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b. ABSTRACT

Impairments in social behaviour are a defining feature of autism spectrum disorder (ASD).
Individuals with ASD also usually present some difficulty to recognise or understand another
person’s feelings. Therefore, it is possible that altered empathy processing could hinder typical
social interaction in ASD. Recently, robust paradigms confirmed that rodents show primordial
forms of empathy-like behaviour. Therefore, in this work, we used one of these new protocols
to test pro-social behaviour in the rat model of autism induced by Valproic Acid (VPA). We
also evaluated possible beneficial effects of Resveratrol, since it can prevent social deficits in
the VPA model. Rats were tested on their ability to open a restrainer to release a trapped
conspecific. Exposure to VPA precludes the timely manifestation of this empathy-like
behaviour, but does not affect its continuation after its first expression. We also found a
significant correlation between average speed during the first day of test and becoming an
Opener. Similarly, rats able to open the restrainer on the first day had an increased likelihood
of repeating this behaviour in the later days of the testing programme. We did not find any
protective effects of Resveratrol. Further investigation of empathy-like behaviour in the VPA
model and in other models of autism could help to clarify the behavioural and neural processes

underpinning the basic aspects of empathy alterations in autistic individuals.

Keynotes: Animal models, valproate, empathy, autism, pro-social behaviour.

Highlights:

* Individuals with ASD can present deficits in empathy-dependent features.

* Empathy is a complex social manifestation recently described in rodents.

* VPA-induced animal model of ASD shows abnormal empathy-like pro-social behaviour.
* Pre-treatment with RSV can prevent social deficits but not empathy-like behaviours.

* Early tracking analysis provide strong correlation with the test outcomes.



1. INTRODUCTION
Autism spectrum disorder (ASD) is a complex neurodevelopmental disorder

characterized by social communication impairments, restricted interests and repetitive
behaviours [1]. In addition, individuals with ASD often present several associated
comorbidities such as epilepsy, sleep disturbances, immune alterations and impairments in
emotional and empathy-driven responses [18, 38]. The aetiology and molecular basis of ASD
are still unknown. However, different genetic alterations and environmental risk factors can
contribute to the development of ASD [19].

Valproic Acid (VPA), or 2-propylpentanoic acid, is a fatty acid with anticonvulsant [28]
and mood stabilizing [8] properties and it is a relevant drug for the treatment of epilepsy, bipolar
disorder and other neuropsychological disorder. Epidemiological studies have demonstrated
a strong link between the prenatal exposure to VPA and the onset of ASD in the offspring [9,
37]. Considering this association, an animal model for the study of ASD induced by prenatal
exposure to VPA was established [43, 46].

Accumulating evidence demonstrates that the VPA model presents face validity
(strong phenomenological similarities and related pathophysiology), construct validity (the
same aetiology; in this case, exposure to VPA) and predictive validity (same response to
treatments aiming to prevent or reverse symptoms) [30]. Therefore, this model has the
potential to elucidate targets for pharmacological treatment optimization, and for the
prevention or reversal of ASD-like symptoms [48]. For instance, our group demonstrated that
resveratrol (RSV), an antioxidant and anti-inflammatory molecule, prevents VPA-induced
social impairments in a three-chambered test [3] and in a reciprocal social interaction test [20],
and lead us to use this approach to elucidate the underlying pathways associated with ASD
and social behaviour.

Empathy is a complex phenomenon that could be understood in humans as the ability
to understand and share the internal states of others, while generating an emotional response
more appropriate to someone else’s situation than to one’s own. Therefore, empathy is
frequently demonstrated through caring and helping behaviour toward others [49]. Several
studies have indicated that individuals with ASD have impaired empathy behaviour, as
manifested by the reduced ability of ASD subjects to recognize facial features [44], lower
scores in the empathy quotient self-report questionnaire [5] and difficulties in
identifying/understanding what another individual is thinking or feeling [27].

