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Abstract Autism symptoms, including impairments in

language development, social interactions, and motor

skills, have been difficult to model in rodents. Since chil-

dren exposed in utero to sodium valproate (VPA) demon-

strate behavioral and neuroanatomical abnormalities

similar to those seen in autism, the neurodevelopmental

effects of this antiepileptic agent were examined in mice

following its pre- or postnatal administration. Exposed

pups were evaluated in a battery of neurodevelopmental

procedures designed to assess VPA-induced retardation

(wherein a behavior fails to mature on schedule), regres-

sion (wherein a behavior does mature on time but then

deteriorates), or intrusions (wherein normal behaviors are

overshadowed by stereotypic or self-injurious behaviors).

The resulting observations were interpreted in the context

of this new strategy to model autism.
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Autism is a developmental disorder characterized by im-

paired social interactions, impaired verbal and non-verbal

communication, and the appearance of unusual stereotypic

and sometimes self-injurious behaviors. The etiology of

autism remains unknown but is thought to involve a genetic

predisposition interacting with exposure to environmental

neurotoxicants. One of the most striking features of autism

is that cognitive and sensory/motor development may

progress symptom free for several months to years but is

then followed by a period of retardation (wherein some

skills fail to develop or do so well behind schedule), or a

period of regression (wherein some acquired skills are

lost), or a period of intrusion (wherein acquired skills are

overshadowed by the appearance of behaviors aberrant in

form or frequency). The onset and duration of these

symptoms may not coincide with time of injury. That is,

following neurodevelopmental injury, behavioral deficits

may fail to be observed until the time at which affected

brain regions contribute to functional outcome. The mat-

uration of different brain regions and cellular structures at

the time of injury may explain recovery of function after

damage or impairments specific to onset of testing (Gold-

man, 1971; Miller, Goldman, & Rosvold, 1973). Impor-

tantly, the period when clinical signs first begin to appear

may represent a time when neurotoxic agents have already

accumulated in brain to critical levels and/or the deleteri-

ous effects of earlier exposures may manifest through

perturbation of normal ontogeny of neural pathways.

Neurotoxicant exposure during critical periods may disrupt

neurobehavioral development by altering neural migration,

circuitry, and/or synaptogenesis of brain areas required for

expression of these behaviors, resulting in behavioral

retardation, regression, and/or intrusions.

Traditionally, animal models of autism have not been

used to systematically examine retardation, regression and/
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or intrusions but instead, tend to focus on a single aspect of

neurobehavioral development. Likewise, evaluation of

subjects in a battery of neurobehavioral tests may allow for

detection of deviations from the normal ontogeny but tra-

ditionally, these functional test batteries have not been used

to categorize patterns of toxicant-induced deficits into the

categories of retardation, regression or intrusions. In the

present studies, mice were exposed to sodium valproate

(VPA) either pre- or postnatal and then evaluated in a

series of neurodevelopmental tasks, which targeted cere-

bellar, striatal and hippocampal function during critical

developmental periods. Based on their nature and timing,

the VPA-induced deficits were characterized in this

framework of retardation, regression or intrusions, thus

reflecting the major developmental components of autism

without attribution to specific symptoms of the disease. The

treated mice are not considered autisitic; rather, they show

developmental deficits in a fashion parallel to those ob-

served in autism.

Sodium valproate was chosen to test this model fol-

lowing reports of an association between autism and pre-

natal exposure to this teratogen. VPA was chosen for study

based on several observations: First, VPA exposure at the

critical time of neural tube closure produced changes in

Purkinje cell number and cerebellar cell volume consistent

with those seen in autistic children (Ingram, Peckharm,

Tisdale, & Rodier, 2000; Sobaniec-Lotoweska, 2001).

