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ARTICLE INFO ABSTRACT

Individuals with autism spectrum disorder (ASD) display dysfunction in learning from environmental stimulus
that have positive or negative emotional values, posing obstacles to their everyday life. Unfortunately, me-
chanisms of the dysfunction are still unclear. Although early intervention for ASD victims based on reinforce-
ment learning are commonly used, the mechanisms and characteristics of the improvement are also unknown. By
using a mice model of ASD produced by prenatal exposure to valproic acid (VPA), the present work discovered a
delayed response-reinforcer forming, and an impaired habit forming in a negative reinforcement learning
paradigm in VPA exposure male offspring. But the extinction of the learned skills was found to become faster
than normal male animals. Since escape action of nosepoking and the motility remain unchanged in the VPA
male offspring, the impaired learning and the accelerated extinction are caused by deficits in higher brain
functions underlying association between the animals’ behavioral responses and the outcomes of such responses.
The results further suggest that the rodent ASD model produced by prenatal exposure to VPA reproduces the
deficits in reasoning or building the contingency between one’s own behaviors and the consequent outcomes of
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the behavior seen in ASD patients.

1. Introduction

Autism spectrum disorder (ASD) is a complex neurodevelopmental
disease with high prevalence, characterized by the impaired social
communication, restricted interests, and repetitive stereotyped beha-
viors [1,2]. Besides the above core symptoms, individuals with ASD
often display multiple dysfunctions in perceiving and reacting to en-
vironmental stimulus, ranging from aberrant sensory reactivities, such
as excessively high or low reaction for different sensory stimulus [3,4],
altered perceptual processing [5], to impaired executive functions in-
cluding planning, attention and flexibility [6,7], which pose a huge
obstacle to their adaptive behaviors in everyday life [8].

Learning is one of the most essential and vital adaptive behavior for
all animal species, which yet often involves multiple levels of in-
formation processing, especially upon the rewarding or punishing sig-
nals [9]. Extensive evidence suggests that the reward system of ASD
individuals are altered, resulting in abnormal reactivity to stimulus that
have positive or negative emotional values [10,11]. Besides, researches

using either animal models or human subjects have indicated that in-
dividuals with autism-like behaviors or ASD display impaired emo-
tional learning [12,13]. Lacking effective drugs, behavior intervention
treatments for ASD subjects based on learning tasks are getting popular
[14,15]. Although early intervention based on reinforcement learning
has been shown to improve the cognitive ability, language usage, and
adaptive skills in children with ASD [1,16], the mechanisms and
characteristics of the improvement are still largely unknown.
Reinforcement learning (instrumental learning), together with its
extinction, are essential for decision-making and adaptation to en-
vironmental challenges [17]. Different with conditioning learning, re-
inforcement learning is realized by increasing probability of active
behaviors to maintain rewarding or to reduce punishing stimulus [18],
during which individuals must integrate information from internal and
external sources [19], reason the contingency between their own action
and the consequent outcomes, and then determine the following actions
to gain further preferable outcomes. Previous studies have demon-
strated that reinforcement learning consists of two phases, an initial
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phase of a goal-directed reinforcer forming and a following one of habit
forming [20,21]. The initial phase has a strong relation with the re-
warding and complicated calculation progress [22,23], while the habit
forming phase needs extended practice to acquire the insensitivity to
outcome devaluation and contingency degradation [24]. Considering
that ASD individuals often have difficulties in processing rewarding
[10] and are abnormal in adaptative perception [25], there is a high
probability that individuals with ASD have difficulties in completing
these reinforcement learning tasks in both the reinforcer forming and
the habit forming phases.

Valproic Acid (VPA) is a wildly used psychotropic drug for treat-
ment of epilepsy, bipolar disorder, and a number of other neu-
ropsychological disorders. Maternal exposure to VPA has been con-
firmed to be a high-risk factor of ASD [26]. With this association,
prenatal exposure to VPA has been prevalently applied to produce a
representative animal model of environmental risk factors-induced ASD
[2,12]. In the present study, the performance in the two phases of ne-
gative reinforcement learning and in the extinction by mice prenatally
exposed to VPA were evaluated systematically. The results indicate that
prenatal exposure to VPA induced profound adverse effects on the ne-
gative reinforcement learning in VPA exposure male offspring, in-
cluding a delayed response-reinforcer forming, and an impaired habit
forming. In addition, exposure to VPA also accelerated extinction of the
learned behaviors in male offspring.