Despite the need for higher cognitive processing for the manifestation of some aspects
of empathy behaviour in humans, it has been increasingly accepted that other animals also
present primordial forms of empathy [23, 39]. For example, many species show emotional
contagion, the capacity to mimic someone else’s emotions [13], and an ability that could be at

the foundation of empathy behaviour. In addition, it has long been known that rats can engage



in pro-social acts to help conspecifics in distress [10, 41], which is a behaviour that was
recently further investigated [6, 45].

In a landmark paper, Bartal et al. showed that rats intentionally opened a restraining
door to release a trapped cage-mate, but did not open an empty restrainer or a restrainer
containing a toy rat [6]. In addition, animals continued to manifest this helping behaviour even
when the trapped rat was released in a different arena, supporting the hypothesis that social
reward was not necessary to release the trapped rat. Interestingly, when rats had the option
to open a restrainer containing chocolate or a restrainer with a cage-mate, they showed no
preference and shared the chocolate. In a follow up study, the same group demonstrated that
this behaviour is socially acquired since rats did not release trapped animals of an unfamiliar
strain. However, when reared with animals of this different strain, rats helped strangers of the
fostering strain but not rats of their own strain [7].

The development of these new robust paradigms can now allow the first investigation of
pro-social behaviour in an animal model of autism. Therefore, we aimed to evaluate the
expression of empathy-like behaviours in the VPA model of autism. In addition, given the
preventive actions of RSV on the social impairments shown by VPA rats, we also studied the

effects of RSV on empathy-like behaviour.



2. MATERIALS AND METHODS

2.1. Animals

Adult Wistar rats (200-300g) from the local breeding colony (ICBS-Federal University
of Rio Grande do Sul) were housed in plastic cages (four to five per cage), under a 12h
light/dark cycle, controlled temperature (22 £ 1 -C) and humidity at 40-60%. Water and food
ad libitum. Animals were mated overnight and if in the morning spermatozoa were found in
vaginal secretion, this day was designated as the first day of pregnancy [2]. Pregnant rats
were housed in pairs until one day before the birth. The offspring were weaned at 21 days old
and housed separately by sex. Only the male rats were included in the behavioural
experiment. The empathy-like behaviours were evaluated in 69 to 81 days old animals from
at least three pregnant female Wistar rats per treatment group, with two animals per litter
tested. Test animals were housed with their brothers, respecting the aforementioned housing
conditions. The same is valid for animals utilized as “trapped” animals. The behavioural test
was conducted in a specialized room. Animals were taken in their home cage to this room 30
min before testing and were immediately reconducted to their original room after each daily
trial. All animal experiments were approved by the local ethics committee (CEUA # 23884)
and followed the regulations of the Brazilian national committee for the control of animal
experimentation (CONCEA) and the NIH guidelines for care and use of laboratory animals.

2.2. The Animal Model

At E12.5 pregnant female rats received a single intraperitoneal injection of 600 mg/kg
VPA (Acros Organics, NJ, USA) or physiological saline. VPA was previously dissolved in 0.9%
saline with a concentration of 250 mg/mL [2].

Prenatal treatment with resveratrol (Fluxome, Stenlgse, Denmark) was administered
from E6.5 to E18.5. Resveratrol (RSV) was dissolved in 100% DMSO (Merck, New Jersey,
USA) for a concentration of 36 mg/mL. Pregnant female rats received a daily subcutaneous
injection of 3.6 mg/kg of RSV solution or correspondent volume of DMSO, as previously
described [3]. Based on treatment received the pregnant rats were separated in 4
experimental groups: control (received only DMSO injections from E6.5 to E18.5); RSV
(received only RSV injections from E6.5 to E18.5); VPA (received DMSO from E6.5 to E18.5
plus VPA injection at E12.5); RSV + VPA (received RSV from E6.5 to E18.5 plus VPA injection
at E12.5). Two male rats of each litter were subjected to the behavioural analysis, resulting in
the following sample sizes: Control (16), RSV (10), VPA (14) and VPA+RSV (10).