Furthermore, clinical studies of children exposed to VPA in

utero have characterized a ‘‘fetal valproate syndrome’’ that

show phenotypic similarities to autism and includes deficits

in language and communication, stereotypic and hyperex-

citable behavior, and global delays in behavioral develop-

ment (Ardinger et al., 1988; Koch et al., 1996; Mawer,

Clayton-Smith, Coyle, & Kini, 2002; Moore et al., 2000;

Williams et al., 2001). Previous studies have also demon-

strated impairment in cognitive, motor, attention and social

development in rodents administered VPA in utero or

during weaning (Chapman & Cutler, 1989; Voorhees,

1987; Wu & Wang, 2002). Accordingly, in the present

studies, mice were exposed to VPA either in utero or

postnatally. The exposure period of E13 was chosen as it

corresponds to the final stages of Purkinje cell generation

in the mouse (Inouye & Murakami, 1980). The early

postnatal time point of day 14 was chosen on the basis of

three observations: (a) cerebellar organization is essentially

complete but hippocampal and striatal differentiation and

migration are continuing (Bachevalier & Beauregard,

1993; Rice & Barone, 2000; Voorhees, 1986); (b) prolif-

eration and migration are complete in the rat but syna-

ptogenesis and gliogenesis continue beyond postnatal day

14 (Voorhees, 1986) and, (c) critical behaviors including

mid-air righting and negative geotaxis, mature or first ap-

pear on this day in the BALB/c mouse. The behavioral tests

used for evaluation of the VPA-treated mice have been

linked to brain regions known to be affected by VPA and/

or show abnormal morphology in autism: cerebellum (mid-

air righting, surface righting, negative geotaxis); striatum

(motor activity, visible platform water maze) and hippo-

campus (passive avoidance, hidden platform water maze).

Each of these behaviors consistently matures in control

mice on a predictable day. Thus, the VPA-induced deficits

observed in the present study could be characterized rela-

tive to the controls as retardations, regressions, or intru-

sions. It was concluded that this approach of categorizing

neurobehavioral deficiencies according to this ontogenic

timeline would be useful strategy for an animal model

autism.

Methods

Prenatal Sodium Valproate (VPA) Administration

Male and female BALB/c mice (Taconic, Germantown,

NY) were housed together in plastic cages with standard

wood chip bedding and free access to food and water. All

mice were maintained in an AAALAC-accredited facility

under guidelines set forth by the National Institutes of

Health. Lights were set on a 12 h on: 12 h off-cycle and

temperature was maintained at 25�C. Females were

checked before 10 AM for presence of a vaginal plug

which was recorded as day 0 of embryonic development.

Pregnant females were treated subcutaneously on embry-

onic days 12–17 (E12–17) with 200 mg/kg sodium val-

proate (VPA; 2-propylpentanoic acid sodium salt, Sigma,

St. Louis MO) dissolved in saline and administered at a

concentration of 0.1 ml/kg. Control females were treated

with saline on days (E12–17). In a separate study, female

breeding mice were treated with either saline or VPA

600 mg/kg s.c. on E13 only. Day of birth was recorded as

day 0 and all pups were labeled for individual identifica-

tion. Body weight was measured daily. Of the 22 VPA and

9 saline-treated dams treated on E13, a total of 9 VPA and

8 saline litters survived. This yielded a total of 31 VPA-

exposed pups (n = 14 female and n = 17 male) and 39

saline pups (n = 20 female and n = 19 male).

Postnatal Sodium Valproate Administration

Untimed late-pregnant BALB/c female mice (Taconic,

Germantown, NY) were housed individually in plastic ca-

ges in conditions identical to those above. Day of birth was

recorded as day 0. Female pups were removed from the

cage on day 5. Male mice were treated with either saline

(n = 45) or VPA 200 mg/kg (n = 25) or VPA 400 mg/kg

(n = 17) s.c. on postnatal day 14 of life. Behavioral testing
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began on day 13 and continued on day 14 prior to the VPA/

saline administration; thereafter behavioral testing contin-

ued through day 26 and again at 4 months of age.