2. Materials and methods
2.1. Animals

C57BL/6J mice of 3- to 4-month-old were housed in standard
Specific Pathogen Free facilities, under a 12h light/dark cycle. Food
and water were available ad libitum. Animals (one male mouse with
two female mice) were mated, and in the next morning, if spermatozoa
were found in vaginal secretion, the pregnancy days were calculated
from this day on. After pregnancy, male mice were taken out from the
cage, and the pregnant mice were housed in pairs. At E12.5 pregnant
female mice were gently and randomly treated with an intraperitoneal
injection of 500 mg/kg VPA (250 mg/mL in saline, Sigma, Oakville, CA)
or the vehicle.

When the offspring were weaned at 21 days old, they were housed
separately by sex. Before the marble burying experiment and the
learning experiment, mice were gently handled for 5 days to minimize
manipulation-related stress. All studies were performed from postnatal
day 31 (P31) to P60 as illustrated in the schedule in Fig. 1. Two cohorts
of experiment were performed, using male mice in one and the females
in the other. In each cohort, 2-3 pups were randomly selected from
each of 5 VPA exposed litters or 4 vehicle litters to form the VPA and
the vehicle groups, respectively (N = 10 in each group).

All experiments were conducted during the light phase of the cycle
and approved by the Animal Care and Use Committee in accordance
with Governmental Regulations of Laboratory Animals of China. After
the experiment, mice were used in other studies and finally euthanized
by carbon dioxide asphyxiation.

2.2. Marble burying

Marble burying was performed to assess the repetitive stereotyped
behaviors at P31 [27]. Empty transparent cages were filled with
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sawdust in depth of 10 cm, and 12 marbles were evenly spaced on the
sawdust in a 3 X 4 grid. The time of burying marbles was recorded for
30 min. Numbers of marbles buried (approximate > 75 % of the size of
the marble covered by bedding material) was assessed after every
testing session.

2.3. Three-chamber test

Three-chamber tests were performed on P32-33 as previous de-
scribed [28,29]. There were two sessions and each session lasted for
10 min. In the first session named sociability test, a novel mouse, which
was randomly selected from normal mice, was placed under small
plastic cage in one of the two side chambers in advance, and the other
side chamber was kept empty during the test (Fig. 2D). The test mouse
was then put into the central chamber and allowed to freely explore all
three chambers. There was 5 min for every test mouse for habituation
before the recording. Sociability was evaluated by the sociability index
(SI) that was defined as the ratio between duration of test mouse in
novel mouse side and that in the empty side. After the first session, a
second novel mouse with same age and gender was put into the empty
side chamber, and the second session, social preference test, was con-
ducted immediately. During the second session, the first novel mouse
was designated as the familiar mouse, and the second mouse as the
novel one (Fig. 2G). Social preference to either the familiar mouse or
the novel mouse was evaluated by social preference index (SPI) which
was defined as the ratio calculated by using duration of test mouse in
familiar mouse side and that in the novel side.

2.4. Negative reinforcement learning to escape footshocks

The learning behaviors were started when the mice were 57 days
old, and all learning experiments were conducted in operant chambers
(30 x 24 x 30, L x W x H in cm; MED-Associates, St. Albans, VT),
which were placed in sound-attenuating boxes, equipped with a ven-
tilation fan, a light (41x), a transparent door and two nosepokers lo-
cated 2 cm above the metal grid floor (Fig. 3A). Footshocks were de-
livered through the metal grid floor, and one of the two nosepokers was
randomly designated as “active” to terminate the footshocks, which was
illuminated by a light-emitting diode (LED, 20 1x) light during the shock
period and can be activated by a nosepoking. The inactive nosepoker
was always not illuminated, and no programmed effects were asso-
ciated with nosepoking on it [30].

Twenty-four hours before the negative reinforcement learning ex-
periment, mice were individually placed in the chambers to acclimate
to the experimental environment freely for 100 min with no shock.
Negative reinforcement learning experiment consisted of 3 days of
training, and each day of training comprised 50 trails. During each trial,
mild electric shocks (0.15 mA) were delivered on the beginning of the
experimental program, and were terminated when the active nosepo-
kers were triggered at once, or at the time of the maximum shock
duration (120 s) if animals failed to close the shocks. When the shock
was terminated, the LED lights would be turned off, signaled with a
1.5 s tone (2.9 kHz, 65 dB). Between each trial, animals were allowed to
rest for a pseudorandom period ranging from 30s to 60s. Learning
process lasted for 3 days, and then the extinction process begun
(Fig. 3B).