2.3. Restrainer Tube and Empathy-Like Behaviour



We used a modified protocol based on Bartal et al. [6]. In short, the test consisted of
the evaluation of the willingness of rats to open a restrainer where a conspecific was trapped.
The apparatus was constructed in Plexiglas (25 x 8.75 x 7.5 cm; length, width, height) and
had a customized door that only opened from the outside. A schematic figure of the restrainer
is shown in Supplementary Figure 5. The restrainer was placed inside a black wooden box
(50cm x 50cm x 50cm), and was cleaned and disinfected with alcohol (70%) after each trial.
Room luminosity was set to 60 lux.

Before the test, animals were habituated in the apparatus according to the following
schedule (not recorded in video):

Day 1: two animals from the same litter were handled by an investigator for 5 minutes
and placed in the black box containing the acrylic tube (open and empty) for 60 min.

Day 2: two animals from the same litter were handled by an investigator for 10 minutes
and placed in the black box containing the acrylic tube (open and empty) for 60 min.

Day 3: the animals were handled for 5 minutes and placed individually in the black
boxes containing the acrylic tubes (open and empty) for 60 min.

Before every procedure during the test days, animals were placed inside the test room
for 30 minutes in order to get habituated to the new environment. The trials were completed
over 12 days, with an hour for each trial on each day. All trial days were recorded using a full
HD webcam (Logitech C920 pro full HD 1920 x 1080 pixels, with a maximum frame rate of
30fps-1080p). The restrained animal was placed in the restraining tube and the door closed.
The restraining tube was then placed in the centre of the wooden box. The free rat was placed
next to the restraining tube and recording began. The animals restrained in the acrylic tube
were 60 days old male Wistar rats that had not been previously submitted to any intervention
and were smaller (10% less body weight, at least) and unknown to the test animals. Trapped
animals were also randomly rotated between each trial session, so that test animals had to
release different trapped animals in different days of the test. This strategy was used in order
to minimize the effect of the trapped animal on the behaviour of the test subjects.

If the door was not opened within the first 40 minutes of the trial, the door was lifted
halfway in a 45° angle, and a Plexiglas blocker was inserted to prevent door opening by the
trapped rat. Any openings that occurred after this point were not included in analysis. Animals
were not taught how to open the door or rewarded for that task in any moment. The opening
occurrence and latency were registered and movements were tracked using ANYmaze 5.

Animals were defined as openers if they were able to open the restrainer for two
consecutive days and to do so at least 3 times [7]. For example, if a rat opens the restrainer
for four consecutive days or more, it is considered an opener (three sequences of 2
days: 15t and 2", 2" and 3'; 3" and 4" days).



The acrylic tubes were set up to indicate an inner zone (where the free rat could be
considered to be interested in the restrained rat), an outer perimeter zone (where the free rat
could then be considered to not showing interest) and a door zone (where the free rat could
be considered to be demonstrating active interest in the door of the restraining tube) (Figure
1). The zones were discriminated in ANYmaze 5 and the position of the head of the free rats
was tracked, allowing the automated calculation of time spent and distance travelled in each
zone. Speed values were calculated by dividing distance and time parameters for each
individual. Group values were calculated as averages of the individuals. For each trial, tracking
was terminated when the trapped animal was released. Therefore, test duration is not the
same across individuals/days and most results are reported as percentages. When rats were
inside the door or inner zone, we observed the presence of exploratory behaviours, such as
sniffing, following alongside the restrainer cage, rearing and climbing in the restrainer cage. A
representative video of the behavioural task is available in the supplemental material.

All the data was gathered and analysed attempting to minimize subjective bias.
Original videos were renamed and had all identification erased before analysis in order to
avoid the chance of bias. In addition, most parameters analysed were calculated in an

automated way using the ANYmaze software.

