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Abstract

A substantial proportion of patients with autism spectrum disorder (ASD) display hyperactivity as a comorbid symptom. Exposure
to valproic acid (VPA) during pregnancy produces ASD-like core behavioral phenotypes as well as hyperactivity in offspring both
in human and experimental animals, which makes it a plausible model to study ASD-related neurobiological processes. In this
study, we examined the effects of two of currently available attention defecit hyperactivity disorder (ADHD) medications, methyl-
phenidate (MPH) and atomoxetine (ATX) targeting dopamine and norepinephrine transporters (DAT and NET), respectively, on
hyperactive behavior of prenatally VPA-exposed rat offspring. In the prefrontal cortex of VPA exposed rat offspring, both mRNA
and protein expression of DAT was increased as compared with control. VPA function as a histone deacetylase inhibitor (HDAC:)
and chromatin immunoprecipitation experiments demonstrated that the acetylation of histone bound to DAT gene promoter was
increased in VPA-exposed rat offspring suggesting epigenetic mechanism of DAT regulation. Similarly, the expression of NET
was increased, possibly via increased histone acetylation in prefrontal cortex of VPA-exposed rat offspring. When we treated the
VPA-exposed rat offspring with ATX, a NET selective inhibitor, hyperactivity was reversed to control level. In contrast, MPH that
inhibits both DAT and NET, did not produce inhibitory effects against hyperactivity. The results suggest that NET abnormalities
may underlie the hyperactive phenotype in VPA animal model of ASD. Profiling the pharmacological responsiveness as well as
investigating underlying mechanism in multiple models of ASD and ADHD may provide more insights into the neurobiological cor-
relates regulating the behavioral abnormalities.
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INTRODUCTION rating scales to assess a clinically referred sample of children
with ASD, it was found that 40% of 3-5 year old and over 50%
ASD is a neurodevelopmental disorder, characterized by of 6-12 year old children met DSM-IV criteria for at least one
impaired social interaction and communication as well as subtype of ADHD (Gadow et al., 2005). Despite the seemingly
restricted, repetitive and stereotyped behaviors (Wilkins and ample line of clinical evidences suggesting the link between
Matson, 2009). Recently, it has been noted that individuals the comorbid ADHD-like behavioral phenotypes, especially
with ASD often have inattention and hyperactivity as comor- hyperactivity in ASD patients, few studies investigated the un-
bid symptoms. Leyfer and colleagues assessed 109 children derlying mechanism or the characteristics of pharmacological
diagnosed with ASD and found that 30.6% children had ADHD response profile.
(Leyfer et al., 2006). Also, Simonoff and coauthors examined Recently, several researchers including us reported that

112 children with ASD, 28.2% of children with ASD had co- adolescence and adulthood rats prenatally exposed to VPA,
morbid ADHD (Simonoff et al., 2008). Using DSM-IV based one of the environmental factor causing ASD in human and
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an widely used animal model of ASD, showed increased lo-
comotor activity and repetitive/stereotypic behavior. VPA is
a medication used for the treatment of epileptic seizure and
bipolar disorder (Phiel et al., 2001). In some cases, even preg-
nant moms may take VPA for the treatment of their condition.
Children exposed in utero to VPA have developmental delay
including reduced cognitive function, ADHD, and learning dif-
ficulties. Christianson and their collegues first observed asso-
ciation between in utero VPA exposure and ASD (Christianson
et al., 1994). Affected children demonstrated developmental
delay and one of these children also had ASD. Some reports
appeared thereafter in the literature associating VPA expo-
sure to ASD (Williams et al., 2001; Schneider and Przewlocki,
2005).

The dysfunction of the catecholaminergic neuronal sys-
tem, particularly DA and NE system, plays a key role in the
manifestation of hyperactivity phenotypes in ADHD (Shay-
witz et al., 1976). Most research suggests that hyperactivity
is associated with an increase in synaptic DA concentration
as well as the dysfunction in NE systems that is supported
by the determination of neurotransmitter release and clinical
pharmacological evidences. For example, when electrically
stimulated brain slices obtained from spontaneous hyperten-
sive rats (SHR), one of the animal model of ADHD, and Wi-
star Kyoto rats (WKY) as a control, the release of dopamine
is more pronounced in prefrontal cortex of SHR than that of
WKY. Also, SHR is more sensitive to dopamine receptor an-
tagonists, quinpirole than WKY (Russell et al., 1995). It has
been also suggested that clonidine, an a.1/a.2 adrenergic ago-
nist or guanfacine, an a2 adrenergic agonist, alleviated hyper-
activity in some patients (Hunt et al., 1995).