Fig. 1. The study schedule.
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2.5. Extinction of the learned operation behavior

Extinction experiments over 3 days started following the three days
of negative reinforcement learning, which consisted of five extinction
trials per day. During the extinction trials, the conditional probability of
a termination following a nosepoking action is zero. That is, mice were
exposed to a 10-min continuous shock in each extinction trial, which
was followed by an intertrial interval of 10 min. For each extinction

[ Vehicle
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Fig. 2. Effects of prenatal exposure to
VPA on autism-like behaviors in male
offspring. (A-B) Typical performance of
marble burying in male mice (A: vehicle
group; B: VPA group). (C) The VPA male
group demonstrated increased total
numbers of buried marbles (with the
criterion of 75 %) in relative to the ve-
hicle male group. (D and G) Procedure
of three-chamber test and typical tra-
jectories of mice in the sociability ses-
sion (D) and the social preference ses-
sion (G) of the three-chamber test. (E-F)
VPA exposed male offspring showed
decreased social behaviors compared
with the vehicle male group during the
sociability session. (H-I) Male offspring
exposed to VPA demonstrated decreased
social preference for the novel mouse
compared with the vehicle male group
during the social preference session.
Error bars represent SEM. RMANOVA
and unpaired t-test: ***p < 0.001.VPA:
Male offspring prenatally exposed to
VPA; Vehicle: Male offspring prenatally
exposed to saline. VPA: n = 10; Vehicle:
n = 10.

trial, mice were placed in the same chambers as reinforcement learning,
whereas the previously active nose pokers were no longer effective. The
total shock duration in each day was 50 min, and the total duration of
experiment in each day was 100 min (Fig. 3C).

2.6. Statistical analysis

Repeated measures analysis of variance (RMANOVA) and unpaired
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Fig. 3. Footshock procedures and general per-
formances of learning in male mice. (A) The
operant chamber used to conduct the learning
and the extinction experiments. (B-C)
Procedures in one day of the negative re-
inforcement learning (B) and the extinction
process (C). (D) Male offspring prenatal exposed
to VPA demonstrated impaired learning in re-
lative to the vehicle group while showed sig-
nificant decreases in escape latencies during
three days. (E) Male offspring in the VPA group
displayed more failures during learning on
Dayl, Day2 but not on Day3, and showed sig-
nificant decreases in failures during three days.
(F) There are no significant differences of total
nosepokes (the sum of active and inactive no-
sepokes) between male groups during the three
Days. Error bars represent SEM. RMANOVA:
*p < 0.05, **p < 0.01, ***p < 0.001. VPA:
Male offspring prenatally exposed to VPA;
Vehicle: Male offspring prenatally exposed to
saline. VPA: n = 10; Vehicle: n = 10.
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t-test were used to determine the differences. Differences with
p < 0.05 were considered statistically significant. All statistical ana-
lyses were conducted using SPSS version 20 (IBM Corp., Armonk, NY).

3. Results

3.1. Effects of prenatal exposure to VPA on the social and the repetitive
stereotyped behaviors

The core autism-like behaviors, including social deficits and re-
petitive behaviors induced by prenatal exposure to VPA, were assessed
before reinforcement learning test. In the typical performance in marble
burying shown in Fig. 2A and B, the VPA group showed increased total
numbers of buried marbles in relative to the vehicle group (t;g = 6.775,
p < 0.001; Fig. 2C) in male offspring. In contrast, in the female off-
spring, the VPA group did not showed increased total numbers of
buried marbles as compared with the vehicle group (p < 0.05, Fig.
S1A). The results indicated that prenatally exposure to VPA only in-
duced significant repetitive stereotyped behaviors in male offspring.