Finally, since a high dose of sodium valproate produces

sedation, an additional control group was used to determine

if behavioral consequences 24 h after administration were

due to residual drug effects. Mice were injected on day 14

with 50 mg/kg VPA (n = 10) or saline (n = 10) and

behavioral testing conducted 3 h later. This dose was cal-

culated based on previous pharmacokinetic studies in

neonatal rats, guinea pigs and sheep showing the half-life

to be about 7 h (Haberer & Pollack, 1994; Wong et al.,

2000; Yu, Sugiyama, & Hanano, 1985). Therefore, 50 mg/

kg was chosen as estimation of the concentration in the

body if a dose of 400 mg/kg was administered 21 h earlier.

Behavioral Testing Procedures

Surface Righting

Each mouse was placed on its back and gently held with all

four limbs extended outward at which time it was released.

Time to right such that all four paws were touching the

surface was recorded. A maximum score of 30 s was re-

corded when the mouse failed to right in that period. Mice

were tested on days 5–9 of life.

Mid-air Righting

Ability to right in mid-air was assessed on days 13–19 of

life by holding the mouse by the scruff of the neck ventral

side up with all four paws extended upward 30 cm above a

padded surface. Ability to right was scored positive if the

mouse landed on all four paws. A score of two out of three

successful mid-air righting attempts was recorded as ability

to right on each day.

Hanging Wire Grip Strength

On postnatal days 13–19 of life, mice were placed on a grid

wire surface (30 cm · 18 cm divided into 1.2 cm grid

squares). The plane was inverted and held 30 cm above a

padded surface. Latency to fall was recorded with a max-

imum of 30 s for each trial.

Negative Geotaxis

Negative geotropism was tested on postnatal days 13–19 by

placing the mouse on the same wire grid as used in the

hanging wire test. Each mouse was placed facing down-

ward along a 45� incline. Latency to turn 180� such that the

head was facing upward along the incline was recorded

with a maximum of 30 s for each trial.

Balance Beam

On days 20–26 of life, mice were placed mid-way down an

elevated beam measuring 2 cm wide and 120 cm in length.

With room lights-off, a 60 watt bulb illuminated one side

of the beam while the other side lead to an enclosed,

darkened box measuring 15 cm3 and lined with bedding

material from the animal’s home cage. Latency to traverse

the beam and enter the darkened box was recorded with a

60 s maximum for each trial.

Water Maze

The maze consisted of a circular tub measuring 71 cm in

diameter and 29 cm in height. The tub was painted white

on the interior and was filled 3/4 full with water main-

tained at 23–26�C and made opaque with white non-toxic

latex paint. A starting point was determined randomly

from one of four equally spaced quadrants. In the visible

platform version of the water maze, a platform measuring

8 cm in diameter and painted black was placed in one

quadrant of the maze and the water was only allowed to fill

such that the platform sat 1.5 cm above the surface. In the

hidden platform, an identical platform painted white sat

2 cm below the surface of the water. Animals received five

trials each day and each animal was allowed a maximum

of 60 s to reach the escape platform. The position of the

hidden platform remained constant throughout the experi-

ment and the room was illuminated and extramaze cues

were present. If the animal did not reach the platform in

60 s, a score of 60 was recorded and the animal was gently

guided to and placed on the platform. During the intertrial

interval, all animals rested atop the platform until the next

trial began.

Passive Avoidance

On postnatal day 21, mice were placed on one side of a

Plexiglass shuttlebox 27 cm in length, 10.7 cm wide and

16.8 cm high. The floor was made of stainless steel bars

with a 0.75 cm space between each. A 45-watt lightbulb

illuminated the start side of the box and mice were allowed

to enter the compartment on the opposite side, which was

dark. Upon entering the darkened area, a 1 mA scrambled

footshock was delivered on that side only. Animals were

allowed to return to the start box or remain in the shocked

compartment for a maximum of 10 s. The trial ended if the

animal remained in the start box for 120 s. Escape re-

sponses (returning to the start box) also terminated the trial

and ended the shock. Animals were tested on four trials per

day from postnatal day 21 until reaching a criterion of three

consecutive correct avoidances of the footshock.
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Motor Activity

Habituation and motor activity were assessed on days 20–

26, immediately prior to water maze and balance beam

tests. The chamber consisted of a black 42 · 22 · 14 cm

Plexiglass box. Six infrared sensors placed approximately

7 cm apart and 2.5 cm above the floor were used to mea-

sure activity over a 10 min period.