2.4. Statistical Analysis

All behavioural parameters were analysed using Generalized Estimating Equations
(GEE) and were adjusted by litter. The GEE is a flexible method based on general linear
models, allowing the analyses of data with different distribution patterns. The GEE was utilized
to allow for the evaluation of the effect of the many correlated variables in our analysis (VPA
treatment, RSV treatment, opener outcome and their interactions). One of the main
advantages of GEE is the reduced sample size required to detect a same size effect as
compared to similar methods. The GEE was modelled using gamma distribution for all the
following parameters: average speed, average speed in inner zone and in door zone, distance
travelled, percentage in inner zone and in door zone head distance travelled, percentage in
inner and in door zone head times, litter size and percentage of males and females per litter.
For the comparison of littermates, we modelled the GEE using gamma distribution for all
average speeds and percentages. We used Poisson distribution for quantitative analyses of
number of openings, day of first opening and percentage of miscarriages in each group and
Normal distribution for total distance travelled. The Wald test was used as inference test. For
analyses of correlation with the opener outcome, we used a Binomial distribution. Post-hoc
analyses were performed and the p-value was adjusted for multiple comparisons using
Bonferroni correction. All the estimated means were described as mean + SEM and results

were considered significant when p<0.05.



3. RESULTS

3.1. Effects of prenatal exposure to VPA and RSV on rat pregnhancy

We first analysed the preghancy outcomes for a larger cohort of animals that included
the animals in this study (Control n = 24, RSV n = 22, VPA n = 23, VPA + RSV n = 27). VPA
significantly increased the number of miscarriages (Control: 12.50+0.72, RSV: 22.73+1.02,
VPA: 47.831£1.44, VPA+RSV: 44.44+1.28, p=0.017, Supplementary Figure 1A). Miscarriages
were defined as events in which females that had a vaginal plug detected did not give birth to
a single pup. The percentage of miscarriages is almost identical to data previously reported
[15]. Prenatal exposure to VPA or RSV had no effect on litter size (Supplementary Figure 1B).
There was also no difference in the percentage of males/females in each litter (Supplementary
Figures 1C and 1D). Pup mortality was a rare event and only happened in 2 litters of the VPA

group.

3.2. Prenatal exposure to VPA delayed the timely manifestation of empathy-like
behaviour in Wistar rats

Animals exposed to VPA demonstrated a delay in the day of first opening in relation to
the Control and RSV groups (Control: 3.15+0.64, RSV: 3.14+0.91, VPA: 5.92+0.98,
VPA+RSV: 6.62+1.04, p=0.001) and RSV treatment was incapable of preventing this
alteration (Figure 2A). Consequently, animals of the VPA and VPA+RSV groups demonstrated
a tendency for reduction in the total humber of openings (p=0.056), which was also not
prevented by RSV treatment (Figure 2B). The Supplementary Figure 2A illustrates each
individual opening event. There was no difference in the percentage of animals of each group
that matched the opener criteria (Supplementary Figure 2B). We also calculated the
percentage of openings, defined as the percentage of trial sessions in which the test animals
were able to release the trapped conspecific. The percentage of openings on each day is
illustrated on Supplementary Figure 2C. When the data for the percentage of openings was
arranged in groups of 4 days, animals exposed to VPA showed a reduced percentage of
openings in days 1 to 4 (Control: 35.93+8.53, RSV: 35+11.9, VPA: 14.28+6.79, VPA+RSV:
543.33 p=0.009) (Figure 2C). Interestingly, once animals opened the restrainer for the first
time, they continued to open it at the same rate, regardless of the experimental group (Figure
2D). Animals that were unable to open the restrainer at least once were excluded from this

last analysis.

