
ioral patterns. This ASD-like pattern has also been observed
in rats following CPF exposure during this developmental
period regarding ultrasound vocalizations [10], and various
metabolites related to ASD [14].

Although the empirical evidence of the influence of these
types of xenobiotic compounds (and other environmental
agents) on ASD-like outcomes is increasing, only a few stud-
ies have included both vulnerable genetic background and
exposure to CPF during development, focusing on knockout
(KO) or transgenic models of BTBR, reeler, and APOE iso-
forms, showing inconclusive results [15-18]. This is relevant
because, as previously proposed, ASD seems to be the result
of a complex relationship between genes, physiology, and
environmental factors. Moreover, fmr1-KO models, which
represent the animal model of the human fragile X syndrome
(FXS), have gained special interest for their use in develop-
ing and studying the ASD-like phenotype at the preclinical
level [19]. However, to the best of our knowledge, no study
has analyzed this interaction between gestational CPF and
the fmr1-KO genetic condition in rats, whose social behavior
is more similar to humans than mice [20].

The present study set out to analyze the effects of ges-
tational CPF exposure using low doses in rats with genetic
vulnerabilities (KO for the finrl gene) to understand the rela-
tionships between environmental and genetic factors con-
cerning some of the most important behavioral and molecu-
lar outcomes associated with ASD. We predict that KO rats
will be particularly sensitive to CPF exposure regarding
social behaviors (decreased USVs and social interaction).
In particular, they could be more anxious and hyperactive
than their wild-type (WT) counterparts. Furthermore, we
expected alterations in brain gene expression in these vul-
nerable animals exposed to CPF, particularly for these main
components of the GABAergic and glutamatergic system,
based on previous evidence concerning the well-known
excitatory-inhibitory imbalance found in ASD patients [21].

Materials and Methods
Experimental Animals

A total of 96 male Sprague—Dawley rats (F2 generation)
were used in this set of experiments. Briefly, the FO gen-
eration was composed of WT females and KO male rats
(from Janvier and SAGE labs INC [102], respectively).
The rats were housed in our facilities and left to habitu-
ate for 2 weeks. The females’ cycle was monitored daily.
Once in proestrus, one female and one male were placed
together for mating for 24 h. Females were left alone in
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one home cage once sperm was confirmed. All male rats
of the F1 generation were WT, while all F1 females were
heterozygous KO, respectively. Delivery day was defined
as GDO. Pups were weaned at PND21, with four animals of
the same sex per cage. Mating between males and females
from the F1 generation took place once these animals
reached > 60 days of age, following the same protocol pre-
viously described for the FO generation. The F2 generation
was characterized by around 50% of females and males
being heterozygous KO and hemizygous KO, respec-
tively, with the remaining 50% of each sex being WT. This
allowed us to complete our experiments with control WT
animals whose genetic background was as similar as pos-
sible to the KO rats. This mating protocol is visually dis-
played in Fig. 1a. As half of the animals (approximately)
were sacrificed at PND7 following USVs recording, only
the remaining rats completed the pre-weaning functional
battery and the behavioral tasks during adolescence. The
precise number of animals per group is described in the
figures and table captions for each experiment. Experi-
menters were blind to the genotype of the animals during
the whole experiment until the statistical analyses were
applied. For this reason, the composition (sample size) of
the different groups was unbalanced, but enough for proper
statistical analysis. Temperature and humidity conditions

b F1

CPF exposure Birth usv

T P

PND12-16

GD12.5-15.5 PNDO PND7

Fig.1 Experimental design. Panel a describes how the different
groups of rats in the F2 generation were obtained. Briefly, x chromo-
somes tinted in green represent KO chromosomes, while pink rep-
resents WT chromosomes. Red and blue represent CPF and corn oil
exposed groups, respectively, at F1 (syringe) and F2 (colored circles)
generations. Panel b shows the experimental timeline. A total of 96
males (F2 generation) were used in the current set of experiments, all
for USVs and around the half for later tests. Hallmarks such as ocular

Functional battery Weaning

_._r._._._l._lx_,

in the homeroom and all experimental rooms were set at
22 +2 °C and 50+ 10%, respectively, with a 12-h light
cycle (lights on 8 pm). The present study is part of the
project ES040130002260 and was conducted following the
Spanish Royal Decree 53/2013, the European Community
Directive (2010/63/EU) for animal research and complies
with the ARRIVE guidelines for animal research. The
Animal Research Committee of the University of Almeria
approved the experiments described here.

Toxic Agent

A 1 mg/kg/mL/day of CPF [O, O-diethyl O-(3,5,6-trichlo-
ropyridin-2-yl) thiophosphate (Pestanal, Sigma Aldrich)],
diluted in corn oil as the vehicle, was randomly adminis-
tered (subcutaneous) to half of the F1 dams from GD12.5
to 15.5 inclusive. Corn oil was administered to the remain-
ing dams as a control condition. Age and dose were cho-
sen based on previous studies which demonstrated spe-
cific alterations in adolescent WT rats [10] and mice with
slightly higher doses [12, 13] during this time. This dose
was also chosen as it does not significantly inhibit the ChE
during development in neither postnatal [22, 23] or gesta-
tional stages [15, 24].

<
. . . .

Behavioral tests

PND21 PND33-40

opening, as well as neuromotor outcomes, are shown here under the
title “functional battery.” Behavioral tests during adolescence. Orange
arrows indicate the days on which F2 animals were weighed. Orange
ellipse indicates the days that maternal behavior (pup collection) was
assessed. Red x indicates the day adolescent animals were sacrificed
(although half of the animals were sacrificed at PND7, we do not
indicate this in the design as we do not present data from these sam-
ples in this manuscript)
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Behavioral Tests
Dams’Testing (PND2 and 9)

Dams’ body weight during exposure and maternal behavior
were monitored. Body weight was checked daily from GD12
to 15, immediately before the CPF administration. Maternal
behavior was analyzed by using pup collection time. Briefly,
animals were driven to another room 30 min before the start.
Then, pups were removed and placed in different positions
in the home cage. The time that the dams needed to collect
every single pup was recorded. As some dams required more
time to collect the first pup, we normalized the data to that
first latency (the time the dam needed to take the first pup).
Thus, data is expressed both in raw seconds and normalized
seconds.

Pup Testing

Body Weight Evolution and Functional Battery (PND1-30) A
complete functional battery was done to the pups to under-
stand the possible developmental effects of both CPF expo-
sure and genotype conditions. This functional battery was
composed of body weight evolution, ocular opening, and
neuromotor development. Testicular descent was also stud-
ied at PND21 and 30. Body weight evolution was checked
at PNDI1, 5, 10, 15, 21, and 30. The ocular opening was
analyzed from PND12 to 16, with direct scores of 0, 1, or
2, for cases in which the eyes both closed, one open or both
open, respectively. This direct score was transformed to a
percentage (0, 50, and 100%, respectively). The neuromotor
development battery was composed of three different tests:
grip capacity, adherence to the inclined plane, and ascending
capacity, all of them at PND16, and using an inverted rear.

Briefly, grip capacity was analyzed by placing the pup at
the rear and pushing it away by the tail. Depending on the
resistance (difficulty to take the rat away from the rear), the
animals received a score of 0, 1, or 2 points to indicate resist-
ance, slight resistance, and strong resistance, respectively.
Concerning adherence to the inclined plane test, the rear was
set with a slope of 60°. Animals were placed in the middle
part of the inclined plane. Those rats that immediately fell
received a score of 0, while 1 and 2 points were given to
those who fell before 15 s or did not fall at all during those
15 s, respectively. Finally, the animal’s capacity to climb
in the slope was assessed. Rats were placed in the bottom
section of the slope and let free to climb by placing some
food in the top section. The slope was divided into three sec-
tions, and the rats received 0, 1, or 2 points depending on the
region they reached (bottom, middle, or top, respectively).
All tests were conducted in the homeroom, from 9 to 12
am, under dim light and the same temperature and humidity
conditions previously described.