Self-injurious Behavior

At 11 weeks of age, male mice treated on postnatal

day 14 with VPA 400 mg/kg s.c. (n = 11) or saline

s.c. (n = 12) were administered d-amphetamine (Sigma,

St. Louis, MO) at 22.5 mg/kg s.c. and observed in their

home cage for incidence of self-injurious and stereotypic

behaviors at 15, 30 and 60 min after injection. The

presence of self-biting and oral dyskinesias was recorded

as either ‘‘yes’’ or ‘‘no.’’ Stereotypic behavior was rated

as either occurring over a large area of the cage (1), in

bursts in the same area (2) or continuously in the same

area (3). This rating scale was adapted from Kelley,

Sevoir, and Iversen (1975).

Statistical Analysis

All behavioral analysis were performed using a repeated

measures ANOVA including both group, day, and sex as

main factors, with the exception of the mid-air righting

response and self-injurious behavior, which was analyzed

using Chi-Square and Fisher’s Exact Test.

Results

Prenatal Administration of 200 mg/kg, E12–E17

Mice born to dams treated on days E12–E17 with 200 mg/

kg VPA showed minor deficits when tested for negative

geotaxis on postnatal days 6–14. The ANOVA revealed a

significant effect of day, where latency increased across

days [F(8,64) = 7.8, P < 0.0001]. In addition, the VPA

treatment resulted in a significantly longer latency on day

10 [F(8,64) = 3.6, P = 0.002] as compared to controls.

Otherwise, there were no major effects of prenatal VPA

treatment on any of the other behaviors in male pups given

lower doses spread out across days.

Prenatal Treatment with 600 mg/kg VPA on E13

Body Weight

A two-factor repeated measures ANOVA of body weight

data from postnatal days 5–26 revealed a significant in-

crease in body weight [F(18,612) = 222.4, P < 0.0001].

In addition, there was a significant interaction of day and

treatment with VPA-treated pups having higher body

weights than saline-treated controls on days 18, 19, 21 and

21 [F(18,612) = 2.2, P = 0.002] (Fig. 1).

Surface Righting

Both male and female pups receiving VPA treatment in

utero displayed longer latencies to surface right on P5

and P6 [F(1,66) = 22.7, P < 0.0001]. Both males and

females, treated with saline or VPA, showed significant

Fig. 1 Changes in body weight

in postnatal female (left) and

male (right) BALB/c mice

following administration of

sodium valproate (VPA,

600 mg/kg s.c.) on embryonic

day 13. *Indicates significantly

different from saline-treated

mice using Fisher’s PLSD,

P < 0.05
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improvements in this behavior over time, with VPA

treatment resulting in a delay in the ability of this skill,

independent of sex (Fig. 2).

Mid-air Righting

v2 analysis revealed a significant overall effect of VPA

treatment on mid-air righting in males [v2(6) = 35.2,

P < 0.0001] and females [v2(6) = 23.2, P < 0.0001].

Fisher’s Exact Test further revealed that female pups

treated with VPA in utero were impaired in mid-air right-

ing on P15 (P = 0.0001) and males were impaired on P14

(P = 0.01), P15 (P = 0.004) and P16 (P < 0.0001)

(Fig. 3).

Hanging Wire

A two-factor repeated measures ANOVA revealed that

both control and VPA-treated mice of both sexes showed a

significant improvement in hanging wire grip strength

over days tested [F(6,288) = 36.2, P < 0.0001]. There

was also a significant effect of prenatal drug exposure

[F(1,48) = 20.8, P < 0.0001] and of sex [F(1,48) = 4.9,

P = 0.03] such that animals exposed to VPA gestationally

showed a shorter latency to fall from a suspended wire,

with males performing significantly better than females in

the VPA treatment group only (Fig. 4).

Negative Geotaxis

A repeated-measures ANOVA revealed no significant

effect of treatment, sex, or day of testing, on negative

geotaxis. Pups exposed in utero to VPA did not show any

deficits in acquiring this skill.

