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Abstract

Autism spectrum disorder (ASD) is a neurodevelopmental
disorder characterised by repetitive behaviours, cognitive ri-
gidity/inflexibility, and social-affective impairment. Unfortu-
nately, few pharmacological treatments exist to alleviate
these socio-behavioural impairments. Prenatal administra-
tion of valproic acid (VPA) has become an accepted animal
model of ASD and has been extensively used to explore new
pharmacotherapies in rodents. We conducted a systematic
review of the behavioural impairments induced by the VPA
model in rodents, with specific reference to 3 core socio-be-
havioural alterations associated with ASD: repetitive behav-
iours, cognitive rigidity/inflexibility, and social-affective im-
pairment. We systematically reviewed studies attempting to
alleviate these core behavioural alterations using pharmaco-
logical means. We include 132 studies exploring the prenatal
effects of VPA in rodents. Gestational exposure to VPA in ro-
dents has significant effects on rodent-equivalent measures
of the 3 core behavioural traits characteristic of ASD in hu-
mans, inducing social impairments, repetitive behaviour,
and cognitive rigidity/inflexibility after birth. This model’s
validity has seen it used to test potential drug treatments for

ASD and is likely to continue doing so. We conclude the ro-
dent VPA model may be suitable to examine future thera-
peutic interventions for ASD, providing an overview of the
progress made so far. ©2020S. Karger AG, Basel

Introduction

Autism spectrum disorder (ASD) is a neurodevelop-
mental disorder manifesting early in development and
characterised by impairment of social interaction and
communication, and restricted and repetitive/stereo-
typed patterns of behaviour [1]. For more specific analy-
sis, we have extracted and explored a triad of behavioural
symptoms, including social reciprocal communication
and interaction impairment, restrictive or repetitive be-
haviour (such as motor stereotypies) or interests, and
cognitive rigidity or inflexibility [1, 2], as the separate be-
haviours comprising these 2 broad sets considered core
to ASD. There are currently no pharmacological treat-
ments approved by the Food and Drug Administration
(FDA) for these core impairments of ASD [3]. Rather, 2
currently approved medications to treat ASD, antipsy-
chotics aripiprazole and risperidone, principally target
the accessory traits of irritability and aggressiveness [4].
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A significant number of oftf-label medications have also
been utilised, such as alpha-2 agonists, mood stabilisers,
norepinephrine-reuptake inhibitors, serotonin-reuptake
inhibitors, other antipsychotics, and opioid-receptor an-
tagonists [5, 6]. However, these have insufficient evidence
of efficacy from randomised clinical trials, or only target
accessory symptoms of ASD, such as irritability and hy-
peractivity [5, 6]. Developing appropriate pharmacologi-
cal treatments is further complicated by the high preva-
lence of comorbid conditions in ASD, including affective
disorders (such as anxiety, or depression) or neurological
disorders (such as epilepsy), often requiring additional
prescriptions [7, 8]. A number of complementary and al-
ternative medicines, including Korean red ginseng [9, 10]
and purple rice with silkworm pupae [11], have been
shown in small pilot trials to improve symptoms of ASD,
including stereotypies, social behaviour, and anxiety (Ta-
ble 1). However, they do not yet have the evidence base
required for more widespread adoption [12].

There exists a need to develop effective pharmacologi-
cal treatments for ASD, capable of targeting its core be-
havioural impairments. Animal models provide a means
to examine the potential impact of pharmacological treat-
ments, prior to human testing. However, this relies on the
animal model possessing construct, face, and predictive
validity to extrapolate to humans [13]. In order for ani-
mal models of ASD to therefore be effective, they must
(1) hold an empirical and theoretical relationship to ASD,
having behaviours that are unambiguous and homolo-
gous between species (construct validity), (2) resemble
ASD in its clinical features (face validity), and (3) cor-
rectly predict clinical treatments for ASD (predictive va-
lidity) [14]. The administration of valproic acid (VPA)
(2-propylpentanoic acid) to pregnant rodent mothers at
a critical time during gestation is a widely used ani-
mal model of ASD [15], derived from pharmaco-epide-
miological findings in humans showing a strong associa-
tion between maternal gestational VPA use (e.g., for epi-
lepsy, mania, and migraine) and the later development of
ASD in the child [16-18].