@ Springer

Ultrasound Vocalizations (PND7) Rats were driven to a
“waiting room"” relatively close to the “experimental room,”
where pups stayed with their respective litters. Fifteen min-
utes before starting, pups were separated from their mothers
and placed in the “pre-test room.” Pups (PND7) were placed
in a small plastic box covered with cotton, always with at
least three pups simultaneously to avoid a significant tem-
perature drop following separation. Once each pup had spent
15 min in such conditions, it was ready to start the recording.
For this, the pup was placed in another small plastic box
into a sound-attenuated chamber (80 X 60X 70 cm). USVs
were recorded with an ultrasonic microphone (Dodotronic
ultramic 250 K), placed 10 cm from the rat. This recording
was carried out for 5 min, and USVs were processed using
the software SeaWave v2.0 (CIBRA), at 250 kHz and 16 bits
format. Recording order was counter-balanced concerning
treatment condition (firstly, all pups from a control dam were
tested, then all pups of a CPF-exposed dam, etc.) to avoid
an hour of the day bias. Dependent variables were total calls
(number), calls each minute (number), latency to first call
(seconds), maximum frequency peak, and the average of
principal frequency. Room temperature and humidity were
set to the homeroom conditions previously described. USV
tests were conducted between 9 and 12 am. The lighting of
the room was set as dim light, while the experimental cage
had no light source during the test.

Three Chambers Crawley Test (PND33-34) A standard three
chambers Crawley test (3CT) analyzed sociability and reac-
tion to social novelty. Briefly, the apparatus was composed
of one central chamber and two other equally sized chambers
at each side (the size of each chamber was 30 X 98 X 50 cm).
These chambers were separated by two walls of 50 cm made
of plexiglass, with one gate (10X 10 cm) in each wall to
facilitate the free movement of the animals. This test was
used during adolescence (PND33). Rats were driven to the
experimental room 1 h before the experiment started. Dur-
ing the first phase (habituation phase), experimental rats
were placed in the central chamber, and their motor behav-
ior was monitored for 5 min. Following this, one unknown
animal (namely Stranger 1, or S1) was introduced in a grid
cage (23 x 1523 cm) placed in one of the lateral chambers
(second phase or social phase). Gates that were previously
closed during the habituation phase were then opened, and
the experimental rat’s exploratory behavior was recorded
and analyzed for 10 min. After this period, another unknown
rat (Stranger 2, or S2) was also introduced in another grid
cage placed in the opposite lateral chamber, while S1 was
maintained in its place (third phase or reactions to social
novelty phase). The experimental rat was allowed to freely
explore the apparatus for 10 min. Locomotor activity was
monitored during all the phases. Animals’ behavior was
tracked with Ethovision v3.1 (Noldus). Order of testing was
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counter-balanced concerning treatment condition (CPF-
exposed rats completed the test during even sessions, while
control rats completed it during odd sessions).

Regarding motor behavior, total distance (cm), time in
movement (sec), velocity (cm/sec), rearing (frequency),
immobility (frequency), and strong mobility (frequency)
were included for analysis. Rats are considered immobile by
Ethovision when they move at a very low rate or do not
move at all, falling below the threshold of 5% of total mobil-
ity (that means, pixels detection regarding the experimental
object cannot vary more than 5% between the current vs.
previous sample), whereas strong mobility is defined by
those episodes when the animals move so fast that they sur-
pass the threshold of 95% of total mobility (that means, pix-
els detection regarding the experimental object cannot vary
less than 95% between the current vs. previous sample).
Although strong mobility is a simpler variable regarding its
meaning (sudden and momentary heavy increase in mobil-
ity), immobility could be composed of different behaviors
with different functions such as freezing (fear) or grooming
(self-maintenance, stereotypy). Concerning social behavior,
time in each chamber (sec) and sniffing time for each grid
cage (sec) for each phase were included. Added to this, both

Social [SI (w)] and reaction to social novelty indexes
(S14+empty)

[SNI (gi;ii; )] were included, where we analyzed the time

that experimental animals spent in the social room/sniffing
Stranger 1 vs. the time spent in the empty chamber/sniffing
the empty box during the second phase (SI). In addition, the
time these rats spent exploring the novelty chamber/sniffing
Stranger 2 vs. the time in the social chamber/sniffing Stran-
ger 1 during phase 3 (SNI) was also analyzed. Chambers and
grid cages were cleaned with ethanol 70% between experi-
mental rats. This experimental procedure was completed
between 9.00 and 13.00 am under dim light conditions.

Novel Object Recognition (PND35) A novel object recogni-
tion test (NOR) was conducted to discard any possible effects
on the third phase of the 3-CT that resulted from a general
alteration regarding reaction to novel stimulus rather than a
reaction to social novelty. The NOR test was conducted in
four open fields (75 X% 75X 75 cm each open field) and was
composed of three different phases, as those described for
3-CT, one day after 3-CT was completed. The first phase was
also used for habitation purposes, where the experimental
rat could freely explore the open field for 5 min. Following
this, the experimental rat was returned to its home cage, and
two equally sized objects (small plastic glasses full of dark
sand with a red cap) were then placed in two opposite cor-
ners in the previously explored apparatus. The experimental
rat was then re-introduced to the apparatus, and its explora-
tory behavior was monitored for 5 min (phase 2). Once this
period was completed, the animal was placed into its home

cage again and remained there for 150 min. After this period,
both objects were cleaned with ethanol, and only one was put
back in its place, along with a novel object (red square). The
experimental animal was then introduced again in the open
field, and its exploratory behavior was analyzed for 5 min
(phase 3 or novelty phase). Motor behavior was analyzed
in all phases using Ethovision. The open field was cleaned
between animals (and between phases 2 and 3 for the same
rat) with 70% ethanol. The order of testing was counter-bal-
anced regarding treatment condition. Motor outcomes were
the same as those previously described for the 3-CT. Reaction
to novelty was studied by analyzing the total time (sec) and
episodes (frequency) of rats’ sniffing behavior towards the
novel stimulus in phase 3. Illumination was the same as that
previously described for the 3-CT.

Plus maze (PND37) Plus maze (PM) was studied as described
in previous studies [25]. One day after NOR testing, the rats’
anxiety level was analyzed. Briefly, this apparatus is com-
posed of 4 arms, placed 90 cm from the floor. Two of these
arms were enclosed within a wall (closed arms), while the
remaining two had no walls (open arms), all of them con-
nected by a central square. This test creates a conflict situation
for rodents, as their natural tendency is to explore, but they
also require some degree of physical protection when explor-
ing. Therefore, rats will preferably explore closed arms rather
than open arms, as they can protect their back by using the
walls. In addition, longer periods spent at these open arms
generally reflect lower anxiety levels, while the opposite is
true concerning closed arms. Rats were driven to the experi-
mental room 1 h before the start. Following this, one rat was
placed into the center of the apparatus and allowed to freely
explore for 5 min. The animals’ behavior was tracked with
Ethovision v3.1 (Noldus). All those motor outcomes previ-
ously described for the 3-CT and NOR tests were also ana-
lyzed for PM, and entries to closed arms (frequency) were
included as a motor-like variable. Anxiety-related analyzed
behaviors were the time spent at the closed arms (CA, sec)
and time spent at the open arms (OA, sec). Furthermore, an
anxiety index (Al), similar to those created for the 3-CT con-
cerning social traits, was also analyzed as the ratio between

. (CA—0A)
these two sections (Al ( (CATO A))]). The apparatus was cleaned

with 70% ethanol between animals, and the order was counter-
balanced regarding treatment condition. Illumination was set
as previously described for the other behavioral tests.