3.3. Average speed increases in the day of first opening
With the hope of gaining valuable insights on the behavioural patterns important for

the expression of this empathy-like prosocial behaviour, we analysed the day of first opening



of rats and compared this with the behaviour of littermates that did not open the restrainer on
that day. We observed a significant increase in the average speed of animals that opened the
restrainer when compared to their littermates (Con-0: 6.57+£0.9, Con-NO: 1.78+0.25, RSV-O:
6.861+0.9, RSV-NO: 1.9+0.49, VPA-O: 5.35+0.33, VPA-NO: 1.8+0.47, VPA+RSV-0: 4.6+0.58,
VPA+RSV-NO: 2.22+0.70, p<0.001, Figure 3A). Regions of the test box were also analysed
separately and the resulting data pointed out to differences in the average speed when in the
door zone (Con-0O: 4.5+0.6, Con-NO: 2.7+0, 4, RSV-0O: 6.6+1.1, RSV-NO: 2.0£0, 7, VPA-O:
4.511, 0, VPA-NO: 2.2+1.1, VPA+RSV-0O: 3.51£0.4, VPA+RSV-NO: 2.8+0.7; p=0.004, Figure
3B). Similar results were also found for the inner zone of the apparatus (Con-O: 5.88+0.8,
Con-NO: 2.65+0.42, RSV-0O: 7.56+£0.71, RSV-NO: 2.26+0.67, VPA-O: 5.27+0.67, VPA-NO:
2.35+0.84, VPA+RSV-O: 5.37+0.83, VPA+RSV-NO: 3.57+0.99, p<0.001, Supplementary
Figure 3A).

There were no significant differences in the percentage time (Figure 3C) and distance
travelled (Figure 3D) in the door zone and in the inner zone (Supplementary Figure 3C and
3B, respectively). The animals that did not open the restrainer demonstrated an increased
total distance travelled (Con-O: 1810.55+561.91, Con-NO: 4280.82+618.28, RSV-O:
2777.63+702.96, RSV-NO: 4596.10+1157.95, VPA-O: 2837.52+791.57, VPA-NO:
4329.37+1101.45, VPA+RSV-0: 1469.5+446.61, VPA+RSV-NO: 5301.62+1686.4, p<0.001,
Supplementary Figure 3D). This likely reflects the differences in test length as the test ended

after the release of the trapped rat.

3.4. Parameters of the first day of test correlate with the opener outcome

Since our data revealed important behavioural differences in the first days of test
(Figure 2C), we aimed to investigate the possibility of the parameters on the first day of test
correlating with the opener outcome. Opener animals were defined as animals that were able
to open the restrainer for two consecutive days and to do so at least 3 times during the 12
days of test. We observed a significant increase in the average speed of opener rats,
compared to non-openers (Con-OP: 4.50+1.31, Con-NP: 4.38 +0.62, RSV-OP:
4.66x1.29, RSV-NP: 2.77+0.76, VPA-OP: 4.19+0.67, VPA-NP: 1.89+0.18, VPA+RSV-OP:
2.76x0.32, VPA+RSV-NP: 2.34+0.51, p=0.021, Figure 4A). There is also a significant effect
of VPA (p=0.002), indicating that VPA exposure leads to reduction of the overall speed of both
opener and non-opener animals in the first day of test. When taking into account the different
regions of the apparatus, our data revealed that opener rats showed increased average speed
in the door zone (Con-OP: 4.68+1.58, Con-NP: 3.6+0.35, RSV-OP: 4.51+0.56, RSV-NP:
2.2610.35, VPA-OP: 4.32+0.68, VPA-NP: 1.55+0.22, VPA+RSV-OP: 2.04+0.34, VPA+RSV-
NP: 1.56+0.29, p<0.001, Figure 4B). There is also an effect of VPA and RSV treatments

(p<0.001 and p=0.003, respectively). We also identified differences in average speed in the