Balance Beam

There was no significant effect of sex or treatment on

balance beam latency. However, there was a significant

interaction of sex by day, with male VPA-treated pups

being faster to cross the beam as compared to female VPA-

treated pups on P24 and P26 [F(6,228) = 2.9, P = 0.008].

Water Maze

Preliminary investigation of the ontogeny of water maze

performance in BALB/c mice revealed that, independent of

what day training is initiated, a significant reduction in

latency to escape to a hidden platform does not emerge

until around P23. Analysis of escape latency was calculated

based on the average of all five trials on days P20–26. On

P23, saline-treated animals showed a significant improve-

ment in ability to find the hidden platform [F(6,264) = 8.4,

P < 0.0001]. This was not the case for VPA-treated pups,

independent of sex [F(1,44) = 6.3, P = 0.01]. In fact,

VPA-treated pups did not show a significant improvement

across days. On days P23 and P25, both male and female

pups previously exposed to VPA were significantly im-

paired in water maze performance; only males continued to

be affected on P26 [F(6,264) = 3.4, P = 0.003] (Fig. 5).

Motor Activity

Each analysis consisted of a total activity count for the

full 10-min period and an analysis of each 2 min bout,

with both treatment and sex as independent variables.

Between day analysis examining total activity counts for

the 10 min period showed a significant increase in
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Fig. 2 Impairments in the

ability to right on a surface in

postnatal female (left) and male

(right) BALB/c mice following

administration of sodium

valproate (VPA, 600 mg/kg

s.c.) on embryonic day 13.

*Indicates significantly different

from saline-treated mice using

Fisher’s PLSD, P < 0.05
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activity across days [F(6,204) = 7.8, P < 0.0001] as well

as a significant sex difference [F(1,34) = 5.3, P = 0.02],

with females showing higher activity counts (Fig. 6).

Within-days analysis on each specific 2 min bout

revealed animals only showed within-days habituation on

P23 (Fig. 7). On P22, VPA treatment resulted in con-

sistently higher activity counts [F(1,35) = 4, P = 0.05]

on bouts 2–4 (4–8 min) only, and a significant day

by treatment interaction that approached significance

(P = 0.06).

Treatment with VPA on P14

Body Weight

When expressed as a percent of saline-treated control, body

weight analysis revealed a significant effect of both day

[F(6,198) = 15.9, P = 0.0001] and an interaction of day

and treatment [F(6,198) = 15.8, P = 0.0001] with no sig-

nificant main effect of treatment. Treatment with 400 mg/

kg VPA resulted in a significant decrease in body weight
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Fig. 3 Impairments in the

ability to right in mid-air in

postnatal female (left) and male

(right) BALB/c mice following

administration of sodium

valproate (VPA, 600 mg/kg

s.c.) on embryonic day 13.

*Indicates significantly different

from saline-treated mice

comparing percentage of

animals successful 2 out of 3

testing trials using Fisher’s

Exact Test, P < 0.05
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Fig. 4 Grip strength ability

measured using the hanging

wire test on postnatal days

13–19 in female (left) and male

(right) BALB/c mice

administered sodium valproate

(VPA, 600 mg/kg s.c.) on

embryonic day 13. *Indicates

significantly different from

saline-treated mice using

Fisher’s PLSD, P < 0.05
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on postnatal days 16–18 (2–4 days following VPA

administration). By day 22 and thereafter, no differences

were observed between groups (Fig. 8).

Mid-air Righting

v2 Analysis revealed a significant overall effect of VPA

treatment on mid-air righting for both the 400 mg/kg dose

[v2(6) = 64.7, P < 0.0001] and the 200 mg/kg dose

[v2(6) = 66.2, P < 0.0001]. Fisher’s Exact Test further

revealed that both the 200 mg/kg and 400 mg/kg dose

produced significant (P < 0.0001) deficits in mid-air

righting on P15 and P16 (24–48 h after treatment). Pups

were able to mid-air right on P14 and this ability was lost

following VPA treatment (Fig. 9).