Biochemical Analyses (pups)
Sacrifices (PND7 and 41)

Half of the rats were sacrificed at PND7 (pups) at least
2 h after USV testing. The remaining rats completed the
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behavioral tests previously described and were sacrificed at
PND41 (adolescents) 1 day after the last behavioral test had
been completed. Rats were anesthetized with Isoflurane and
sacrificed by fast decapitation. While one of the researchers
processed stool samples, another proceeded with the brain.
For pups, each brain hemisphere was separately collected in
two different fresh, RNAse free tubes (1.5 mL). In addition,
the total content of the gut was collected in one single fresh,
RNAse free tube (1.5 mL). Concerning adolescent samples,
the process with the stool was the same, but the brain was
dissected at the frontal cortex, hippocampus, hypothalamus,
and cerebellum. All samples were immediately flash-frozen
when removed from the animal to avoid RNA and protein
degradation. Accordingly, all materials and spaces used dur-
ing sacrifice were autoclaved or treated with RNAse ZAP
(Invitrogen). All samples were stored at — 80 °C until use.

Genotyping by Polymerase Chain Reaction

gDNA was isolated from ear samples at these two time periods of
sacrifice using a column-based method (GeneJET, Fisher Scien-
tific). Isolated and purified gDNA quantity and quality (260/280
ratio) were checked with a nanodrop. Of gDNA, 10 ng/uL. were
finally included in the PCR reaction along with Taq Nzytech
Master Mix (Nzytech), nuclease-free water, and primers. The
sequences of the primers were Fwd:5'-tggcatagaccttcagtagce-3',
Rev: 5'-tatttgcttctctgagggee-3' (Hamilton et al., 2014), and PCR
conditions were as follows: 10 min at 94 °C, 35 cycles of 1 min
at 94 °C, 1 min at 59 °C and another minute at 72 °C, and 10 min
at 72 °C. Following the PCR, samples were charged in an agarose
gel, and electrophoresis began. WT samples expressed at 400 bp
while for the KO animals this was around <300 bp. One example
from the genotyping results can be seen in Supplementary image 1.

Brain Gene Expression by Reverse
Transcription-Quantitative Polymerase Chain Reaction
(RT-gPCR)

Only samples from the hippocampus of adolescent rats were
used for gene expression analyses. Briefly, RNA was isolated
using the Trizol method (Ambion). RNA quality (integrity and
purity) was checked using gel electrophoresis and the absorb-
ance 260/280 nm ratio with a nanodrop. RNA total concentra-
tion was quantified by fluorometry with a Qubit (Invitrogen).
Samples were then diluted to 100 ng/uL., using this concentra-
tion for the cDNA synthesis (20uL). Twenty microliters of that
cDNA was then diluted in RNAse free water (1:4 factor), and
this dilution was finally used for the JPCR reaction. gPCR was
conducted in microplates, composed of SYBR green master
mix, nuclease-free water, primers, and the cDNA (total reaction
10uL per well). Samples were added in duplicates, run, and ana-
lyzed in a thermocycler (Step One v2.2.2, Applied Biosystems).
Ct values and melting curves were carefully analyzed to detect
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any abnormal patterns in each reaction. Primers’ performance
was analyzed using a dilution factor of 1:10, checking the slope
and efficacy rates. Primers designed in exon sections of the
gapdh gene were used as a housekeeping gene, while prim-
ers designed in intron sections of this same gene were used to
check gDNA contamination of the samples. Primers’ associated
information is described in Supplementary Table 1. Only those
samples that expressed no gDNA contamination, early expres-
sion rates for the remaining genes (< Ct30), and no abnormali-
ties in their melting curves (e.g., absence of double/multiple
peaks) were accepted for statistical analyses. Briefly, Ct values
for every single gene were normalized to those observed in
the housekeeping gene (ACt) and then normalized to internal
control (AACt), which was the averaged ACt of the control,
wild-type group. This AACt was then transformed to obtain the
fold change (2" AACt), displayed in the results section.

Statistical Analyses

Both treatment (two levels, control, and CPF) and genotype
(two levels, WT and KO) were used as main factors for all
analyses, except for those carried out for F1 dams, where
only treatment was analyzed. Repeated measures analyses of
variance (rmANOVA) were applied for all maternal behavior-
related variables, using days (GD or PND) or pups as within-
subject variables. rmANOVAs were also used for the pups’
emitted vocalizations (minute as the within-subject factor) and
body weight evolution. Multiple two-way ANOVAs were used
for all the remaining outcomes associated with the F2 genera-
tion, including behavioral and molecular variables, always with
treatment and genotype as main factors. Extreme outlier data
were removed from the gene expression analyses following
Grubb’s test/ESD method. Data were considered statistically
significant at p <0.05. All analyses were carried out using SPSS
v26 (IBM), except for the correlation matrices, carried out with
JASP v0.13. Figures were designed with GraphPad Prism v9
and tables were designed with Microsoft Excel office 365®.
Figure 1a was designed with Biorender®. Statistics for every
significant analysis are described in the Supplementary Table 2,
and indicated in its appropriate figure/table. Partial eta squared
(np2, for ANOVAs main effects) and Cohen’s d (d, for pair-wise
comparisons) were analyzed to study the effect size of each sig-
nificant data except for correlations’ section. Adjusted (Sidak’s
correction) interval confidences of the differences (dCI95%)
were also included along with the effect size calculations. P
values are also included in the main text.

Results

Figure la and b summarizes the experimental design and
timeline for this set of experiments. Only F2 males were
used in this set of experiments, as ASD diagnosis is more
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common in boys than girls, as well as finr] gene is located at
the X chromosome, facilitating the work with males.

Dams’ Functional Battery and Maternal Behavior

There were no differences between CPF and control dams con-
cerning body weight at the beginning of the exposure. CPF
exposure did not influence the dams’ body weight from GD12.5
to GD15.5. Furthermore, CPF exposure did not alter maternal
behavior as observed in the pup collection test, shown by the
latency to collect the first pup and evolution of collection time
at both PND2 and 9 (Supplementary Fig. 1). Normalized time
(total collection time minus latency to collect the first pup) was
similar between both treatment groups (data not shown).