Three-chamber test was performed to measure social interaction.
The VPA group demonstrated significantly decreased social exploratory
behavior and social preference in male offspring (SI t;5 = 3.436,
p < 0.01; SPI 15 = 2.222, p < 0.05; Fig. 2F and I). During sociability
test, VPA group exhibited a significant decrease in duration within the
novel mouse side than the vehicle group in male offspring (simple in-
teraction effect: p < 0.001), and showed no significant difference in
duration between the empty cage side and the novel mouse side (simple
interaction effect: p = 0.311), while the vehicle group showed a sig-
nificant difference in duration between the two sides (Treatment
Fa,18 =10.125, p < 0.01; Side Fg1s = 6.557, p < 0.05; Treat-
ment X Side F(18 = 16.273, p < 0.001; simple interaction effect:
p < 0.001; Fig. 2E). Similarly, VPA group also showed no significant
difference in duration between the familiar mouse and the novel mouse
(simple interaction effect: p = 0.105), which is again in contrast to the
vehicle group (Treatment F( 15 = 0.006, p < 0.05; Side
F(1,18) = 20.735, p < 0.001; Treatment X Side F(])]g) = 4.591,
p < 0.05; simple interaction effect: p < 0.001; Fig. 2H). For females,
as expected, the social behaviors were not significantly different be-
tween the VPA group and the vehicle group (SI: p < 0.05; SPIL
p < 0.05; Figs. S1B -1E; see supplemental materials for details). Only
the male offspring prenatally exposed to VPA express significant im-
pairments in social communication, including social exploration and
social preference.

3.2. Prenatal exposure to VPA impaired negative reinforcement learning of
male mice

3.2.1. Prenatal exposure to VPA impaired negative reinforcement learning
without affecting the nosepoking action

Because severe autism-like behavioral deficits are only observed in
male offspring after maternal VPA exposure [31-33], we predicted that
prenatal exposure to VPA also impaired negative reinforcement
learning in males. In the present study, the negative reinforcement
learning lasted for three days. For the males, the VPA group demon-
strated larger escape latency than the vehicle group (Treatment
Fa,18) = 26.377, p < 0.001; Fig. 3D) in all of the three days. In addi-
tion, the VPA group displayed more failures during the first and the
second day of learning (Treatment F(; 1) = 11.141,p < 0.01; Fig. 3E).
The results showed that prenatal exposure to VPA indeed impaired
negative reinforcement learning along the whole learning process in
male offspring. On the other hand, there was no significant difference
between the VPA group and the vehicle group in failures on Day 3 of
learning, and the escape latency in the VPA group progressively showed
significant decreases among days (Day Fg,1s) = 48.639, p < 0.001;
Day x Treatment F; 15y = 15.560, p < 0.001; Fig. 3D), indicating that
prenatal exposure to VPA impaired but not abolished the negative
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reinforcement learning in males. In parallel with the stepwise decrease
in escape latency, there are significant differences in failures among
days in the VPA male group (Day F s = 16.414, p < 0.01; Day X
Treatment F(; 15y = 9.002, p < 0.01; Fig. 3E), further demonstrating
that male offspring exposed to VPA are able to learn to terminate the
footshocks by poking the active nosepoker, although their learning is
slower than normal. We also performed the same negative reinforce-
ment learning experiment using female offspring and observed no sig-
nificant differences in the learning behavior between the VPA and the
vehicle groups (escape latencies: Treatment p < 0.05, Fig. S2A; fail-
ures: Treatment p < 0.05, Fig. S2B; mistakes: Treatment p < 0.05,
Fig. S2C; see supplemental materials for details).

Interestingly, there are no difference in the total numbers of nose-
pokes (sum of the active and the inactive nosepokes) between the male
VPA group and the male vehicle group in all the three days of learning
(Treatment F1,18) = 1.553, p = 0.229; Day X Treatment
Faas) = 1.884, p = 0.167; Day Fq1g = 4.511, p < 0.01; Fig. 3F),
suggesting that the nosepoking action per se is not significantly affected
by prenatal exposure to VPA. It has been repeatedly reported that the
total moving distance in the open field tests was not significant changed
by prenatal exposure to VPA [34,35], suggesting that the motility re-
mains unaffected.

3.2.2. Prenatal exposure to VPA impaired response-reinforcer forming
during negative reinforcement learning

To further determine the detailed changes in the negative re-
inforcement learning induced by exposure to VPA, the learning process
on the first day was carefully analyzed. As no significant differences of
learning were detected between the VPA female group and the control
female group, the performances of male groups were mainly assessed in
the following (including impaired response-reinforcer forming in
Section 3.2.2 and habit forming in Section 3.2.3).