The epidemiological findings suggest a critical period
during embryogenesis that contributes to the altered de-
velopment leading to ASD [19]. Similar timing effects of
VPA exposure are also observed in rodents [20, 21], with
effective treatments likely being associated with processes
related to neural tube closure [22]. Hypoplasia of the pons
in the brainstem, occurring immediately following neural
tube closure, has been proposed as one of the unifying
causes of autism phenotype [23].

Valproic Acid Review

The VPA rodent model appears to possess face valid-
ity and construct validity to model human ASD, as VPA-
exposed rodents seem to express a similar superficial be-
havioural phenotype as people with ASD [24]. Given that
gestational administration of VPA to rodents may pro-
vide an ideal means to evaluate novel treatments for ASD,
there is a clear need to understand and characterise the
behavioural effect of gestational VPA exposure. This top-
ic has been reviewed previously [15, 25-27], indicating
that VPA has good construct, face and predictive validity
to simulate a rodent model of ASD. However, none of
these reviews catalogued systematically all the VPA stud-
ies that have been done to date or assessed a list of com-
parable therapies against each other for the same param-
eters. Consequently, there is an uncertainty as to the
quantitative effects of gestational VPA on the postnatal
behaviours comprising ASD, as well as the quantitative
effects of different drugs to alleviate ASD trialled so far in
the literature. A new systematic review was necessary for
prospective therapeutic-drug investigators to measure up
their chosen ASD therapeutic to others’ progress made so
far. With our present study, we aimed to highlight rodent
studies that investigated animal analogues of 3 core socio-
behavioural differences present in people with ASD in the
prenatal VPA model. We further systematically reviewed
the literature by applying novel pharmacological treat-
ments to the VPA model.

Methods

Study Design

A systematic review of the literature exploring how VPA influ-
ences the presentation of ASD-like behavioural changes in ro-
dents, and the pharmacological treatment of these changes, was
conducted.

Search Strategy (Table 2)

Six electronic databases including ProQuest, Psychlnfo, Sco-
pus, Medline, Web of Science, and PubMed (between the earliest
recorded date and May 19, 2020) were analysed. The search strat-
egy included a combination of keywords and MESH terms which
were combined using “OR” or “AND.” Terms included autis*,
ASD, pervasive development* disorder®, rat, mouse, rodent, mice,
behav*, charact*, respons*, valproic acid. Search strategies were
tailored to each database.

Study Inclusion and Exclusion Criteria

This systematic review identifies literature examining the ef-
fects of prenatal VPA administrations in rodents with core equiva-
lent behaviours affected in ASD as outlined by the DSM-5 and ICD-
10: social impairment, repetitive behaviour, and cognitive rigidity
[1, 2]. To this end, the following behavioural tests were included:
for social impairments, (1) ultrasonic vocalisation; (2) social prefer-
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Table 2. Search strategy in each database

Database Search protocol Initial number
of records
ProQuest ((autis* OR ASD OR “pervasive development* disorder*”) AND (rat OR mouse OR rodent OR mice) AND (behav* or 143
charact* or respons*)) AND MJMESH.EXACT(“Valproic Acid”)
PsychInfo 1. (autis* or ASD or “pervasive development* disorder*”).mp. [mp=title, abstract, heading word, table of contents, key 66
concepts, original title, tests & measures]
2. exp Autism Spectrum Disorders/
3.1and2
4. (rat or mouse or rodent or mice).mp. [mp=title, abstract, heading word, table of contents, key concepts, original title,
tests & measures]
5. (behav* or charact® or respons*).mp. [mp=title, abstract, heading word, table of contents, key concepts, original title,
tests & measures]
6. exp Valproic Acid/
7.3and 4 and 5 and 6
Scopus (TITLE-ABS-KEY ((autis* OR asd OR “pervasive development* disorder*”)) AND TITLE-ABS-KEY ((at OR mouse OR 350
rodent OR mice)) AND TITLE-ABS-KEY ((behav* OR charact® OR respons*)) AND TITLE-ABS-KEY ((“Valproic
acid”)))
Medline 1. (autis* or ASD or “pervasive development* disorder*”).mp. [mp=title, abstract, original title, name of substance word, ~ 164
subject heading word, floating sub-heading word, keyword heading word, protocol supplementary concept word, rare
disease supplementary concept word, unique identifier, synonyms]
2. exp Autistic Disorder/
3.1or2
4. (rat or mouse or rodent or mice).mp. [mp=title, abstract, original title, name of substance word, subject heading word,
floating sub-heading word, keyword heading word, protocol supplementary concept word, rare disease supplementary
concept word, unique identifier, synonyms]
5. exp Valproic Acid/
6. (behav* or charact® or respons*).mp. [mp=title, abstract, original title, name of substance word, subject heading word,
floating sub-heading word, keyword heading word, protocol supplementary concept word, rare disease supplementary
concept word, unique identifier, synonyms]
7.3and 4 and 5and 6
Web of Sci- 1. ALL=(autis* or ASD or “pervasive development* disorder*”) 351
ence 2. ALL=(rat OR mouse OR rodent OR mice)
3. ALL=(behav* or charact* or respons*)
4. ALL=(“Valproic acid”)
5.#4 AND #3 AND #2 AND #1
PubMed (((((autis* OR ASD OR “pervasive development* disorder*”))) AND ((rat OR mouse OR rodent or mice))) AND 271

