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Objective: We reported that postnatal exposure of rats to valproic acid (VPA) stimulated proliferation of glial precursors during
cortical gliogenesis, However, there are no reports whether enhanced postnatal gliogenesis affects behaviors related to neuro—
psychiatric disorders,

Methods: After VPA treatment during the postnatal day (PND) 2 to PND 4, four behavioral test, such as open field locomotor
test, elevated plus maze test, three—chamber social interaction test, and passive avoidance test, were performed at PND 21
or 22

Results: VPA treated rats showed significant hyperactive behavior in the open field locomotor test (p<0.05). Moreover, the
velocity of movement in the VPA group was increased by 69.5% (0<0.01), In the elevated plus maze test, VPA exposed rats
expressed significantly lower percentage of time spent on and of entries into open arms more than the control group (p<0,05).
Also, both sociability and social preference indices with strangers in the three—chamber social interaction test were significantly
lower in the VPA exposed rats (p<0.05),

Conclusion: Our results suggest that altered glial cell development is another locus at which pathogenetic factors can operate

to contribute to the neurodevelopmental disorder,
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INTRODUCTION

Valproic acid (VPA) is a well-known anticonvulsant
used as a therapeutic agent. VPA is commonly used to
treatment of seizures, anxiety, bipolar disorder, epilepsy
and prevent migraines.]'4) Due to its adverse teratogenic
effects, it is prescribed for pregnant women with sig-
nificant cautions.” The VPA-induced animal model is
based on the assumption that VPA administration during
the early stages of fetal development interrupts the neuro-
developmental process eventually leading to behavior ab-
normalities that are similar to autism.”® Both pre- and
postnatal exposures to VPA in rodents have been found to
elicited autism like neurobehavioral defects that may cor-
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respond to the motor and cognitive deficits, observed in
human cases of autism.”""

An important process that contributes to neuro-
developmental disorder is the generation of glial cells or
gliogenesis. Glia is the predominant cells in the brain.'”
Astrocytes are the most numerous cells in the mammalian
brain, and an increasing ratio of glia to neurons is asso-
ciated with the progressive development of higher brain
function."” Glia plays an important role in brain metabo-
lism, synaptic neurotransmission, synaptic plasticity and
communication with neurons.'*"” Early postnatal matur-
ing astrocytes also promote synaptogenesis and the balance
between synapse stabilization and elimination. 16-1%) During
early developmental stages the dysfunction of astrocytes
has been found to relate to psychiatric disorder including
Rett syndrome, fragile X mental retardation, Alexander’s
disease, epilepsy and autistic spectrum disorders."” Thus,
the determination of the effects of VPA on astrocyto-
genesis in the developing brain might provide insight into
mechanisms that to contribute to autism-related behaviors.
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Previously, to define the effects of VPA on astrocyto-
genesis, we designed our study to administer VPA during
the first postnatal week when glial precursor proliferation
is the predominant event in the developing brain.'” Early
postnatal exposure to VPA between postnatal day (PND)
2 to PND 4 in the rats represents the third trimester of hu-
man gestation. We found that this brief VPA exposure leads
to increased astrocytogenesis and juvenile glia due to in-
creased precursor cell proliferation.w) In the current study,
we examine potential effects of enhanced astrocytogenesis
on behaviors related to neurodevelopmental disorders.

METHODS

Animals

All of the animal experiments were conducted by the
animal care guidelines of the National Institutes of Health
(NIH) and the Korean Academy of Medical Sciences.
This study was approved by the Institutional Animal Care
and Use Committee of Kangwon National University
(KW-130313-1). Fourteen pregnant Sprague-Dawley rats
were obtained from Taconic (Seongnam, Korea) and
maintained on a standard 12-hour light-dark cycle, at am-
bient temperature (22°C+2°C) and humidity (55%+5%)
with liberated access to food pellets and water. Rats were
checked every morning for delivery, if newborn pups were
seen, that day was considered as PND 0. Sixty-four male
pups in total were used in our behavioral studies. Behavior
studies were performed during the daytime between 10.00
AM to 4.00 PM. Before the behavioral studies, animals
were habituated to the place of the experiment for a mini-
mum of one hour before the start of the test. The open field
locomotion test was carried out on PND 21, followed by
the elevated plus maze on PND 22. Social interaction test
and passive avoidance test were performed independently
on PND 22; the same animal has never been used for the
different behavioral study.