Pup’s Testing
Functional battery

Regarding body weight, there were no differences between
groups at PND1 or PND5 when analyzing all pups (Supple-
mentary Fig. 2). However, for those animals that were not
sacrificed at PND7 following USVs, a significant interaction
was found for PND X genotype (p=0.010) at PND30, where
KO animals weighed more than their WT counterparts
(p=0.019) (Fig. 2a). Regarding neuromotor outcomes, no
differences were found for ocular opening, grip capacity, or
adherence to the inclined plane. However, a non-significant
trend was observed for grip capacity, where KO-exposed rats
had the lowest performance (Supplementary Fig. 2). Moreo-
ver, a significant interaction treatment X genotype was found
for climbing capacity (p=0.046), where KO rats exposed to
CPF had more difficulties climbing the inverted slope com-
pared to exposed WT animals (p =0.023) (Fig. 2b). Finally,
no statistical analysis was applied to testicular descent as all
animals showed the same pattern of absence and presence of
testicular descent at PND21 and 30, respectively.
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Fig.2 Pup’s body weight evolution (panel a, left) and climbing
capacity (panel b, right) from the functional battery. n=52 divided
into 13, 8, 12, and 19 for WT-Control, WT-CPF, KO-Control, and
KO-CPF, respectively, for both outcomes. A single asterisk (*) indi-
cates significant differences between KO and WT rats at PND30

Communication (USVs)

Genotype and exposure conditions had no effects on USVs
at PND7 in latency to the first call, total calls (Both in Sup-
plementary Fig. 3a and b), or the evolution of the number
of calls throughout the 5 min of recording. However, it is
noteworthy that KO animals made fewer total calls, par-
ticularly for the first 3 min of testing, although this effect
was not statistically significant (Fig. 3). KO rats also made
longer calls on average, although this effect did not reach
significance (Supplementary Fig. 3c). To our particular
interest, all groups showed a lower principal frequency than
control WT animals (Fig. 3b). For this, a significant effect
was found regarding genotype (p=0.020) and treatment
(»=0.030), but no interaction between these two factors,
where KO rats had a lower principal frequency compared
with their WT counterparts (p =0.020), and the rats exposed
to CPF during gestation also showed this pattern in compari-
son with control rats (p =0.030). Finally, peak frequencies
also showed this pattern (Fig. 3c). WT animals exposed to
the vehicle had the highest frequency compared to the other
groups. A significant statistical effect was found for treat-
ment condition (p =0.029), while the effects of the genotype
only approached significance (p =0.059). Rats exposed to
CPF clearly showed a generally lower peak frequency when
compared to control animals (p =0.029).

Sociability (3CT)

During the social phase (S1 vs. empty cage), the KO
condition did not affect social rates compared to WT
when both were exposed to the vehicle. However,
analyses showed a significant simple interaction treat-
ment X genotype (p =0.049), where CPF exposure sig-
nificantly decreased the total time of social exploration
in the S1 chamber exclusively in those animals with the
genetic vulnerability in comparison with WT (p =0.039)
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regarding body weight. A single number sign (#) indicates significant
differences between WT and KO rats exposed to CPF during gesta-
tion regarding climbing capacity. Data are expressed as means and
SEMs. p <0.05
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Fig.3 Pup’s number of vocalizations for 5 min (panel a, upper), USV
principal frequency (panel b, lower left), and peak frequency (panel
¢, lower-right) from the USV test at PND7. n=92 divided into 21,
15, 23, and 33 for WT-Control, WT-CPF, KO-Control, and KO-CPF,
respectively. A single asterisk (*) indicates significant differences
between WT and KO animals regarding principal frequency. A sin-

(Fig. 4a). Otherwise, no effects were observed regarding
the third phase of the test, where all animals showed simi-
lar reactions to social novelty in terms of total S2 cham-
ber exploration time (Fig. 4d). Focusing on more direct
social behaviors, KO animals spent less time sniffing
the cage that contained the S1 animal than WT animals
(p =0.15) (Fig. 4b). This behavior is particularly evident
in those KO animals exposed to CPF during gestation.
However, statistical analyses only showed a significant
main effect of genotype (p =0.015). Furthermore, nei-
ther genotype nor treatment conditions were significant
regarding sniffing time in the reaction to social novelty
phase (Fig. 4e). Concerning social efficiency (time spent
engaged in direct social behavior concerning total time
spent in the chamber), the genotype condition showed that
KO rats were significantly less efficient than WT animals
(p=0.021), showing a lower efficiency ratio during phase
two (p=0.021), as observed in Fig. 4c. This effect was,
once again, not observed during the latter phase of the test
(Fig. 4f). Finally, direct comparisons S1 vs. empty cham-
ber, S2 vs. S1, and their respective SI and SNI indexes can

@ Springer

gle number sign (#) indicates significant differences between control
and CPF-exposed rats concerning both principal and peak frequen-
cies. A single astrophe (') indicates a non-significant trend towards an
effect of genotype condition. Data are expressed as means and SEMs.
p<0.05

be found in Supplementary Fig. 4. Briefly, no significant
effects were found when both S1 or S2 were compared
with the empty cage or the S1 in phases 2 and 3, respec-
tively. However, a significant genotype effect was found
in the SNI associated with sniffing time during the third
phase of the test (p =0.033), where, surprisingly, KO
animals showed a more positive ratio (higher reaction to
novelty) than their WT counterparts (p =0.033) (Supple-
mentary Fig. 4 h).

Novelty Recognition (NOR, PND35) and Anxiety (PM)

No significant differences were found between groups
during the second phase of the test, where two similar
objects were placed in opposite corners of the apparatus
(Supplementary Fig. 5a). This lack of significant effects
was also found during the third phase once the novel
stimulus was introduced (Supplementary Fig. 5b). How-
ever, the novelty index showed that the WT rats (particu-
larly controls) did not react to the novel stimulus com-
pared with the familiar object, while KO rats did show
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Fig.4 Sociability and reaction to social novelty were assessed with
the 3-CT. Left-hand figures (from top to bottom, panels a, b, and
¢, respectively) represent the second testing phase (social phase).
Right-hand figures (from top to bottom, panels d, e, and f, respec-
tively) represent the third phase of testing (reaction to social nov-
elty phase). n=49, divided into 11, 8, 11, and 19 for WT-Control,

such a preference (Fig. 5a). This effect was statistically
significant regarding genotype condition (p =0.035).
Concerning anxiety, no significant differences between
groups were found, as assessed with the PM test. How-
ever, an interesting tendency was found for genotype
regarding the time spent by the animals in the open arms
(p=0.083), with higher anxiety levels in KO rats in com-
parison with their WT counterparts, particularly in those
animals that were exposed to the vehicle during gesta-
tion (Fig. 5b). The non-significant effects regarding time
spent in closed arms and anxiety index can be found in
Supplementary material (Supplementary Fig. 6).
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WT-CPF, KO-Control, and KO-CPF, respectively. A single asterisk
(*) indicates significant differences between the exposed animals of
both genotypes. A single number sign (#) indicates significant differ-

ences regarding genotype condition. Data are expressed as means and
SEMs. p<0.05

Locomotor Activity (3-CT, NOR, and PM)

Both genotype and treatment conditions also affected various
motor outcomes during the behavioral paradigms previously
described. The influence of both factors on each motor-
related variable is described in Tables 1, 2, and 3 for 3-CT,
NOR, and PM tests, respectively. Those behaviors signifi-
cantly influenced by genotype and treatment conditions are
also displayed in figures to facilitate visual comprehension.
Concerning the 3-CT, those behaviors significantly affected
by any of our factors are displayed in Fig. 6. Briefly, KO rats
were faster (p =0.005), covered more distance (p=0.007),
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Fig. 5 Novelty recognition (panel a, left) and anxiety (panel b, right)
were assessed with NOR (n=41, divided into 9, 6, 8, and 18 for WT-
Control, WT-CPF, KO-Control, and KO-CPF, respectively) and PM
(n=49, divided into 11, 8, 11 and 19 for WT-Control, WT-CPF, KO-

and spent more time engaged in strong mobility (p =0.037)
in comparison with WT animals during the habituation
phase of the 3-CT. Control animals exposed to the vehicle
during gestation also showed this pattern compared with
their exposed counterparts for velocity (p =0.041), total dis-
tance (p=0.032), and strong mobility (p =0.038) (Fig. 6b, a,
and c, respectively). However, no effects were found regard-
ing the interaction between treatment and genotype factors.