((behav* or charact* or respons*))) AND (“Valproic acid”)

The database is shown alongside the search protocol and the initial number of rodent studies retrieved from the database.

ence; (3) social novelty preference; (4) social interaction tests; for
repetitive behaviours, (5) open field; (6) marble burying; and for
cognitive rigidity, (7) T/Y maze. We have also included (8) a novel
object recognition test to see whether impairments in social dis-
crimination also extend to the non-social domain. This review plac-
es no limits on the age of the rats/mice. The inclusion criteria con-
sisted of: (1) behaviours core to ASD as specified, (2) behavioural
experiments on mice and rats, (3) the use of prenatal exposure to
VPA, and (4) English-language articles. Studies were excluded if
they (1) only assessed the accessory behaviours of ASD and behav-
iours not related to ASD, (2) behaviours caused by agents other
than VPA, (3) used postnatal VPA administration. Accessory be-
haviours are defined as those behavioural characteristics common
to ASD individuals, but not essential to a clinical diagnosis of ASD.
Identification of relevant articles was undertaken by 2 authors who

34 Dev Neurosci 2020;42:12-48
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cross-checked all included articles. The study process is outlined
via the Preferred Reporting Items for Systematic Reviews and Me-
ta-Analyses (PRISMA) guidelines, illustrated in Figure 1.

Data Extraction and Synthesis

Data extracted included species, sex, sample size, dosage (route,
quantity, timing, and frequency), gestational timing of exposure,
testing ages, and outcomes relative to controls. Table 1 provides
information on behavioural outcomes of VPA, and Table 3 reports
on studies that have attempted to alleviate VPA-induced altera-
tions of behaviour through various drug treatments administered
after birth. In this review, dosage schedules have been categorised
as singular (only one dose for the subjects) and chronic (multiple
doses for a subject); though it is worth noting that some papers use
the term, “sub-chronic,” to indicate multiple doses.

Chaliha/Albrecht/Vaccarezza/Takechi/
Lam/Al-Salami/Mamo



Records identified through
database-searching
(k = 1,345)

Additional records identified
through other sources

Fig. 1. PRISMA flowchart. Shown are the
study numbers used in the Preferred Re-
porting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines used

[ Included ][ Eligibility ][ Screening ][Identification ]

Color version available online

1 -

Records after duplicates removed
(k =413)

l

Records screened
(k = 413)

Records excluded
(k = 190)

A4
Full-text articles
assessed for eligibility
(k = 223)

l

Studies included in
qualitative synthesis
(k = 150)

Full-text articles
excluded with reasons
(k =73)

A4

for this study.

Results

Search Results (Fig. 1)

A total of 1,345 records were retrieved from ProQuest
(k = 143), PsycInfo (k = 66), Scopus (k = 350), Medline
(k = 164), Web of Science (k = 351), and PubMed (k =
271). Following duplicate removal, 413 articles remained
and were screened at the title and abstract level, resulting
in the exclusion of a further 190 articles. The remaining
223 articles were then retrieved and reviewed at the full-
text level. A further 73 articles were excluded due to post-
natal delivery of VPA, reporting on behaviours not core
to ASD, and non-rodent animals tested. This resulted in
a total of 150 studies being included in this review.