door zone of opener rats from RSV and VPA groups, compared to the VPA+RSV group
(p<0.001 and p=0.017, respectively) and non-opener rats from the VPA and VPA+RSV
groups, compared to the Control group (p<0.001). Openers also showed an elevated average
speed in the inner zone (Con-OP: 4.47+1.44, Con-NP: 4.44+0.52, RSV-OP: 5.08+1.07, RSV-
NP: 2.46+0.75, VPA-OP: 4.84+0.44, VPA-NP: 1.92+0.17, VPA+RSV-OP: 2.80+0.54,
VPA+RSV-NP: 2.14+0.38, p<0.001, Figure 4C). There is also an effect of VPA treatment,
regardless of RSV treatment or opener outcome (p=0.003). We also identified differences in
non-opener rats from RSV and VPA when compared to the Control group (p=0.002, p<0.001,
respectively). Nonetheless, there were no significant differences between groups in the
percentages of distance travelled in the door or inner zones (Supplementary Figures 4A and
4B). Interestingly, animals exposed to VPA (regardless of RSV treatment or opener outcome)
show a reduction in the distance travelled in the door zone (VPA effect, p=0.017,
Supplementary Figures 4A), suggesting a possibly reduced investigation of the restrainer door
in the first day of test.

The analysis of time spent in the door zone revealed that opener rats from Control
group presented an increase in the percentage of time spent in the door zone compared to
non-opener rats of the same experimental groups (p=0.004). On the other hand, opener
animals of the VPA and VPA+RSV groups showed a reduced percentage of time spent in the
door zone compared to non-openers of the same group (p=0.029 and P=0.005, respectively,
Supplementary Figure 4C). Conversely, there was no significant differences between groups
in the time spent in the inner zone (Supplementary Figure 4D) nor total distance travelled
(Supplementary Figure 4E).

The previous data indicated important differences between groups that persisted not
only on the first day of opening but also on the first day of test (Figure 3A-B and 4A-C,
respectively). Therefore, we investigated a correlation between parameters of the first day of
test and the opener outcome. We found an important positive correlation between opening the
restrainer in the first day of test and the opener outcome (p=0.004), with a relative risk (Exp
(B)) of 4.83. In addition, our data revealed a significant positive correlation between the
average speed and the opener outcome (p=0.024, (Exp (B) = 1.351), with the correlation also
maintained in the door zone (p=0.021, (Exp (B) = 1.545), and inner zone (p=0.022, (Exp (B)
= 1.436). (Table 1)



Table 1. Correlation between parameters of the first day of test and the opener outcome

Parameter of the first day Relative risk — Exp (B) p-value
Average speed 1.351 0.024 *
Average speed in door zone 1.545 0.021 *
Average speed in inner zone 1.436 0.022 *
Distance travelled 1 0.866
Percentage distance in inner zone 1.050 0.419
Percentage distance in door zone 1.015 0.834
Percentage time in inner zone 1.021 0.327
Percentage time in door zone 0.991 0.757
Releasing trapped animal 4.83 0.004 **

Average speed and releasing the trapped animal on the first day of test are positively
correlated with the opener outcome. *p<0.05; **p<0.01



4. DISCUSSION

The ability to understand another’s feelings and perceptions, and the desire to improve
the well-being of others, is crucial for successful social interactions and the survival of social
groups [12]. Thus, empathy is an integral part of social behaviour. Individuals within the autism
spectrum show impairments in social interaction and communication and are usually thought
to present an altered experience or expression of empathy. Cognitive empathy (the ability to
understand what others are feeling or thinking) appears to be primarily impaired in those with
ASD, while affective empathy (the capacity to share other people’s feelings while
understanding they are different from one’s own) is either preserved [14, 21, 27] or impaired

only when emotions of negative valence are involved [32].

Although empathy is a complex behaviour in humans, simplified models could be
useful to investigate the behavioural and neural processes that constitute the primal emotional
foundation of empathy [34]. In the past years, rodents have been recognized as a reliable
model to study empathy-like pro-social behaviour and new experimental protocols have been
developed [23, 39]. In the present work, we proposed to use one of these new methods to
evaluate pro-social behaviour in the animal model of autism induced by VPA. We showed that
VPA animals are able to open a restrainer to release a trapped conspecific, and continue to
do so at the same frequency as controls once they learn this behaviour. This suggests that
VPA rats also present pro-social behaviour and take action to alleviate the suffering of another

animal in distress.