The results showed that there were no significant differences in the
numbers of spontaneous nosepoking between the two nosepokers in
male VPA and vehicle groups during the acclimation in the operant
chambers, (Nosepoke F(; 15 = 0.524, p = 0.480; Treatment
Fa,18) = 0.001, p=0.982; Nosepoke x Treatment F g = 0.877,
p = 0.363; Fig. 4A). Then on the first day of negative reinforcement
learning, the numbers of active nosepokes in the vehicle group were
significantly more than the inactive nosepokes, indicating that mice in
the vehicle group exhibit good learning performance (simple interac-
tion effect: p < 0.001, Fig. 4B). Meanwhile, in the VPA group, there
was no significant difference between numbers of active and inactive
nosepokes, suggesting that mice in the VPA group didn’t form the
connection between termination of the shock and their nosepoking
action at the active nosepoker (Nosepoke F(; 15y = 98.996, p < 0.001;
Day F,18 = 3.616, p < 0.05; Treatment F 15y = 0.565, p = 0.462;
Day x Nosepoke x Treatment F; 15y = 5.169, p < 0.05; simple inter-
action effect: p = 0.714; Fig. 4B). Indeed, in the escape latency curves
on Day 1 shown in Fig. 3C, latency of the vehicle group fell down to a
platform level within 15 trials, while that of the VPA group didn’t show
an obvious decrease and maintained at a high level to the end of the
whole learning period. In addition, mice exposed to VPA also demon-
strated a significantly larger total escape latency (Fig. 3D) and more
failures (Trials Faq,18) = 70.761, p < 0.001; Treatment
Fa23) = 155.361, p < 0.001; Treatment X Trials Fg,15) = 5.209,
p < 0.01; Fig. 4D) than the vehicle group on Day 1. The above results
indicate that nosepoking at the active nosepoker was not successfully
formed as a reinforcer on the first day of learning, in sharp contrast to
that seen in the vehicle group.

3.2.3. Prenatal exposure to VPA impaired habit forming during negative
reinforcement learning

On the second day of negative reinforcement learning, all male mice
in the VPA group successfully learned to terminate the shocks. All of
them were able to succeed over 10 consecutive trials (Fig. 5A).
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Fig. 4. Male offspring exposed to VPA
demonstrated impaired stimulus-re-
inforcer forming during negative re-
inforcement learning. (A) There were no
significant differences in the numbers of
spontaneous nosepoking between the
two nosepokers in both male groups. (B)
The number of the active nosepokes in
the VPA male group was significantly
larger than that of the inactive ones on
Day2 and Day3 but not on Dayl, while
the vehicle male group exhibited sig-
nificantly larger numbers of the active
nosepokes than those of the inactive
ones during three days. (C) The learning
curve of the vehicle male group on Dayl
fell down to a plain within 15 trials, yet
which of the VPA-exposed male group
maintained at a high level during the
whole learning period. (D) Male mice in
the VPA group displayed more failures
learning on Dayl. Error bars represent
SEM. RMANOVA: **p < 0.01,
**%p < 0.001. VPA: Male offspring
prenatally exposed to VPA; Vehicle:
Male offspring prenatally exposed to
saline. VPA: n = 10; Vehicle: n = 10.
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p < 0.01; Fig. 5E) than the vehicle group. In a number of trials, mice
in the VPA group firstly nosepoked at the inactive nosepoker and then
at the active one on Day 2 and Day 3, but this phenomenon was never
seen in the vehicle group. As a result, the escape latency curves of the
VPA group exhibit much larger fluctuations than those of the vehicle
group. The results clearly showed an impaired habit forming of ne-
gative reinforcement learning in male mice prenatally exposed to VPA
(Fig. 5B, C).
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3.3. Prenatal exposure to VPA accelerated extinction of the learned escape
behavior in male mice