Core ASD Behaviour 1: Social Impairment

Four major standard tests assessing social behaviours
in rodents were identified: ultrasonic vocalisation test, so-
cial preference test, social novelty preference test, and so-
cial interaction test [28-30].

Ultrasonic Vocalisation Tests
In 16 studies, VPA was delivered gestationally, and the
vocalisation abilities of pups upon maternal separation

Valproic Acid Review

were then measured (Table 1). All studies reported a re-
duction in ultrasonic vocalization emission by pups (both
frequency and/or duration) by a singular subcutaneous
(s.c.) or intraperitoneal (i.p.) injection of 400-600 mg/kg
VPA on GD (gestational day) 11.5-13 (Table 1). One
study administered 500 mg/kg VPA (per os; p.o.) daily
between GD 11 and 13, and also found shorter calls which
were more apparent in VPA females. However, these off-
spring demonstrated an increase in call frequency from
both VPA sexes [31], in contrast to the other studies
which showed decreased call frequency (Table 1). Other
impairments include a deviation from the normal sound
characteristics of each call type, in that calls had a lower
amplitude, there were more flat calls, altered number of
complex and downward calls, less variety of call types,
and fewer 2-syllable calls [32-35].

Object-Conspecific Tests

Eighty studies assessed the social preference test in
VPA offspring (Table 1). Taken together, the studies
show that 300-600 mg/kg VPA administered between
GD 9.5 and 15 (via s.c. or i.p.) reduces a rodent’s prefer-
ence to spend more time with a conspecific than an in-
animate object (or empty cage; Table 1). Any combina-

Dev Neurosci 2020;42:12-48 35
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tions of decreased time in or entries into the social cham-
ber, and/or increased time in or entries into the object
chamber show reduced social preference in VPA rodents.

The sex of the rodents influences behavioural out-
comes in studies that consisted of both males and females.
VPA exposure appeared to have no effect or a lesser effect
in females [36-40], indicating females possess some resis-
tance to social impairment induced by VPA, as opposed
to males [41].

The oral route was also effective at a higher dose (500-
800 mg/kg) to reduce preference between object and con-
specific in terms of exploratory behaviours such as nose
pokes, and reduce entries towards, or time with, the con-
specific (500-800 mg/kg) [31, 42, 43].

Social Novelty Preference Tests

We found 51 studies indicating that 300-600 mg/kg
VPA dosage (although less so at 300-450 mg/kg than
500-600 mg/kg), given between GD 10-13, reduces a ro-
dent’s preference to spend more time with an unfamiliar
relative to a familiar conspecific (Table 1). This occurs by
any combination of decreased time in or entries into the
unfamiliar chamber, or increased time in or entries into
the familiar chamber, or both. The oral route is also effec-
tive to reduce social exploration with an increased VPA
dose (500-800 mg/kg) [31, 42]. One study, Melancia et al.
[39], used a slightly different protocol whereby the social
novelty preference test was conducted in an open field
set-up (i.e., no separate chambers), and found a similar
effect to the more conventional protocol (Table 1).

Novel Object Recognition Tests

Nineteen studies evaluated the novel object recogni-
tion test in animals exposed to VPA during gestation (Ta-
ble 1). The studies show that 200-600 mg/kg VPA given
i.p. between GD 10 and 12.5 reduced the discrimination
index between both objects, such that VPA-exposed ro-
dents spent relatively more time exploring the familiar
than the novel object (Table 1). Overall, a substantial vari-
ability is widely reported with regard to the influence and
derived different phenotypes of the VPA model [44, 45].
Probably, some conflicting results in the current litera-
ture are linked to the different ranges of VPA dosage used
in the various experimental procedures.

Social Interaction Tests

Forty-eight studies investigated the effect of gestational
VPA exposure on the social interaction test (Table 1). The
results show that social interaction is impaired when 400-
600 mg/kg VPA is administered on GD 11.5-12.5 (i.p. or

36 Dev Neurosci 2020;42:12-48
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s.c.; Table 1). An oral dose of 800 mg/kg of VPA seems to
have a similar effect [46]. Atlower doses (350 mg/kg or less),
social behavioural impairments were less prominent. Dura-
tion of social restriction, before testing, ranged from 5 min
[47] to 9 weeks [48], and did not seem to make a noticeable
difference to the social interactions between the 2 conspecif-
ics. Definitions of specific behaviours are given in Table 3.