Interestingly, rats of the VPA and VPA+RSV groups showed a delay in the expression
of this helping behaviour, opening the restrainer for the first time on average 3 days later than
Controls. Thus, itis possible that VPA animals are less able to express an adequate response
to the distress of the trapped animal. This is supported by a study using the BTBR T (+)
Itpr3(tf)/J mouse model of autism, in which mice successfully recognize stress in a conspecific,
but fail to express the typical response (increased social interaction with the stressed mouse)
[33]. An intriguing hypothesis is that the emotional response of animal models of autism is
abnormal. Indeed, both VPA rats and BTRB mice show impaired emotional learning in a fear
conditioning task [4, 31], indicating alterations in their neural processing of emotions. An
alternative explanation for the delay of VPA animals to open the restrainer is that they have
an impaired communication and, as a consequence, show difficulties to recognize that the
trapped animal is in distress. In that case, it is likely that ultrasonic vocalizations emitted by
the rat in the restrainer would be essential to communicate its distress [25]. It is possible that
VPA animals do not recognize this call, since they present an aberrant pattern of ultrasonic
vocalization in situations of stress [26] and an altered auditory processing of these

vocalizations [17]. Animals exposed to VPA could also have decreased attention towards the



restrainer or reduced motivation to interact with it. Our data shows no differences between
groups in the time spent near the door or other regions of the apparatus, indicating that
exploration of the apparatus seems to be similar between groups. However, our behavioural

paradigm does not allow for the direct assessment of attention or motivation.

Anxiety is a major comorbidity in ASD with a prevalence in individuals with autism that
varies from 42% to 79%, which is significantly higher than the general population [22]. Anxiety
is also widely identified in animal models of autism, including the VPA model [15]. Therefore,
anxious behaviour of rats exposed to VPA could hamper the initial interaction with the
restrainer and result in a delayed first opening. In fact, animals exposed to VPA showed a
significant reduction in the distance travelled in the door zone in the first day of test
(Supplementary Figure 4 A), which could reflect an effect of different levels of anxiety. Our
behavioural paradigm does not allow for the direct evaluation of anxiety during the test.
Studying the impact of anxiety on the expression of pro-social behaviour could be a focus of

future research.

Empathy-like behaviours in animals can be a very complex social phenomenon. The
degree of affiliation between rats likely modulates this behaviour, and may involve complex
cognitive processes [11, 34]. Rats have a natural tendency (not conditioned) to express
empathy-like behaviours [6, 45]. In humans, observation of other people’s states activates
many of the same motor, sensory and limbic brain regions involved in experiencing this state
in of itself [24, 35]. Studies have shown that the anterior cingulate cortex (ACC), medial
orbitofrontal cortex (MOFC) and medial prefrontal cortex (mPFC), might be related to social
behaviours associated with the perception of others’ feelings and empathy in both rats and
humans [36]. In order to express pro-social behaviours, animals and humans also likely need
to combine information of different sensory modalities over time [11, 40]. The VPA model
shows deficits in somatosensory processing that are prevented by RSV [16]. Therefore, it is
unlikely that the delayed expression of empathy-like behaviour in VPA animals is caused by
impaired primary sensorial processing. However, it is possible that integration of the sensorial
information in other cognitive process could be affected. Indeed, there are many reports
suggesting impairments in decision making processes in ASD [29, 42] due, at least in part, to
a reduced tendency to incorporate emotional information [47]. Therefore, the deficits seen in
VPA animals in the present work might be reflecting alterations in cognitive processes such
as the integration of sensory information in the decision making process and the interpretation

of emotional states.

In our analyses, we also investigated which parameters were associated with the act

of opening the restrainer. We found that on the day of opening, animals that opened moved



faster compared to littermates that did not open the apparatus. In the first day of test, this
increased speed was also present in the group of animals that later became openers when
compared to non-openers. Thus, it seems that animal that actively investigate the restrainer,
moving faster during the duration of the test, have a higher propensity to open the apparatus.
Specifically, a generalized linear model detected a significant association between the opener
outcome and average speed, average speed in the door zone and average speed in the inner
zone in the first day of test (35%, 54% and 44%-increased odds, respectively). In the same
analysis, we found that animals that opened the apparatus on the first day of test had a higher
chance of becoming an opener (383%-increased odds). This result suggests that learning to
release the trapped animal early, specifically on the first day of test, impacts the later
manifestation of this behaviour. However, whether this result is a cause or consequence of

this behaviour is not clarified by our approach.