Valproic Acid (VPA) Treatment

The procedure used here was the same as previously de-
scribed by Lee er al.'” Briefly, pups were injected sub-
cutaneously in the dorsal neck region with 300 mg/kg
VPA (Sigma, St. Lois, MO, USA) twice daily on PND 2
and PND 3, and once on PND 4. An equal amount of saline
was injected into each rat in the control group.

All animal treatment, including administration of drug
and euthanasia, were carried out by the principle of
Laboratory Animal Care (NIH publication N0-85-23, re-
vised 1985).

Open Field Locomotors Test

On PND 21, exploratory activity in a novel environ-
ment was assessed in an open field box (90%x90 cm) div-
ided into 81 squares of identical size (10x10 cm) enclosed
by continuous black plexiglas. Rats were introduced into
the center area of the arena and habituated for five minutes
and left to move for recording actual behavior. Rat behav-
ior was measured continuously and recorded with a video
camera placed over the structure. The total distance moved
(total bar crossing in units) in the whole arena, and the ve-
locity of crossing bar was measured. Controls (n=15) and
VPA treated group (n=10) were used for this analysis.

Elevated Plus—Maze

On PND 22, an elevated plus-maze test (open arm,
50x10%40 cm; close arm, 50x10%x40 cm; height, 40 cm)
was conducted according to the previously reported
procedures.zo) Briefly, subjects were placed in the center
of the maze, facing an open arm, and allowed to explore
the maze. The total entries into open arms and the ratio of
stay time in open arm versus total spent time were
measured. Controls (n=15) and VPA treated group (n=10)
were used for this analysis.

Social Interaction Test

A three-chamber social interaction test was performed
on PND 22 as previously described.”” Subjects were habi-
tuated in the middle compartment with doors closed for
five minutes before the test. In the first session, subjects
were placed in the middle of the compartment. Then
strange animal (same age and strain) was placed into the
wired cage of either the left or the right compartment. This
new rat represented the stranger zone 1 while the other
wired cage remained empty as an empty zone. The rats
were left for a 10-minute sociability test. The time spent in
the stranger zone 1 with interaction to the new rat versus
time spent in the empty zone were measured and are ex-
pressed as a ratio. The social preference test was con-
ducted for another 10 minutes period after termination of
the sociability test. Another new animal was introduced
into the wired cage in place of the empty zone and was
consider as stranger zone 2. The same parameters were
measured to define preference of the subjected animal to
choose interaction with the familiar animal or the novel
one. The tracking of movement was recorded using the
video recorder. Sociability and social preference indices
were calculated followed by the formulas described
early.m Controls (n=10) and VPA treated group (n=9)
were used for this analysis.
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Passive Avoidance Test

On PND 22, the memory of animals was tested by a pas-
sive avoidance test. The apparatus (Gemini; SD Instruments,
San Diego, CA, USA) consisted of a shuttle box equipped
with a door to restrict access between equal-sized
(25%25%35 cm) illuminated and dark compartments. In
the training trial, rats were individually placed in the illu-
minated compartment for 180 seconds and allowed to en-
ter the dark compartment through an opened door between
the two compartments. After some time, the animal spon-
taneously entered the dark compartment. The door was
shut one second after the crossing, and the rat was given an
unavoidable scrambled electric foot shock (1 mA/2 seconds)
through the grid floor of the dark compartment. Then 24
hours later, the same procedure was repeated without an
electric foot shock. A latency of entry greater than 300 sec-
onds was a criterion for successful learning. Controls (n=10)
and VPA treated group (n=10) were used for this analysis.

Statistical Analysis

All results have been expressed as the mean+standard
error of the mean for each group. The statistical differ-
ences between two groups were determined by the
Student’s #-test. p values less than 0.05 were considered to
indicate statistically significant differences.