Both factors also influenced locomotor activity during
NOR testing. Regarding treatment, CPF-exposed rats spent
less time engaged in strong mobility during the habituation

Control, and KO-CPF, respectively). A single number sign (#) indi-
cates significant differences regarding genotype condition. A single
astrophe (') indicates statistical tendency to significance. Data are
expressed as means and SEMs. p <0.05

phase than their control counterparts (p =0.040). At the
same time, genotype influenced vertical activity with a sig-
nificant decrease in rearing episodes in KO animals com-
pared with their WT counterparts during the novelty phase
(p=0.022) (Fig. 7a and b, respectively). Although this last
outcome was focused on control (exposed to vehicle) rats,
there were no significant treatment X genotype interactions
for this, or the remaining variables analyzed.

Finally, both factors also affected certain motor-related
behaviors during the 5 min of the PM test. Once again, the
treatment condition significantly decreased strong mobility

Table 1 Motor behavior

rates during the three phases

of the 3-CT. Total distance
(cm), velocity (cm/sec), time

in movement (sec), rearing
(frequency), immobility
(frequency), and strong mobility
(sec) are described in the table.
For the habituation phase,

total distance (upper), velocity
(center), and strong mobility
(lower) are also displayed in
Fig. 6a, b, and c, respectively.
The number of animals per
group is the same as previously
indicated in Fig. 4. A single
asterisk (*) indicates significant
differences regarding treatment.
A single number sign (#)
indicates significant differences
regarding genotype. Data are
expressed as adjusted (Sidak)
means and SEMs. p <0.05
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WT-Control WT-CPF KO-Control KO-CPF
Phase 1. Habituation
Total distance * # 2474.2+200.0 2129.1+£234.5 3129.7+200.0 2593.7+152.2
Velocity * # 83+0.5 7.1+0.6 9.5+0.5 8.7+0.4
Time in movement 233.0+11.1 218.8+13.0 257.3+11.1 236.5+8.5
Rearing 16.6+4.1 19.4+4.38 26.1+4.1 17.1+3.1
Immobility 158.6+9.2 151.5+10.8 175.1+£9.2 159.2+7.0
Strong mobility * # 13.8+4.1 10.5+4.8 27.9+4.1 13.8+3.1
Phase 2. Sociability
Total distance 5099.3+317.4 5453.4+372.2 5544.3+317.4 54279 +241.5
Velocity 8.5+0.5 9.1+0.6 9.3+0.5 9.1+0.4
Time in movement 420.4+13.1 428.6+15.4 447.8+13.1 453.9+10.0
Rearing 533+39 59.5+4.6 59.9+39 56.8+3.0
Immobility 274.1+£9.9 278.0+11.5 288.0+9.9 297.8+17.5
Strong mobility 48.3+6.8 55779 553+6.8 45.6+5.1
Phase 3. Reaction to social novelty
Total distance 4034.9+466.7 4715.1£547.3 4237.9 +£466.7 4225.4+355.1
Velocity 6.7+0.8 7.9+0.9 7.1+£0.8 7.1+0.6
Time in movement 342.7+28.9 384.7+33.9 350.4+28.9 383.9+22.0
Rearing 43.8+5.7 56.5+6.6 45.3+5.7 48.0+4.3
Immobility 225.7+19.1 247.5+22.4 221.1+19.1 256.6+14.5
Strong mobility 36.6+7.3 46.9+8.6 424473 34.4+5.6
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Table 2 Motor behavior WT-Control WT-CPF KO-Control KO-CPF

rates during the three phases

of the NOR. Total distance Phase 1. Habituation

(cm), velocity (cm/sec), time Total distance 2354041544 2305341726 2463341726  23324%112.0

in movement (sec), rearing )

(frequency), immobility Velocity 8.1+0.5 7.7+0.6 8.3+0.6 8.0+04

(frequency), and strong mobility Time in movement 228.4+8.6 221.5+9.6 227.8+9.6 229.4+6.2

(sec) are described in the Rearing 19.0+3.0 120+3.4 16.8+3.4 16.5+2.2

table. Strong mobility duration Immobility 145.7+6.6 1453474 145.147.4 142.8+4.8

during the habituation phase S

and rearing episodes during Strong mobility 145423 84+2.5 14.6+2.5 11.1+1.6

the novelty phase are displayed Phase 2. Recognition

in Fig. 7a and b, respectively Total distance 1632.9+166.1 1574.0+185.7 1568.0+ 185.7 1561.0+120.5

(n=435, divided into 10, 8, .

8. and 19 for WT-Control, .Velo.c1ty 5.6+0.6 53+0.6 5.4+0.6 55+04

WT-CPE. KO-Control. and ime in movement 189.5+15.7 167.1+17.6 190.6+17.6 185.7+11.4

KO-CPF, respectively). A single Rearing 11.6+3.2 11.0+3.6 104+3.6 13.3+23

asterisk (*) indicates significant Immobility 122.1+12.0 111.8+13.5 1185+13.5 114.1+8.7

differences regarding treatment. Strong mobility 8.0+2.0 6.0+2.2 85422 71414

A single number sign (#)

indicates significant differences Phase 3. Novelty phase

regarding genotype. Data are Total distance 2260.0+131.0 2098.4+146.4 2162.8+146.4 2123.3+95.0

expressed as adjusted (Sidak) Velocity 77404 7.1+05 72405 7.1+03

means and SEMs. p <0.05 Time in movement 229.7+9.4 208.7+10.6 221.8+10.6 2194469
Rearing # 23.1+2.7 17.6+3.0 12.5+3.0 155+1.9
Immobility 153.8+7.5 1354+8.4 144.5+8.4 1414455
Strong mobility 13.3+1.6 10.6+1.8 9.1+1.8 92+1.2

Table3 Motor behavior rates during the PM test. Total distance
(cm), velocity (cm/sec), time in movement (sec), rearing (frequency),
immobility (frequency) and strong mobility (sec) are described in the
Table. Total distance covered, velocity, and strong mobility time are
also displayed in Fig. 8a (up) and b (middle), and c (down), respec-

tively. The number of animals per group is the same as previously
indicated in Fig. 5b. A single asterisk (*) indicates significant differ-
ences regarding treatment. A single number sign (#) indicates signifi-
cant differences regarding genotype. Data are expressed as adjusted
(Sidak) means and SEMs. p <0.05

‘WT-Control WT-CPF KO-Control KO-CPF
Total distance # 1842.1+79.3 1778.4+92.9 1644.7+79.3 1622.6 +60.3
Velocity # 6.5+0.2 6.0+0.3 5.8+0.2 5.7+0.2
Time in movement 229.1+59 220.5+6.9 222.6+5.9 219.7+4.5
Rearing 35.2+29 32.1+3.4 34.7+2.9 28.7+2.2
Immobility 121.6+5.8 135.0+6.7 127.4+5.8 120.4+4.4
Strong mobility * 22.5+22 15.4+2.6 18.6+2.2 152+1.7

in the exposed rats compared with the non-exposed animals
(p=0.019), as observed in Fig. 8c. Regarding genotype, KO
rats generally had lower mobility rates in comparison with
their WT counterparts, particularly for total distance covered
(Fig. 8a) and velocity (Fig. 8b) (p=0.030), and (p =0.040),
respectively.

Gene Expression at the Hippocampus

Exposure, genetic background, or an interaction between
these two factors did not influence the expression of most
of the hippocampal genes studied in the present experiment
(Supplementary Fig. 7), except for 5-ht2c and kccl genes
concerning the significant interaction treatment X genotype

(p=0.014) and (p=0.042), respectively, and grin 2c regard-
ing genotype, where KO rats had higher expression levels in
comparison with WT (p=0.003) (Fig. 9¢). CPF exposure
increased the relative expression of both 5-ht2c¢ and kccl
genes in those animals with the genetic vulnerability to ASD
compared to their exposed WT counterparts (p =0.046 and
p=0.037) (Fig. 9a and b, respectively).