After three days of learning, both groups learned to escape from
shocks by nospoking the active nosepokers. The extinction process was
then observed for three days. To our surprise, the VPA group showed a
faster extinction than the vehicle group in males. On the first day of the
extinction procedure, both groups showed significant differences be-
tween the two nosepokes (simple interaction effect: vehicle group
p < 0.001; VPA group p < 0.01; Fig. 6A and B), indicating that ani-
mals in both male groups didn’t give up or forget the learned skills. On
Day 2 and Day 3, the numbers of active nosepokes in the vehicle group
were still significantly more than the inactive ones (Nosepoke
Fa,0)=87.302, p < 0.001; Day F(;9) =15.484, p < 0.01; Day X
Nosepoke F(j 9y = 26.982, p < 0.001; simple effect: Day2 p < 0.001;
Day3 p < 0.01; Fig. 6A). In contrast, there was no significant differ-
ence in the numbers of nosepoking between the two nosepokers in the
VPA group on the second day and the third day (Nosepoke
Fa,0)=1.418, p=0.264; Day F49) =5.292, p < 0.05; Day X
Nosepoke F oy = 2.242, p = 0.137; simple effect: Day2 p = 0.525;
Day3 p = 0.858; Fig. 6B). In the extinction process of the female off-
spring, there were no obvious differences between the VPA group and
the vehicle group, because both groups showed significant differences
between the two nosepokes in the first two days (Vehicle group: No-
sepoke p < 0.05, Fig. S3A; VPA group: Nosepoke p < 0.05, Fig. S3B;
see supplemental materials for details). These results indicated that
only the male VPA group exhibited a faster extinction than the male
vehicle group.

4. Discussion

Learning the association between one’s behavior and its outcomes
and shifting the reinforced behaviors into habits is vital for survival.
Whereas growing researches considered reinforcement learning as an
effective early behavior intervention to improve the cognitive ability,
language capacity, and adaptive skills of ASD patients [1], individuals
with ASD often display multiple dysfunctions of perceiving and reacting
to environmental stimulus, which is highly related with deficits in re-
sponse-reinforcer learning and habit forming. In this context, in-
vestigating the performance of reinforcement learning of ASD in-
dividuals using an animal model can not only help to understand how
these dysfunctions influence the ability of ASD individuals to complete
complex tasks, but also provide references to clinical treatment of ASD.
In the present study, we presented novel results showing that the re-
inforcer forming and habit forming phases of negative reinforcement
learning are impaired, but the extinction of the learned escape ability
become faster, in a mice model of ASD produced by prenatal exposure
to VPA. In the present study, significant autism-like behavioral deficits
were only detected in male offspring prenatally exposed to VPA, while
no significant social deficits and repetitive behavior were observed in

Day2 n = 10; Vehicle: n = 10.

VPA group

Day3

the female offspring, which is consistent with the previous studies
[33,38]. Our results also suggest that there is no significant difference
in reinforcement learning in VPA females as compared with controls.

Since escape action of nosepoking and the motility remain un-
changed in the VPA group, the impairment in learning and the ac-
celerated extinction are likely associated with deficits in higher brain
functions underlying the linking the animals’ behavioral responses with
the outcomes of such responses. The results further suggest that the
rodent ASD model produced by prenatal exposure to VPA reproduces
the deficits in reasoning or building the contingency between one’s own
behaviors and the consequent outcomes of the behavior seen in ASD
patients.

It has been reported that the sensory process for aversive environ-
mental signals in the rodent model of ASD produced by prenatal ex-
posure to VPA remains normal [38]. In the present study, a paradigm of
negative reinforcement learning was employed, in which the simulation
per se is aversive. With the present of the aversive stimulation, termi-
nation of the stimulation by means of correctly nosepoking the active
nosepoker is formed as a reinforcer. Positive evaluating of the re-
inforcer stimulus is often considered as a critical part of reinforcement
learning [22]. Deficits in the reinforcer forming phase observed in the
present work is in line with a number of previous researches, which
discovered that individuals with ASD showed hypoactivation in the
mesocorticolimbic circuitry in response to different types of reward
[10], but exhibited enhanced fear conditioning and exaggerated fear
memory [39].

With a remarkable delay, termination of the aversive stimulation
could be successfully performed over 10 consecutive trials by mice
prenatally exposed to VPA on the second day of learning, showing that
terminating the aversive stimulation could be formed as a reinforcer.
After that, during the habit forming process on the second day and the
third day of learning mice prenatally exposed to VPA still manifest
significantly more failures and mistakes than the vehicle group, sug-
gesting a deficit in the transition from goal-direct behaviors into the
habituated behaviors. This result is also consistent with previous re-
searches with human subjects. Clinic researches showed that ASD pa-
tients exhibit reduced adaption to the familiar faces [25], which means
ASD patients may have difficulties in habituating the repeated stimulus
and forming behavior-outcome association.