RESULTS

Early Postnatal VPA Treatment Induces Hyperactive
Behavior

On PND 21 we performed an open field test with both
a control and VPA treated groups for locomotor activity.
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The units of total bar crossing in the whole arena and ve-
locity of crossing bar were measured for 20 minutes. In the
open field test, VPA treated rats showed a 52% increase in
the total number of bars crossed, suggesting hyperactive
behavior (p <0.05; Fig. 1A). Moreover, the velocity of
crossing bar (cm/second) was also significantly increased
by 59% in VPA treated group as compared to the control
group (p <0.01; Fig. 1B), indicating that hyperactive activ-
ity followed VPA early postnatal exposure to VPA in rats.

Early Postnatal VPA Treatment Induced Abnormal
Anxiety Behavior

An elevated plus-maze test was performed to assess
anxiety-related behavior. On PND 22, a control and VPA
treated groups were used for this analysis. The ratio of the
open arm entries to total arm entries and the ratio of the
spent time in the open arm were measured for this
analysis. Each session lasted for eight minutes. The num-
ber of entries into the open arm (Fig. 2A) and the time
spent in the open arm (Fig. 2B) were both reduced in the
VPA exposed animals than the control group (p <0.05).
These results suggest that early postnatal VPA exposure
shows an abnormal anxiety behavior.

Early Postnatal VPA Treatment Induces Deficits in Social
Behaviors

To evaluate social behavior, we performed the three-
chamber social interaction tests on PND 22. Social inter-
action was measured as the time subject rat spent with an
unfamiliar conspecific place under the wired cage and in-
cluded running towards, sniffing, grooming, mounting
and crawling over the wired cage.
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Fig. 1. Postnatal valproic acid (VPA) freatment induced hyperactivity in Sprague-Dawley rats. An open field test was performed on postnatal
day 21. (A) A total number of crossing bar (units). (B) The velocity of crossing bar. Confrols: n=15; VPA tfreated group: n=10.

Data are expressed as meantstandard error of the mean.
The asterisks indicate significant differences (**p<0.01).
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Fig. 2. Effects of postnatal valproic acid (VPA) treatment on anxiolytic activity. The elevated plus-maze test was performed on postnatal
day 22. (A) The ratio of the open arm entries to fotal arm entries. (B) The ratfio of spent fime in open arms divided by total fime. Controls:

n=15; VPA freated group: n=10.
Data are expressed as meanzstandard error of the mean.
The asterisks indicate significant differences (*p<0.05).
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Fig. 3. Effects of postnatal valproic acid (VPA) treatment on sociability index and social preference index on the three-chamber social
behavioral test. (A) Sociability index. (B) Social preference index. Confrols: n=10; VPA freated group: n=9.

Data are expressed as meantstandard error of the mean.
The asterisks indicate significant differences (*p<0.05).

In the first session, we measured the sociability index
and in the second session, we measured social preferences
index between the novel and familiar rats. Each session
was performed for 10 minutes. In the sociability test, the
VPA treated rats showed significantly lower interaction
times, reduced by 45%, with conspecific rat (p <0.05;
Fig. 3A). Furthermore, the VPA treated rats also spent sig-
nificantly more time with the familiar rat and less time
with the stranger (p <0.05; Fig. 3B). Both of these behav-
ioral measures suggest social interaction deficits follow-
ing early postnatal VPA treatment.

Early Postnatal VPA Treatment Elicits No Difference in
Learning and Memory Retention

To evaluate the effect of early VPA treatment on learn-
ing and memory (avoidance learning), we performed a pas-
sive avoidance test on PND 22 (Fig. 4). No significant dif-
ferences were found between the control and VPA treated
groups, suggesting that early postnatal VPA treatment has
no effect on this measure of learning and memory.

DISCUSSION

We reported that the appropriate concentration of VPA
elicited the proliferation of astrocyte precursors both in vi-
tro and in vivo."” Briefly, VPA exposure elicited dose-de-
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Fig. 4. Effects of postnatal valproic acid (VPA) treatment on
refention latency in passive avoidance test. Controls: n=10; VPA
freated group: n=10.