Correlation Matrix Between Behavioral Outcomes and Gene
Expression

Concerning behavior and gene expression correlations,

only those behaviors analyzed during adolescence were
included in the present analysis. For the complete correlation

@ Springer
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Fig.6 Motor behavior rates during the three phases of the 3-CT.
Total distance (cm), velocity (cm/sec), time in movement (sec), rear-
ing (frequency), immobility (frequency) and strong mobility (sec)
are described in the table. For the habituation phase, total distance
(upper), velocity (center), and strong mobility (lower) are also dis-
played in panels a, b, and c, respectively. The number of animals per
group is the same as previously indicated in Fig. 4. A single aster-
isk (*) indicates significant differences regarding treatment. A single
number sign (#) indicates significant differences regarding genotype.
Data are expressed as adjusted (Sidak) means and SEMs. p <0.05

4.0

matrices, please see Supplementary Figs. 8—13. Reduced
matrices of the significant interactions found are displayed
here to increase data visualization and interpretation
(Fig. 10). Reaction to novelty (NOR)-related data are not
shown in the main text. There were no significant correla-
tions with the expression level of the various genes analyzed
in the present study.

Regarding the 3-CT social-related dependent variables,
we can observe that only a few genes correlated with some
of the most important behavioral outcomes (Fig. 10a).
Briefly, both gadl and nicotinic a7 gene expression values
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Fig.7 Motor behavior rates during the three phases of the NOR.
Total distance (cm), velocity (cm/sec), time in movement (sec), rear-
ing (frequency), immobility (frequency) and strong mobility (sec) are
described in the Table. strong mobility duration during the habitua-
tion phase and rearing episodes during the novelty phase are dis-
played in panels a and b, respectively (n=45, divided into 10, 8, 8,
and 19 for WT-Control, WT-CPF, KO-Control, and KO-CPF, respec-
tively). A single asterisk (*) indicates significant differences regard-
ing treatment. A single number sign (#) indicates significant differ-
ences regarding genotype. Data are expressed as adjusted (Sidak)
means and SEMs. p <0.05

negatively correlated (r values displayed in the figure) with
both time in the social chamber and SI ratio during the
social phase of the 3-CT (p=0.013 and 0.004 for gadl, and
p=0.030 and 0.022 for nicotinic a7), while GABA-a-a2 also
showed this pattern but with sniffing time with stranger two
during the novelty phase. Oxytocin receptor expression lev-
els are also negatively correlated with this latter behavior,
along with the efficiency ratio for social novelty (p =0.024
and p=0.040, respectively). Figure 10b displays significant
correlations in the PM test, where GABA-a-a2 expression
negatively correlated with time spent in the open arms, while
a positive correlation was found regarding the anxiety index
(»=0.003 and p =0.004, respectively).

PM data were analyzed concerning motor behavior, while
only locomotor values from the first phase of both 3-CT and
NOR were included to simplify the analyses. NOR motor
behavior data were not included in this simplified figure as
no significant correlations were found. Regarding 3-CT,
both total distance covered, and velocity positive correlated
with oxytocin expression levels (p =0.035 and p=0.038,
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Fig. 8 Motor behavior rates during the PM test. Total distance (cm),
velocity (cm/sec), time in movement (sec), rearing (frequency),
immobility (frequency) and strong mobility (sec) are described in the
Table. Total distance covered, velocity, and strong mobility time are
also displayed in panels a (up) and b (middle), and ¢ (down), respec-
tively. The number of animals per group is the same as previously
indicated in Fig. 5b. A single asterisk (*) indicates significant differ-
ences regarding treatment. A single number sign (#) indicates signifi-
cant differences regarding genotype. Data are expressed as adjusted
(Sidak) means and SEMs. p <0.05

respectively), while vertical activity (rearing frequency)
showed a negative correlation with GABA-a-a2 and nicotinic
a7 genes (p=0.028 and p=0.038, respectively). Expres-
sion levels of this last gene, along with grin2a, grin2b, and
grinl, also negatively correlated with immobility episodes
(p=0.029, p=0.013, p=0.036, and p=0.031, respec-
tively), and both gadl and gad2 negatively correlated with
strong mobility time (p =0.040 and p =0.041, respectively)
(Fig. 10d). Finally, focusing our attention on PM test loco-
motor outcomes, total distance covered negatively correlated

with several genes as in the case of GABA-a-a2 (p=0.018),
kecl (p=0.006), chat (p=0.014), vacht (p =0.012), nico-
tinic a7r (p=0.023), ht2c (p=0.036) and ht2a (p=0.003).
Moreover, expression levels of GABA-a-a2, kccl, mus-
carinic 2 receptor, chat, vacht, and ht2a also negatively cor-
related with velocity rates (p=0.015, p=0.019, p=0.027,
p=0.006, p=0.002 and, p=0.027 respectively) (Fig. 10c).

Discussion

The present study shows that fmr1-KO rats had a larger body
mass (adolescence), showed vocalizations that were charac-
terized by decreased peak and principal frequencies (pups),
were socially inefficient (adolescence) and reacted more to
a novel stimulus (both social and inanimate stimulus in ado-
lescence), their locomotor rates were context-dependent, and
had an upregulated hippocampal expression of the grin2c
gene when compared with WT rats. In addition, these vul-
nerable animals—when exposed to low doses of CPF during
gestation—showed altered developmental patterns includ-
ing decreased climbing capacity (pups), dysfunctional social
interaction rates (adolescence), and increased hippocampal
expression for kccl and 5ht2c¢ genes.

Both WT and KO animals showed similar body weights
until adolescence (PND30), when KO rats became heavier
than their WT counterparts. Some previous studies carried
out with fmr1-KO mice found this increase in body weight
[26-28], with this difference starting to emerge around this
age in some cases [29]. This is unsurprising given that some
variants of the fragile X syndrome in humans include severe
obesity in their prototypical phenotype [30, 31], while peo-
ple diagnosed with this syndrome present higher obesity
rates compared with age-matched controls [32]. However,
these effects have not been systematically reported in mice
[33-35], and studies conducted with rats show contradictory
findings, with some authors reporting a decrease [36] and
others no effect [37-39] on body weight concerning this
genotype.

The present study has revealed neuromotor develop-
mental delay in preweaning fmr1-KO rats when exposed to
CPF during gestation, reaching statistical significance for
climbing capacity. Exposed KO animals showed a lower
score concerning this ability at PND16 than their WT coun-
terparts. This is the first time that this genotype has been
associated with this specific alteration. This is relevant as
delayed development of basal locomotor activity is gener-
ally observed in ASD and FRX patients. Surprisingly, this
sort of functional battery has been little explored regarding
the fmr1-KO model based on the published literature. One
of the few studies that analyzed these variables found no
differences between KO and WT young adult mice regard-
ing climbing or grip capacity and motor coordination [35].
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Fig.9 Relative gene expression levels at the hippocampus for 5-ht2¢
(a, left), kccl (b, center), and grin 2c (c, right) genes. Number of ani-
mals per group is represented with individual dots. * indicates signifi-

However, the difference in methodology and age of assess-
ment makes it difficult to compare both results. Other stud-
ies found altered sensorimotor state and motor coordination
in fmr1-KO mice when compared with their control coun-
terparts [40—45]. Despite all these mice-based studies, we
could not find another study using rats apart from the present
manuscript. Our results, along with all these published by
other researchers, support the idea that specific alterations in
the finrl gene lead to abnormalities in essential components
of the development of motor and sensorimotor abilities in
rodents, imitating those behaviors observed in ASD patients.