Finally, prenatal RSV treatment showed no significant effect with regards to preventing
the deficits of empathy-like behaviour in VPA animals. Since RSV can prevent social
impairments in the VPA model of autism [3, 20], the pro-social behaviour evaluated in our
paradigm could require a different neural substrate, indicating that social and empathy-like
behaviours are distinct from one another. According to our results, it is also possible that VPA
does not directly affect circuits related to empathy, but modulates processes such as decision-
making or anxiety, which could not be affect by RSV. We also cannot rule out that dose and

treatment regimen of RSV are not enough to show any beneficial effect.

5. CONCLUSIONS

In conclusion, we investigated empathy-like pro-social behaviour in an animal model of
autism for the first time. We showed that VPA hinders the timely manifestation of empathy-like
behaviour, but does not affect the continuation of this behaviour after its first expression.
Moreover, learning to release a conspecific from the restrainer seemed to be facilitated by
being able to open the apparatus in the first day of test and by higher speeds in this same day.
Further investigation of empathy-like behaviour in the VPA model and in other models of
autism could help to clarify the behavioural and neural processes underpinning the basic

aspects of empathy alterations in autistic individuals.
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c. FIGURE LEGENDS (Figures are embedded for ease of reading)

A

Door Zone
B Apparatus Outer zone
Inner zone Door zone

Figure 1. Schematic representation of the test apparatus (A) and the regions considered in
the analyses (B). The inner zone was determined so that its boundaries are at half the
distance between the edge of the apparatus and the wooden box. The door zone is the part

of the inner zone surrounding the front of the apparatus.
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Figure 2. Prenatal exposure to VPA hinders the timely manifestation of empathy-like
behaviour. The day of first opening is delayed (A) and total number of openings shows a
tendency towards reduction (B) in animals prenatally exposed to VPA (regardless of
treatment with RSV). VPA leads to a diminished percentage of openings on days 1 to 4 of
test, but does not affect the percentage number of openings in the later days of test (C) or
the percentage of openings after the day of first opening (D). Control n = 16, RSV n = 10,
VPA N =14,VPA+ RSV n=10.In“D”, Controln =14, RSV n=8,VPAn=9, VPA+ RSV n
=7.*p<0.05 **p<0.01.
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Figure 3. The speed of animals during the day of first opening is higher compared to
littermates that were unable to open the apparatus. We evaluated the behaviour of 2
animals of the same litter on the day of first opening of one of them. Animals were excluded
from this analysis if both animals opened the apparatus on the same day. On the day of first
opening, rats moved faster in the entire apparatus (A) and in the door zone (B) compared to
littermates that did not open the apparatus on that day (regardless of treatment). However,
there are no differences in the percentage of time spent in the door zone (C) or percentage
of distance travelled in the door zone (D). Opened: Control n =7, RSV n =3, VPAn =4,
VPA + RSV n = 4. Did not open: Controln=7, RSV n=3,VPAn=4,VPA+ RSV n=4*p
<0.01, *** p < 0.001.
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Figure 4. Opener animals move faster than non-openers on the first day of test. Opener and
non-openers present a significant difference in the average speed (A) speed in the door
zone (B) and speed in the Inner zone (C) on the first day of test. There is also a significant
effect of VPA treatment, causing reduced average speed (regardless of RSV treatment or
opener outcome). VPA effect: p<0.01 in A and C and p<0.001 in B. Openers: Controln =7,
RSV n =4, VPA n =4, VPA + RSV n = 2. Non-openers: Controln=9, RSV n=6, VPAn=
10, VPA+ RSV n=8*p <0.05, * p < 0.01.