Hanging Wire

A two-factor repeated measures ANOVA revealed a sig-

nificant improvement in grip strength over days tested

[F(5,236) = 35.6, P < 0.0001]. However, postnatal VPA

treatment did not alter this behavior.

Negative Geotaxis

The effects of 400 mg/kg VPA on postnatal day 14 were

analyzed using a repeated measures ANOVA. A signifi-

cant decrease in latency to turn 180� was observed

[F(6,228) = 2.4, P = 0.03], as well as a significant effect

of drug treatment [F(1,38) = 3.9, P = 0.05]. Animals

treated with VPA exhibited longer negative geotaxic
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Fig. 5 Spatial learning ability

measured in the water maze on

postnatal days 20–26 in female

(left) and male (right) BALB/c

mice administered sodium

valproate (VPA, 600 mg/kg

s.c.) on embryonic day 13.

*Indicates significantly different

from saline-treated mice using

Fisher’s PLSD, P < 0.05
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Fig. 6 Horizontal Motor

Activity on postnatal days

23–26 during a 10 min testing

period. BALB/c mice were

tested following administration

of saline or sodium valproate

(VPA, 200 mg/kg or 400 mg/kg

s.c.) on postnatal day 14
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latencies across days, an effect that was significant on P16

(Fig. 10).

Balance Beam

All mice treated on P14 and tested on balance beam on

P23–26 demonstrated shorter latencies across days

[F(3,93) = 5.7, P < 0.0001]. This effect was unchanged

by VPA treatment.

Water Maze

A repeated measures ANOVA was performed across days

using the average of the five trials per day for saline
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treatment as well as 400 mg/kg and 200 mg/kg VPA.

Mice receiving 400 mg/kg VPA on P14 showed a longer

latency to reach the visible platform [F(2,38) = 3.9,

P = 0.02]. However, mice receiving 200 mg/kg VPA were

not impaired, and were able to reach the platform in under

30 s (Fig. 11). When the platform was hidden, the saline-

treated animals showed a significant improvement across

days [F(1,45) = 4.6, P = 0.004]. This analysis also re-

vealed a significant effect of treatment so that both VPA

doses produced a significant impairment in escape latency

on all 4 days of testing [F(1,45) = 15.9, P < 0.0001]

(Fig. 12).

Passive Avoidance

In lieu of water maze testing, separate groups of animals

that received either saline or 400 mg/kg VPA on P14

underwent passive avoidance training on days P21–22.
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Both groups of animals reached criterion by day 22; while

there was no difference in mean number of avoidances,

both groups showed longer escape latencies (time spent to

move into the ‘‘shocked’’ side of the chamber) on P22

compared to P21 [F(1,16) = 5.2, P = 0.03]. However, on

P21, the VPA-treated animals exhibited a longer latency

compared to controls [F(1,16) = 8, P = 0.01] (Fig. 13).

Motor Activity

Two separate replications of motor activity were made.

Animals were tested on motor activity in an open field on

either days P21–24 (saline or VPA 400 mg/kg only) or

days P23–26 (saline, VPA 200 mg/kg and VPA 400 mg/

kg). Each analysis consisted of a total activity count for the

full 10 min period and an analysis of each 2 min bout. For

days P21–24, there was no significant difference between

days on full 10 min motor activity counts. On the other

hand, a significant increase in activity between days was

observed between days P23 and P26 [F(3,47) = 5.7,

P = 0.001], consistent with data obtained from prenatally

exposed animals. On day P24, both groups showed a

within-day habituation effect, reflected in significant de-

crease in activity on the third 2 min bout compared to the

first 2 min bout (minutes 5–6 vs. minutes 1–2)

[F(4,60) = 5.7, P = 0.001] (Fig. 14).
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Acute VPA Administration in PND 14 Animals

VPA at 50 mg/kg s.c. didnot produce any significant dif-

ferences in ability to mid-air right, negative geotaxis, or

grip strength compared to saline-treated pups when tested

3 h later (Fig. 15).