Regarding the effects of developmental CPF exposure
on social interaction/exploration and communication, we
have previously demonstrated the lack of effects of post-
natal exposure [46] and the decrease of USV following
gestational exposure [10], as well as the selective altera-
tion of multiple metabolic pathways at different ages and
structures that are also linked to ASD [14]. Interestingly, we
found that this gestational exposure decreased social interac-
tion rates during adolescence (unpublished results). In this
work, we observed that fmr1-KO rats showed a tendency to
emit fewer USVs during the initial minutes of recording at
PND7, but this apparent phenomenon was not statistically
significant. However, these animals showed a decrease in
peak and mean principal frequencies compared to WT rats.
Contradictory findings can be observed in previous studies
concerning this set of behaviors, with some examples of
decreased [47, 48] or increased [49] USVs. Other studies
have also found that, rather than the total count, fmr1-KO
mice emit longer vocalizations [50] and different call types
[51, 52]. Regarding peak and average principal frequencies,
our results agree with previous studies using mice [48] and
contrast with those found by Hodges et al. [52], where their
fmr1-KO mice emitted at higher frequencies than their WT
counterparts. Other authors have proposed that while this
genetic vulnerability can be considered a good model for
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cant differences between both exposed groups. # indicates significant
differences regarding genotype condition. Data are expressed with
means and SEMs. p <0.05

ASD, it better reproduces the core abnormal social behaviors
observed in human ASD than communication deficits [53],
as found in the current set of experiments where fmr1-KO
showed a tendency towards a significantly decreased number
of vocalizations in the early minutes of USV recording.

Concerning social exploration, fmr1-KO rats were less
prone towards socially interacting with unknown animals
during adolescence, showing a decreased level of direct
exploration (sniffing) and less efficiency in terms of social
interactions during the social phase of the 3-CT. Gestational
CPF exposure induced a more severe ASD-like profile in
those KO animals regarding this behavior. This additive
effect of this vulnerable genetic background and environ-
mental exposure to a well-known neurotoxic agent as CPF
has not been previously studied. Thus, the lack of previous
scientific evidence makes it difficult to contextualize and
explain the current findings. The only study we have found
that theoretically related both factors was that of Saldarriaga
et al. [54]. The authors suggested that fmr1 premutation car-
riers could increase the susceptibility to neurological altera-
tions associated with exposure to different toxins, including
CPF. While there is still a lack of empirical evidence regard-
ing this sort of hypothesis, the analysis of how environmen-
tal exposure to these types of pesticides influences social
behaviors in animals with genetic vulnerabilities is not new.
Biosca-Brull et al. [9] recently published a systematic review
that included the evaluation of some studies that used differ-
ent genetic mice models such as BTBR [15, 16], Reeler [18],
and APOE [17], where mice were also exposed to CPF or its
-oxon metabolite, with inconclusive and often contradictory
results in all cases.

Although the lower pro-social profile of the fmr1-KO was
evident during the second phase of the 3-CT, an unexpected
finding emerged during the third phase. These animals
showed the highest rates of reaction to social novelty dur-
ing phase 3 of the test (Supplementary Fig. 4 h). Although
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Fig. 10 Simplified view of the main behavioral outcomes analyzed
in the present study (only significant correlations are included) show-
ing correlation matrices between gene expression values and the main
behavioral outcomes. a Correlation between gene values and the main
social outcomes from the 3-CT. b Correlation between gene values
and PM test. ¢ Correlation between gene values and locomotor out-
comes from the PM test. d Correlation between gene values and loco-
motor outcomes from the habituation phase (first phase) of the 3-CT.
SOCS1=Time spent in the social chamber during phase 2. SI, social

at first glance, this finding might be taken to suggest that
these animals had a better social memory or did not develop
something akin to an “attachment relationship” with stranger
1, we consider that there is a more feasible explanation for
this behavior. As described, NOR testing was also included
in the present set of experiments as a control to determine
whether the results obtained during phase 3 of the 3-CT were
due to the social nature of the test. Fmr1-KO rats showed
better recognition capacity during the recognition phase of
the NOR in comparison with their WT counterparts. Tak-
ing both the results of the third phase of the 3-CT and the
recognition phase of the NOR test, we conclude that those
animals with the genetic vulnerability simply had increased

index from chamber data. OBSF3TIMES2, time spent sniffing Stran-
ger two during phase 3. NOVEFFRATIO, social novelty efficiency
ratio during phase 3. Al anxiety ratio. TDIST, total distance covered.
VELOC, velocity. TOTDURMOYV, time in movement. REARING-
FREQ, number of rearing episodes. IMMOBFREQ, immobility epi-
sodes. STRONGSEQC, strong mobility episodes. Data are expressed as
Pearson’s r. A single asterisk (*) and double asterisks (**) indicate
p<0.05 and p<0.01, respectively. p values of these significant cor-
relations are described in the main text

or improved their reaction to novelty during a conflict situ-
ation with a novel stimulus, regardless of the nature of that
stimulus (social or inanimate). Our NOR results directly
contrast with most previous studies using fmr1-KO/Ki mice
regarding recognition tasks [38, 55, 56]. The discrepancies
between our results and most of these previously published
concerning NOR could be due to several factors, such as the
animal model (mice vs. rat model), the age of testing (adult
vs. adolescent animals), or the fmr1- KO model itself.
Along with communicative and social domains, motor
function is also generally altered in patients with FXS [57]
and ASD [58], something also observed in preclinical mod-
els. Here, we found an interesting context-dependent effect,
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where KO animals were hyperactive in the open field test
and hypoactive in more anxiety-inducing environments
such as the PM test. This set of results is completely novel
regarding this genetic model. Regarding the preclinical field,
increased gross locomotor activity has mostly been found
in fmr1-KO animals compared to their WT counterparts
[59-68], but see [69, 70]. Of all these cited studies, only
Wong et al. [69] and Kozono et al. [68] used rats. Interest-
ingly, Wong et al. [69] found a general hypoactivity in KO
rats in the open field compared to WT animals. Still, this
effect was particularly marked in the central quadrant of
the paradigm, confirming our results that anxiety-inducing
contexts trigger this motor reduction in fmr1-KO animals.
Finally, other authors also evaluated motor behavior in both
open field and PM tests but found general hyperactivity in
fmr1-KO mice in both paradigms [67].

Only the expression of three genes differed in the fmr1-
KO rat compared to their WT counterparts (5ht2c, kccl, and
grin2c) in the adolescent hippocampus, where two of them
were specifically modulated in these KO rats following CPF
exposure (5ht2c, kcel). Fmrl-KO animals had higher expres-
sion mRNA levels of the grin2c gene compared to WT, a gene
marginally linked to ASD [71]. Despite the well-known alter-
ations associated with the glutamatergic system in fmr1-KO
models, particularly regarding metabotropic receptors, e.g.,
Dolen G and Bear MF [72], different studies have shed some
light on the relationship between glutamatergic ionotropic
receptors and the etiopathogenesis of fmr1-KO phenotype.
Previous works found NMDA-associated hypo functional-
ity in FSX models, while this hypofunction also seems to be
linked to decreased dendritic complexity [73]. Other authors
observed an increase in AMPA/NMDAr ratio during early
development, pointing out the increase in AMPA components
expression and decreased NMDA activation [74]. The altera-
tion of some ionotropic NMDA subunits, such as grinl, 2a,
and 2b, could be at the basis of these alterations, as these
are known to be modulated by FMRP [75]. This is the first
time that NMDA 2c subunit isoform has also been linked to
fmr1-KO animals (at least at gene expression level), adding
stronger support for the notion that the FMR protein is able
to modulate a large set of ionotropic glutamatergic receptor
subunits, essential for the proper functioning and development
of the whole neural system, both in neurons (ginl, 2a and b),
and interneurons and glial cells (grin2c and d) [76].