Extinction, which is different with forgetting, is also an active
learning process. The principle of extinction has long been considered
and utilized in the cognitive-behavioral psychotherapeutic treatments,
such as 'exposure therapy' [40]. Interestingly, our findings showed that
mice prenatally exposed to VPA exhibited a faster extinction than the
control mice, even though they displayed worse performances during
the negative reinforcement learning. This result is apparently different
with a number of previous studies, which reported that ASD individuals
exhibited reduced extinction of fear memory [38,39]. The difference
between the experimental paradigms may explain the difference in the
results. During the extinction of fear memory described in previous
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studies, the association between the context signals with aversion are
reformed, while during the extinction of the negative reinforcement
employed in the present work the association between the termination
of aversion and a specific action, nosepoking, is reformed. During the
fear conditioning and the fear extinction tasks, response of the animals
is relatively simple, but in the negative reinforcement learning and its
extinction tasks, the evaluated responses are initiative actions, which
needs mobilization of diverse complicated cognitive and motivational
processes. It has been widely reported that ASD individuals exhibit
deficits in the cognitive and motivational functions [5,11], it is there-
fore possible that the extinction of the actively learned skills is also
faster. This speculation needs to be investigated in future studies. On
the other hand, one limitation in the present work may also contribute
to the result. Because the training process of the negative reinforcement
only lasted for three days, mice prenatally exposed to VPA might have
not completed the consolidation of the learned skills, and this may also
result in a faster extinction process. This issue should be clarified in
future by suing a prolonged training paradigm.

Another limitation of the present work is lacking of mechanistic
evidence. The abnormal performance observed in the present experi-
ment must be underpinned by alternations in related brain structures,
such as striatum, prefrontal cortex and anterior cingulate cortex.
Thereinto, the striatum integrates excitatory afferents from the cortex,
thalamus, and midbrain dopamine neurons, playing a critical role in
mediating the motivation, motor planning, and reward evaluating
functions [22,41]. In a series of genetic mice model of ASD, alterations
in the synaptic transmission in the striatum and the dysfunction of
dopaminergic regulation are found responsible for the impaired social
communication and repetitive stereotyped behaviors. Thus, a reason-
able hypothesis is that the dysfunctions of the synaptic transmission in
the striatum may results in deficits in stimulus evaluating and con-
tingency linking, thus lead to impairment in the negative reinforcement
learning and extinction. In addition to that, prefrontal cortex as well as
anterior cingulate cortex are also involved in both of the reinforcement
learning [42] and the pathogenesis of ASD [43,44], which may jointly
underline the impairment of reinforcement learning of ASD individuals.
Meanwhile, it has been known that habit forming is highly related with
the function of dorsal striatum [45,46], which yet is reported to be
aberrant in ASD individuals [47]. Studying the role of dorsal striatum in
the expression of reinforcement learning in mice exposed to VPA could
be a promising topic in future researches.

In conclusion, we systematically investigated the performances of
negative reinforcement learning as well as its extinction in ASD mice
induced by prenatal exposure to VPA for the first time. We discovered
that prenatal exposure to VPA induced profound adverse effects on the
negative reinforcement learning in male offspring, including a delayed
response-reinforcer forming, and an impaired habit forming. Besides,
the extinction of the learned skills was found to be faster than normal
males. Considering that the VPA group exhibited the normal sensory
abilities, the impairment in learning and the accelerated extinction are
likely caused by deficits in higher brain functions underlying associa-
tive learning. The novel results indicate that the rodent ASD model
produced by prenatal exposure to VPA reproduces the deficits in rea-
soning or building the contingency between one’s own behaviors and
the consequent outcomes of the behavior seen in ASD patients. Previous
studies have already shown that ASD individuals often display deficits
in recognition and memory [1,5]. In addition, the rodent model pro-
duced by prenatal exposure to VPA also exhibits similar deficits in so-
cial and environmental recognition, indicating a good validity of the
model [12,38]. The findings of the present study are consistent with
such previous results, again demonstrating that acquisition, consolida-
tion, and retrieval of the memory of association between nosepoking
and termination of the environmental aversive stimulation are ab-
normal in the VPA model of ASD. Collectively, the above results
strongly recommend further endeavors to use this model for a complete
understanding and more effective intervention methods.
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