To summarise the social behavioural tests, synthesis of
the findings suggests a number of deficits in the VPA off-
spring, compared to control offspring: ultrasonic vocal-
ization calls are impaired; there is decreased preference to
spend time with a conspecific over an object, or an unfa-
miliar conspecific over a familiar; and social one-to-one
interaction is impaired.

Core ASD Behaviour 2: Repetitive Behaviours

Open Field Tests

We found 83 studies that delivered VPA gestationally
and showed the open field test results (Table 1). Taken
together, the results show that when 400-600 mg/kg (es-
pecially towards the higher doses) of VPA is administered
between GD 11.5 and 13.5 (i.p. or s.c.), stereotypies in-
crease in the rodent offspring (Table 1).

Repetitive behaviours were also observed at the low-
er doses. Specifically, stereotypic self-grooming, digging,
jumping, and headshakes were increased at 300-600 mg/
kg VPA (Table 1; although self-grooming and hole-pok-
ing were decreased in one study [49]). Interestingly,
Jaiswal [50] showed increased self-grooming with the
very low doses of 25 and 50 mg/kg VPA. In addition,
Kang and Kim [51] found that a novel bright environ-
ment induced stereotypies, whereas a dark familiar envi-
ronment did not. It was proposed that the bright environ-
ments may increase anxiety in rodents, contributing to
ASD-related stereotypies. In terms of exploratory behav-
iour, rearings decreased at 400-600 mg/kg (i.p. or s.c.;
Table 1), except in one study where it increased [52]. No
changed parameters were seen to cause this [52]. Loco-
motion gave mixed results across the doses, with some
having increased locomotion (hyperlocomotion), others
having decreased locomotion (hypolocomotion; Table 1).

Marble Burying Tests

Fifteen studies (in which VPA was administered ges-
tationally) used the marble burying test (Table 1). Expo-
sure to 300-600 mg/kg VPA between GD 10 and 13 (i.p.
or s.c.) increased marble burying compared to controls
(Table 1). Earlier or later administrations of VPA pro-
duced either no effect (GD 13.5) [51] or the opposite ef-
fect (GD 8.5) [48].

Chaliha/Albrecht/Vaccarezza/Takechi/
Lam/Al-Salami/Mamo



Table 3. Definitions of specific physical interactions in the social interaction test

Behaviour Definition Type

Anogenital sniffing The rodent sniffing the anogenital areas of the conspecific Social investigative (neither friendly nor hostile)
Crawling/mounting The rodent crawling over the conspecific Prosocial

Digging The rodent digging a hole into the bedding of the apparatus Compulsive/repetitive/anxious

Fighting Fighting in adults (approximately PD 90-120 [176, 180]) Hostile

Non-anogenital sniffing ~ The rodent sniffing the non-anogenital areas of the conspecific Prosocial investigative (friendly)

Pinning The rodent standing over the conspecific which lies flat on its back ~ Prosocial

Play fighting Fighting in juveniles (approximately PD 30-50 [176, 180]) Prosocial

Play responsiveness The probability of being pinned in response to being pounced on Prosocial

Rearing The rodent standing up on its hind legs Environmentally investigative

Each behaviour is shown alongside its literal definition and the type of social behaviour it is classified as. PD, postnatal day.

Core ASD Behaviour 3: Cognitive Rigidity

Y/T-Maze Tests

Twenty studies on rodents exposed to VPA during
gestation reported Y-/T-maze behaviour (Table 1). The
results show that 400-600 mg/kg VPA administered be-
tween GD 11.5and 13 (i.p. or s.c.) decreased spontaneous
arm alternations (Table 1). When food was used to a-pri-
ori reinforce a particular arm, oral administration of 800
mg/kg VPA impaired initial training, with sex effects ev-
ident amongst studies: VPA-exposed females made more
errors than VPA-exposed males, but VPA-exposed males
required more time to learn the behaviour [53, 54].