CPF exposure during gestation upregulated the expres-
sion of both 5ht2c¢ and kccl genes at the hippocampus only
in those animals with genetic vulnerability. 5-HT2c is one
of the many binding sites for serotonin neurotransmitters in
the central nervous system, which seems to play an impor-
tant role in multiple behaviors such as depression and anxi-
ety. Its hyperactivation has been linked to mismatches in
inhibitory control of feeding behavior [77]. Only a couple of
studies focused their attention on this serotonergic receptor
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in fmr1-KO rodents. For example, Prophitt et al. [78] found
that fmr1-KO mice had similar protein expression levels for
different serotonergic components, including 5-HT2c, com-
pared to WT rodents. Saraf et al. [79] used similar techniques
and found that adult fmr1-KO mice expressed lower levels
of the 5-HT?2c receptor at the anterior olfactory nucleus and
nucleus accumbens. Although these results run counter to our
findings, we must point out that our results were observed in
CPF-exposed animals. We used a different preclinical model
(mice vs. rats), obtained the tissue at a different age (adult-
hood vs. adolescence), and analyzed different brain areas
(nucleus accumbens and olfactory nucleus vs. hippocampus)
by using different molecular techniques by analyzing gene
instead of protein expression levels (binding vs. RTqPCR).
Concerning kccl, this is the first time that the expression of
this gene has been found to increase in fmr1-KO animals,
more specifically in those gestationally exposed to CPF.
KCCI1 (SCLC12A4) is a ubiquitous cation chloride cotrans-
porter essential for the proper Cl-efflux of the cell [80]. This
specific modulation of kcc/ mRNA expression in fmr1-KO
rats exposed to CPF could be associated with an altered trans-
membrane ionic homeostatic state (e.g., depolarization) in
those animals, a mechanism that has previously been linked to
ASD. However, we do not have enough information to know
whether this relates to the ASD-like phenotype observed in
that group. Moreover, there is little published research relat-
ing this gene or its protein with fmr1-KO models or ASD,
especially when scientists have focused their efforts on the
developmental dynamics between KCC2 (SCLC12A5) and
NKCCI1 (SLC12A2), which are more strongly expressed in
the CNS, essential for establishing and maintaining the intra/
extracellular ion balance required for the proper functioning
of the GABAergic system [81].

Although our results on gene expression are of interest and
novel, these must be taken with caution. We did not study
this at the protein expression level. It is relevant as we cannot
conclude, based on the empirical information obtained in the
present set of experiments, that the SHT2C, the GRIN2C,
or the KCC1 proteins are affected by genotype, exposure, or
both factors. Protein is the molecule that exerts the function
within the cell, while mRNA is the precursor of the protein,
containing most of the information for its synthesis. Although
a similar effect between gene and protein expression could
be expected, there are several post-translational mechanisms,
proteasomal changes, autophagy degradation, or simply
changes in protein expression which could lead to different
effects at both levels (gene and protein expression).

Finally, we conducted correlation analyses between gene
expression levels and the various behaviors of interest. Con-
cerning GABAergic genes, gadl was negatively correlated
with social exploration and marginally with secondary loco-
motor behaviors. Moreover, gaba-a-a2 negatively correlated
with reaction to social novelty, locomotor activity (vertical
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activity and velocity, as gad?2), and anxiety levels, and posi-
tively correlated with anxiety index (animals spent more time
in the closed than open arms). These results point to an inverse
relationship between the activity of the GABAergic system
and anxiety, social, and motor behaviors, something that is
unsurprising based on the preclinical literature and current
treatments in the clinical field [82-84]. For the cholinergic
genes, the nicotinic a7 receptor negatively correlated with
social exploration, and this gene, along with the muscarinic 2
receptors, chat and vacht, negatively correlated with different
locomotor behaviors. Although the motor regulation mediated
by the cholinergic system is known for the role played by both
muscarinic and nicotinic receptors [85], its implication in regu-
lating social behavior is not clear. In this regard, KO animals
for the M4 presynaptic receptor, a receptor with similar func-
tions to those attributed to M2, have been linked to decreased
social interaction episodes [86], while the nicotinic o7 recep-
tors seem to play a relevant role in social regulation [87]. Thus,
the correlation data presented here could be taken to indicate
that M2 receptors could play a relevant role in sociability regu-
lation, as previously found for M4 receptors.

Regarding serotonergic genes, 5ht2a, and c, these nega-
tively correlated with locomotor activity outcomes. While
the role of 5-HT2a in regulating locomotor activity is well-
known, previous pharmacological findings suggest a posi-
tive relationship between the activation of this receptor and
hyperactivity [88]. However, these same authors previously
demonstrated that 5-HT2c—but not 5-HT2a—drugs decrease
motor behavior rates [89], which is consistent with our cor-
relation results regarding the 5ht2c gene expression levels and
locomotor activity. Furthermore, glutamatergic gene grin2b
negatively correlated with immobile episodes during the
habituation phase of the 3-CT. Interestingly, GRIN2B-related
neurodevelopmental disorder is a rare syndrome characterized
by intellectual, developmental, and muscle tone alterations,
while around 1 out of 4 patients show ASD phenotype and
epilepsy [90]. Finally, oxytocin receptor negatively correlated
with reaction to social novelty but positively correlated with
the most important locomotor outcomes during the habitua-
tion phase of the 3-CT. However, and although the locomotor
correlations agree with those reported in the literature, e.g.,
Narita et al. [91], most of the previous empirical data suggest
an opposite role for the oxytocin system regarding sociability
and social memory, including specific analyses on the hip-
pocampus, e.g., Raam et al. [92].

Conclusions and Future Guidelines

This article summarizes a set of experiments that demonstrate
specific ASD-like behaviors associated with fmr1-KO rats,
ranging from alterations during development to diminished

sociability and context-dependent locomotor dysregulation and
other secondary variables such as higher body weight and better
reaction to a novel stimulus. The profile of some of these behav-
iors (climbing capacity and social exploration) deteriorated in
those animals exposed to low doses of CPF during gestation.
Similarly, we found that, during adolescence, fmr1-KO ani-
mals had an upregulation of one glutamatergic receptor isoform
(grin2c, at mRNA expression level). These vulnerable rats also
increased the expression levels of both 54r2¢ and kccl at the hip-
pocampus when exposed to CPF during gestation. These molec-
ular experiments were exclusively analyzed at the gene expres-
sion level; thus, the lack of protein expression analyses limits our
capacity to conclude the functional effects that both genotype
and exposure have on the neurons of the hippocampus regarding
these three altered genes. The fmr1-KO rat model, along with
gestational exposure to low doses of CPF, seems to provide a
good interactive model between the genetic background of vul-
nerability and environmental facilitators concerning ASD-like
behaviors, at least for social exploration. However, the findings
of this study should be understood as preliminary—rather than
conclusive—evidence of this relationship, requiring more in-
depth research in the future. New lines of investigation could
focus on more ethologic measures of social interaction as well as
new molecular systems (e.g., more receptors, other neurotrans-
mitter systems, and intracell signaling pathways), physiological
structures (other than the hippocampus), different ages (pups
and adults), and lower doses of CPF (more similar to the doses
to which are humans are exposed daily). Analysis of the protein
expression levels of SHT2C, KCC1, and grin2c (NMDA2C) by
immunoblotting would be also essential to reinforce what we
have found here at the mRNA expression level.
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