Self-injurious Behavior

Following amphetamine administration (22.5 mg/kg s.c.),

both groups exhibited self-injurious behavior (75% saline

pretreated, 63% VPA pretreated), which included biting of

the forepaws and skin. This behavior peaked in frequency

at 30 min postinjection. In addition, both saline and VPA-

exposed animals tested at 11 weeks of life demonstrated

high rates of oral dyskinesia/vacuous chewing (100% sal-

ine pretreated, 91% VPA pretreated), compared to saline

treated controls (0%).

Discussion

The major observations in the present studies were that:

(a) in utero exposure to VPA resulted in developmental
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retardation, with delayed appearance in the maturation of

surface and mid-air righting as well as negative geotaxis,

grip strength, motor activity and water maze performance;

(b) postnatal VPA administration caused similar retarda-

tion in the maturation of negative geotaxis and water maze

performance; (c) regression of acquired skills (mid-air

righting) was demonstrated following postnatal VPA

exposure; and, (d) amphetamine challenge produced

intrusive, self-injurious behavior in animals treated with

both saline and VPA during early postnatal development.

Collectively, these data indicate that a single exposure to

VPA has long-lasting effects. Furthermore, the approach of

assessing functional deficits following neurotoxicant

exposure into broad categories of retardation, regression

and intrusions may be of use for animal models of devel-

opmental disorders, particularly those thought to be asso-

ciated with early developmental stressors or toxicant

exposure.

The objective of these studies was not to directly attri-

bute VPA-induced behavioral deficits to damage in par-

ticular brain regions. Rather, it was to use behavioral tasks

known to involve hippocampal, striatal and cerebellar

activity to ascertain if the VPA treatments disrupted the

normal ontogeny of behavioral milestones. Prenatal expo-

sure to VPA resulted in slower surface righting through day

8 of life as well as a delay in the appearance of mid-air

righting. Likewise, mice exposed postnatally demonstrated

a delayed negative geotactic response. In these cases, the

behaviors did eventually develop to the levels exhibited by

saline-treated pups. On the other hand, there were skills

that failed to develop to control levels in the time period in

which they were examined. This occurred with spatial

learning in the water maze and deficits in grip strength

when animals had been exposed in utero. Finally, mice

showed a regression in the mid-air righting response fol-

lowing postnatal exposure to VPA, though the ability to

perform this response did eventually return.

The ability of subjects to perform the various tasks can,

at least in part, be linked to the integrity of brain regions

thought to be involved in autism. For example, animals

with excitotoxic or electrolytic lesions of the hippocampus

show impaired performance in their ability to swim to a

hidden platform in the water maze task (Duva et al., 1997;

Gallagher & Holland, 1992; Good & Honey, 1997; Morris,

Schenk, Tweedie, & Jarrard, 1990; Packard & Teather,

1997). In contrast, when the water maze platform is visible,

lesions of the striatum result in impairments to find the

cued escape platform (Oliviera, Bueno, Pomarico, &

Gugliano, 1997; Packard & Teather, 1997; Thullier, Lal-

onde, Mahler, Joyal, & Lestienne, 1996). Hippocampal

lesions have also been shown to alter patterns of habitua-

tion in motor activity tasks (Galini, Weiss, Cassel, &

Kelche, 1998; Wallace, Kaplan, & Werboff, 1977) as well

as the ability to acquire or maintain a passive avoidance

response (Kimble, Kirkby, & Stein, 1966; Sandi, Rose, &

Patterson, 1992; Wincour, 1997). In the present studies,

VPA-induced deficits in these tasks lead to the conclusion

that there may be such damage following both the pre-and

postnatal VPA treatments. Likewise, mid-air righting,

surface righting and negative geotaxis have all been linked

to cerebellar activity (Petrosini, Molinari, & Gremoli,

1990; Wolf, LaRegina, & Tolbert, 1996) and the deficits in

the appearance and maintenance of these behaviors is

consistent with previous reports that VPA causes cerebellar
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damage in humans and other species. Finally, stimulant-