Pilot Studies of Potential Treatment Drugs

Some studies attempted to treat VPA-induced deficits
with a variety of potential pharmacotherapies (Table 4).
The most commonly studied compounds can be classed
as neurohormones/peptides or antioxidants/anti-inflam-
matories, and these alleviate at least one of the core ASD
impairments (Table 4). In contrast, antipsychotics were
not so effective (Table 4). Cannabinoids, cholinergics,
glutamatergics, growth factors, and psychostimulants/
catecholamines have also been investigated, but too few
to ascertain their efficacies (Table 4).

Discussion

The evidence reviewed here consistently demonstrates
that gestational exposure of 400-600 mg/kg (i.p. or s.c.)
of VPA in rodents at around GD 11.5-12.5 has substan-
tial disruptive effects on rodent-equivalent measures of
the 3 core behavioural traits characteristic of ASD: reduc-
tions in social behaviours, increases in repetitive behav-

Valproic Acid Review

iours, and increases in behaviours reflecting cognitive ri-
gidity. Similar effects were found across rodent species,
indicating that both mice and rats can be used for the
investigation of novel pharmacotherapies. Interestingly,
there were a number of sex differences and age-of-testing
effects noted that can inform future VPA-model studies
(detailed below). Finally, a wide array of compounds has
been assessed, and, with a few exceptions, have been
found to alleviate some aspect of ASD-relevant behav-
iour. This result suggests possible publication bias. It is
also worth noting that some papers use GD 0 as the day
of conception, whereas others use GD 1. This discrepancy
is negligible, since the window of neural-tube closure oc-
curs at different times around GD 12.5 in different ro-
dents. Therefore, there can be a *1-day uncertainty
around GD 12.5.

Core Behavioural Impairments

Gestational VPA reliably alters behaviour in a way that
might be considered consistent with an ASD-like phe-
notype. Alterations to each of the 3 core behavioural
traits were observed using multiple behavioural assays,
strengthening the validity of the model. Some inconsis-
tencies across the studies were noted, however, relating
specifically to the operationalisation of target behaviours
in certain tasks. The ultrasonic vocalisation, social prefer-
ence, social novelty preference, social interaction, and
open field tests each possess multiple possible outcome
measures to characterise behaviour, and not all measures
were reported in each study. For example, in the social
interaction test, the following behaviours were assessed:
approaches, following/chasing, sitting adjacently, pin-
ning, mounting/crawling over, pouncing, play-fighting,
nape attacks, general sniffing, face sniffing, anogenital
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sniffing, latency to sniff, time spent in social zones, la-
tency in social zones, social grooming, aggressive groom-
ing, crossovers to/away from conspecific, flank explora-
tion, and hiding inside a tube (Tables 1, 3). Moreover,
many studies that reported measuring several behaviours
did not find differences for each measured behaviour, and
it is unknown whether the studies that did not report a
specific behaviour did so because of a failure to find a sig-
nificant effect of VPA on that behaviour. Thus, while
there is considerable consistency across the studies in re-
porting some behavioural alteration consistent with an
ASD phenotype, the robustness of these changes can be
improved in future studies by reporting a minimum stan-
dard set of behaviours/measures.

Sex Differences

A current topic of considerable interest in the ASD lit-
erature is the difference in incidence and expression of
ASD between males and females. In studies where both
female and male test subjects were employed, VPA-ex-
posed males showed more robust social impairments
than VPA females, suggesting a potential protective/
compensatory effect towards social impairment induc-
tion in females [55]. In addition, VPA-exposed females
(compared to VPA-exposed males) were more likely to
exhibit stereotypies occurring earlier in the open field
testing session [56, 57] elicit shorter distress-call dura-
tions in the ultrasonic vocalisation test [31, 58], and com-
mit more T-maze errors in the T/Y-maze test for cogni-
tive rigidity [53]. In contrast, VPA-exposed males dem-
onstrated a greater reduction in social preference (in the
social preference test), social novelty preference (in the
social novelty preference test), more stereotypies, more
play-fighting in adulthood (in the social interaction test),
and delayed T-maze acquisition-phase performance (in
trained versions). Given that research in humans suggests
ASD may present differently in males and females, we
recommend more studies use both male and female sam-
ples [59, 60]. At this point, it is unclear whether the VPA
rodent model skews the male propensity to have ASD im-
pairments, compared to the normal human population.