Data are expressed as meanzstandard error of the mean.

pendent and biphasic effects on DNA synthesis and pro-
liferation on primary glial precursor culture. Also, 300
mg/kg of VPA exposure from PND 2 to 4 increased both
DNA synthesis and immature astrocyte proliferation in
the PND 4 frontal cortex in vivo. Furthermore, that in-
creased glial precursor proliferation at PND 4 led to in-
creasing astrocytes in the PND 21 frontal cortex. Because
prenatal (E 12.5 to E 13 period) exposure to VPA is a
well-known animal model of autism spectrum disorder
(ASD) in rats,” " we confirmed whether increased num-
ber of astrocytes in the prefrontal cortex by early postnatal
exposure to VPA effects autistic-like behaviors.

In the present study, we found that marked decreases in
social interaction and social preference in postnatal VPA
exposed rats. These results are consistent with those re-
sults in prenatal VPA exposed offspring.zms) Also, when
VPA was exposed to PND 2 to 4, it elicited increased anxi-
ety and hyperactivity behavior in the adolescent rats, con-
sistent with those results of prenatal VPA exposed rats.””®
Based on behavioral criteria to diagnose ASD, such as per-
sistent social communication and interaction deficit, and
consistent results on prenatal VPA exposure animal model,
we suggest that our new postnatal VPA exposure animal
model also be an animal model of ASD. Interestingly, ad-
ministration of VPA not only on PND 2 to 4 but also on
PND 14 elicits increased locomotor activity in a novel en-
vironment, decreased social behavior, increased anxiety
in an elevated plus maze, retardation in water maze
performance.10’27’28) Furthermore, administration of VPA
at PND 14 induces sensitivity to pain, and loss of motor
skill development.”” Taken together, early postnatal ex-
posure to VPA also may lead to neurodevelopmental defi-
cits and induce autistic-like behaviors as prenatal VPA ex-

posed offspring.

Why does early postnatal VPA exposure lead to neuro-
developmental deficits and induce autistic-like behav-
iors? One possibility is that increased number of astrocyte
in the frontal cortex may alter the establishment of appro-
priate neuron-glial circuit formation that affects func-
tional deficits. It is known that astrocytes play emerging
roles in neural circuit development by controlling synapse
formation, maturation, function, and elimination.”” If
abundant of astrocytes exist during glial-neural circuit
formation, a surplus astrocytes may disturb normal neural
circuit formation that could contribute to the pathogenesis
of neurodevelopmental disorders.’" Interestingly, the ex-
pression level of GFAP, a major astrocytic marker, and
connexin 43, a major component protein in astrocytic gap
junction, is increased in the superior frontal cortex of post-
mortem brain tissues from ASD patients.32’33) Moreover,
recent reports indicated that the number of astrocytes is
three times increased, and the number of astrocytic branch
processes, total branching length and cell body size is re-
duced in the frontal cortex of postmortem brain tissues
from ASP patients.34) Results from our previous studylg)
showed that marked increases in astrocyte number and
level of GFAP expression in the PND 21 frontal cortex af-
ter postnatal VPA treatment. Although it remains to de-
termine whether early postnatal VPA exposure can alter
glial plasticity, the complex behavioral phenotypes ob-
served in ASD may be elicited by abnormal astrogenesis
in the frontal lobe.

Alternatively, it is also possible that suppressed the for-
mation of GABAergic synapses’’ and increased gluta-
matergic differentiation®” through histone deacetylase in-
hibition by VPA treatment, may be a potential cause of the
behavioral deficits observed in ASD. Recently, it has
emerged that disturbance of the excitatory/inhibitory bal-
ance is supposed mechanism responsible for the patho-
physiology of ASD.” Notably, astrocytes release multi-
ple signal molecules to regulate glutamatergic synapse
formation.”® If a surplus astrocytes release abnormal
amounts of signal molecules, increased astrocytes could
affect excitatory/inhibitory imbalance in early postnatal
VPA exposed rats. Further studies will be needed to dis-
criminate what kind of signal molecules from astrocytes
elicits excitatory/inhibitory imbalance in the frontal cor-
tex after early postnatal VPA treatment.

In conclusion, we previously suggest that VPA treat-
ment in the early postnatal period (PND 2 to 4) has an ef-
fect on cortical gliogenesis during brain development.lg)
This alteration in postnatal development may induce re-
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duced social interaction and hyperactivity behavior at
adolescent. We, therefore, suggest that this new VPA ex-
posure animal model may provide a new translational
model of ASD.
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