induced stereotypic and appearance self-injurious behavior

is dependent on changes in dopaminergic and serotonergic

activity in the striatum (Allen & Davis, 1999; Halladay

et al., 2003; Shishido, Watanabe, Kato, Horikoshi, &

Niwa, 2000). The induction of self-injurious behavior fol-

lowing high doses of psychomotor stimulants such as

amphetamine has been shown to mimic the behaviors seen

in Lesch-Nyhan Syndrome and autism-like stereotyped

behaviors (Jinnah, Gage, & Friedmann, 1990; Mueller,

Saboda, Palmour, & Nyhan, 1982). While VPA-treated

animals did not show increased behavioral sensitivity to

amphetamine as adults; both groups demonstrated a high

rate of self-injurious behavior (~69%) and stereotypy

(100%) following amphetamine treatment. In addition, we

have demonstrated that these intrusive behaviors do occur

with increased sensitivity following early exposure to other

neurotoxicants (Halladay, Wagner, Zhou, & Reuhl, 2004).

It remains to be determined if repeated exposure to VPA,

as opposed to the single injections used in the present

study, will sensitize the mice to engage in stereotypic and

self-injurious behavior.

Neuroanatomical studies performed on children with

autism both pre- and postmortem report increased or de-

creased size cerebellum, along with changes in number of

Purkinje cells (Bauman & Kemper, 1985; for review see

Courchesne, 1997; Courchesne et al., 2001; Fatemi et al.,

2002; Pierce & Courchesne, 2001; Sparks et al., 2002).

Interestingly, high functioning children with autism do not

show as severe alterations in cerebellar functioning

(Goldberg, Landa, Lasker, Cooper, & Zee, 2000) and some

autistic-like behaviors have been correlated with changes

in cerebellar cell number (Pierce & Courchesne, 2001). In

addition, these studies also demonstrate alterations hippo-

campal volume or hippocampal cell number in children

with autism compared to controls and developmentally

delayed children (Aylward et al., 1999; Bauman & Kem-

per, 1985; for review see Courchesne, 1997; Hebert et al.,

2003; Sparks et al., 2002). Along these lines, children with

autism show a specific pattern of memory disturbances

such that associative type learning tasks are unimpaired

while skills that require complex spatial organization,

especially working memory, are compromised (Coldren &

Halloran, 2003; Luna et al., 2002). Other studies have re-

ported that malformation of, and decreased activity in the

temporal lobe is associated with autism or autistic like

symptoms, including impairments in facial processing

(Sweeten, Posey, Shekhar, & McDougle, 2002; Pierce,

Muller, Ambrose, Allen, & Courchesne, 2001). Finally, the

basal ganglia have been reported to show structural chan-

ges (Kates et al., 1998; Sears et al., 1999) as well as

functional impairments (Muller, Pierce, Ambrose, Allen, &

Courchesne, 2001) in children with autism. Because the

symptom severity of autism is so broad, and because of a

heterogeneous patient population under study, the magni-

tude and direction of the structural changes of these three

brain areas has been disputed.

With respect to regression induced by the VPA, it was

important to rule out the possibility that VPA may be

exerting a protracted pharmacological effect 24 h after its

administration. The half-life of VPA was estimated from

the literature to be about 7 h in newborn rodents and sheep

(Haberer & Pollack, 1994; Wong et al., 2000; Yu et al.,

1985) and a dose approximating the calculated remaining

level was administered to the pups prior to the behavioral

testing. Since this dose was found not to cause any

behavioral disruption, it was concluded that the loss of

behavior was a true regression and not a pharmacological

effect.

The goal of the present study was to evaluate a new

strategy to model autism in mice, categorizing functional

deficits as retardation, regression and intrusions. Sodium

valproate was chosen for development of this model be-

cause of the similarity in symptoms exhibited by children

exposed to VPA in utero and those diagnosed with autism.

The conclusion is not that the treated mice are autistic but,

rather, they show developmental deficits in an ontogenic

fashion that parallels the clinical signs of autism. This

strategy may prove useful for the assessment of the dele-

terious effects of early stressors including drugs, illness and

environmental toxicants, on neurobehavioral development.
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