Although social interaction decreased in males, VPA-
exposed female rodents interestingly spent more time in
social interaction [61]. In other studies, VPA-exposed
males vocalised less than VPA-exposed females socially
[31, 39, 40, 62-65]. Other environmental ASD models
(maternal immune activation and prenatal zinc deficien-
cy) in rodents do not always show this sex bias in social
impairment [55]. It is unclear, at this stage (owing also to
the small animal numbers in published studies), if the

40 Dev Neurosci 2020;42:12-48
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VPA model could be more suitable to study these behav-
iours in detail.

Age Differences

The age at which offspring were tested resulted in a
number of relevant outcomes, likely specific to VPA ex-
posure. Interestingly, older ages in the VPA groups had
decreased social [66] and total [67] exploration than
younger VPA-exposed rodents. Older VPA-exposed ro-
dents had alower discrimination index in the novel object
recognition test compared to younger VPA rodents [68].
This difference in discrimination could have played a role
in older VPA rodents’ social novelty preference impair-
ment. These results suggest that VPA studies using ado-
lescent rodents may be optimal, as there appear to be larg-
er differences between VPA rodents and controls in these
behavioural tests at this age.

Social and Non-Social Novelty

VPA-exposed rodents were also observed to have a de-
creased preference for novelty. In general, it was found
that this preference for familiarity may not be dependent
on social context, with VPA-exposed rodents displaying
a preference for familiarity in both social and object do-
mains. Indeed, the findings of the reviewed studies in ro-
dents align with behaviours observed in children with
ASD, who are often found to be more comfortable with
familiar objects as well as people [53]. Given that this
preference for familiarity was observed both in social and
non-social tests, this may point to both social novelty
preference and novel object recognition tests as an indica-
tor of cognitive rigidity (see later) as opposed to social
impairment. Alternatively, positive results in both tests
may point to memory impairment. Recent studies on the
VPA model [69-71], as well as models of rodent autism
based on gene knockout [72], seem to support this latter
hypothesis.

Effectiveness of Novel Pharmacotherapies in the VPA

Model and Suggestions for Future Drug Studies

A wide array of compounds was assessed, and these
were found to alleviate some aspects of ASD-relevant be-
haviour, with few exceptions. Predominantly, social be-
haviours were evaluated, but a few acted on cognitive ri-
gidity and stereotypies; these did not seem to be restricted
to any class of drugs (Table 4).

We had mentioned that a good animal model of ASD
should have construct, face, and predictive validity. After
reviewing these papers, we can now confirm that the ro-
dent VPA model has these validities. We propose future

Chaliha/Albrecht/Vaccarezza/Takechi/
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studies evaluating novel drugs in the VPA model of ASD,
incorporating a few suggestions. We suggest studies in-
clude at least one measure from each of the 3 core do-
mains reported here. We also suggest, despite not being
yet common in the pre-clinical literature, pre-registration
of studies that can avoid (and assess) the extent of publi-
cation bias. Importantly, pre-registering studies would
further separate pre-diction and post-diction analyses to
better delineate the relationship between hypothesis and
results, and to better compare different results [73, 74].
As noticed in the therapeutic studies (Table 4), a publica-
tion bias appears to exist, whereby only successful treat-
ments have generally been published, whereas unsuccess-
ful treatment trials have not been reported (with the ex-
ception of haloperidol [75]).

We further suggest that multiple testing is certainly
warranted when results are uncertain, to increase statisti-
cal power as well as reproducibility. One study found a
transgenerational effect of VPA increasing compulsive/
repetitive behaviour in the 1st and 3rd generations of off-
spring, but not the 2nd [76]. The mechanism for how the
behavioural alteration may skip a generation is not dis-
cussed in that paper, and such a result would need robust
replication. In addition, we suggest that many of the one-
off pilot studies of potential treatments should be repli-
cated, to verify their efficacy in the VPA rodent model
and as subsequent candidates for human ASD trials. This
result suggests possible publication bias for which we
make some suggestions to address for future studies.

In terms of novel drugs to be trialled for this purpose,
we suggest anxiolytic medications such as 3,4-methylene-
dioxymethamphetamine (MDMA) which has been suc-
cessfully used to treat social anxiety in autistic adults [77].
From Table 4, it appears that especially Korean Red gin-
seng [10] and donepezil [78] appear to alleviate all 3 core
ASD behaviours studied here, from different drug classes.
Most of the trials explored primarily social behaviours,
but it is worth bearing in mind that the other 2 behaviours
should not be excluded, especially as different ASD pa-
tients have different degrees of impairment in each of
these domains.

Suggestions for Future VPA-Model-Specific Research

It was surprising to see none of the 150 papers re-
viewed here used cross-fostering of animals. Cross-fos-
tering addresses the potential confounding factor of
whether or not the VPA-challenge influences maternal
behaviour and environment [79]. Thus, we suggest future
studies apply cross-fostering to determine whether the
influence of maternal treatment with VPA may be a sig-

Valproic Acid Review

nificant confounder. Other limitations of the VPA model
include that the VPA injection is not 100% effective and
can lead to malformations or pregnancy loss [80].

We also suggest investigating more complex and in-
sightful features of human ASD in the VPA model. Ro-
dent behavioural equivalents have been developed for a
number of superior neural functions affected in ASD, in-
cluding: visual emotion recognition [81, 82]; decision-
making under uncertainty (e.g., reversal learning and the
Iowa gambling test) [83, 84]; various aspects of empathic
processing [85]; fine motor coordination [86-88]; and
sensory temporal-binding windows [86, 89, 90]. These
are common impairments in humans with ASD [91-96].
This would complement the studies assessing the core be-
havioural impairments in ASD, to give us a more whole-
some understanding of ASD in general.

Limitations

Only English-language papers were reviewed, and
only 6 databases were screened, possibly resulting in ar-
ticles inadvertently being excluded. In addition, this re-
view addresses only the VPA-induced rodent model of
ASD, and other species and other induced causes of ASD
may not yield the same results, such that extrapolations
across causative models and different animal species
should be made with caution.

Conclusion

This is the first systematic literature review providing
evidence and cataloguing of different VPA-induced au-
tism behaviours as well as potential treatments explored
up to date. Unlike previous reviews on this topic, this re-
view allows investigators to track where VPA causative
and ASD treatment pre-clinical models have succeeded
and failed, in different aspects of the ASD phenotype. Fu-
ture directions include exploring a variety of different
drug treatments to compare against this list of previous
trials using the VPA rodent model of autism, to expedite
the discovery of direct and effective drug treatments for
the different needs of different patients afflicted with
ASD-related malfunctioning behaviours. It can also in-
clude improving the current animal model of ASD to ex-
ponentiate this progress in finding novel drug treatments.

The use of 400-600 mg/kg VPA, administered i.p. or
s.c. to the mother around GD 12.5, induces behaviours
resembling all 3 core impairments defining ASD in the
offspring when tested postnatally: social impairments,
cognitive rigidity, and repetitive behaviours. Ideally, ro-
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dents would be in the adolescent age range when behav-
iourally tested, and more studies should use both male
and female rodents to correspond with the fact that ASD
in the human population affects both sexes.

The valproic-acid-induced rodent model of autism is
well established and likely to remain for the foreseeable
future a widely utilised model to test putative efficacy of
pharmacological agents on behavioural and social ele-
ments in the autistic spectrum. However, the VPA model
is relatively homogenous in aetiology and phenotype,
limiting generalisability, and important species differenc-
es exist. For example, rodents are generally more resistant
to the effects of pharmacological agents. With the con-
tinual evolution of defining autism phenotypes and new
opportunities for pharmacological and non-pharmaco-
logical intervention, the rodent VPA model of autism
may become more specific, or potentially redundant. In
addition, robust models of autism such as VPA induction
provide safe, if not obligatory, opportunities to consider
synergistic therapeutic opportunities as well as potential
adverse effects.

The individual causes of autism remain largely un-
known, and it is a reasonable proposition that most pa-
tients would not have had birth mothers taking VPA dur-
ing pregnancy, raising questions as to the validity of the
VPA model to human autism. Nonetheless, evidence of
intervention efficacy in the VPA model provides insight
into potential clinical opportunities, as it is well estab-
lished that VPA is a striking risk factor for ASD, therefore
an important strategy for studying ASD development and
triggers, especially for novel therapeutics. It also does not
exclude that other molecular mechanisms may play a part
in ASD pathophysiology, from other environmental risk
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