DAT and NET regulate extracellular levels of DA and NE.
The dysregulation of their function or expression may induce
abnormal neurotransmitter homeostasis. In DAT knock-out
(DAT KO) mice, extracellular levels of DA is increased and
function of dopamine receptors D1 and D2 are altered. Also,
DAT KO mice have behavioral abnormalities such as hyper-
activity in the open field test and reduced prepulse inhibition
(Barr et al., 2004, Yamashita et al., 2006). In NET knock-out
(NET KO) mice, extracellular levels of NE is elevated and NE
clearance is decreased (Xu et al.,, 2000; Vizi et al., 2004).
Both MPH and ATX are the first-line drugs for the treatment
of ADHD. The drugs regulate synaptic DA and NE concentra-
tion via blocking DAT and NET, respectively. MPH is a DA and
NE reuptake inhibitor, which increase DA and NE availability
(Challman and Lipsky, 2000). ATX binds DAT, NET, and sero-
tonin transporter (SERT), but has high affinity and selectivity
for NET and blocks NE reuptake (Bymaster et al., 2002).

In this study, we examined the expression of DAT and NET
in the prefrontal cortex of prenatally VPA-exposed male rat
offspring and then investigated the pharmacological effects
of MPH and ATX on the hyperactive phenotype of prenatally
VPA-exposed male rat offspring.

MATERIALS AND METHODS

Materials

Agarose, PIPES, Potassium hydroxide, Tween® 20, 2-mer-
captoethanol, Trypsin, MPH, ATX and VPA were purchased
from Sigma (St. Louis, MO, USA). ECL™ Western blotting
detection reagents were obtained from Amersham Life Sci-

ence (Arlington Heights, IL, USA). Trizol and SuperScript™
Il Reverse Transcriptase were purchased from Invitrogen
(Carlsbad, CA, USA). DNase | was purchased from Roche
(Mannheim, Germany). Protein G Agarose was obtained from
Millipore Corporation (Billerica, MA, USA). Taq polymerase
and dNTP were obtained from Takara (Shiga, Japan). Prote-
ase inhibitor cocktail was obtained from Calbiochem (La Jolla,
CA, USA). Chelex 100 was obtained from BioRad (Hercules,
CA, USA). Antibodies were purchased from the following com-
panies: anti-B-actin from Sigma (St. Louis, MO, USA), Histone
H3, Acetyl-histone H3 and HDAC1 antibody from Cell signal-
ing (Boston, MA, USA), DAT, NET and peroxidase-conjugated
secondary antibody from Santa Cruz biotechnology (Dallas,
TX, USA).

Animals

Pregnant Sprague-Dawley rats were obtained from Orient-
bio Inc. (Kyunggi-do, Korea). Animals were maintained on a
12:12-h circadian cycle with lights on at 06:00, at a constant
temperature (22 + 2°C) and humidity (55 + 5%). Animal ex-
periments were carried out in accordance with the Principle of
Laboratory Animal Care (NIH publication No. 85-23, revised
1985) and the Animal Care and Use Guidelines of Konkuk
University, Korea (KU12115). All efforts were made to mini-
mize the number of animals required for this study as well as
their suffering. Behavioral experiments were performed be-
tween 10:00 and 16:00 in dedicated test room.

Subcutaneous injection of VPA to pregnant rat and
treatment of MPH and ATX

The sodium salt of VPA was dissolved in 0.9% saline for a
concentration of 100 mg/ml, pH 7.3. The dosage was adjusted
according to the body weight of the pregnant rat on the day of
injection. Pregnant rats received a single subcutaneous injec-
tion of 400 mg/kg VPA on gestational day 12. Control rats were
treated with saline. In our previous publication, we reported
that the number of live birth or body weight gain of rat pups
was not significantly different (Kim et al., 2013). MPH (5 mg/
kg) and ATX (3 mg/kg) were injected intraperitoneally in each
treatment group.

Western blot analysis

Cells were washed twice with PBS and lysed with 2x SDS-
PAGE sample buffer (120 mM Tris-HCI (pH 6.8), 20% glycerol,
4% SDS, 28.8 mM 2-mercaptoethanol, 0.01% bromophenol
blue). Prefrontal cortices were homogenized using RIPA buf-
fer (150 mM sodium chloride, 1% Triton X-100, 0.5% sodium
deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0), and the ly-
sates were diluted with 2X SDS-PAGE sample buffer. An ali-
quot containing 50 mg of total protein was separated by 10%
SDS-PAGE and transferred to nitrocellulose membranes. The
membranes were blocked with 0.001% polyvinylalcohol in
PBS containing 0.2% tween-20 for 1 hr. The membranes were
incubated with first antibody (All antibodies diluted 1:5000)
overnight at 4°C and then with peroxidase-conjugated sec-
ondary antibody for 2 hrs at room temperature. Specific bands
were detected using the ECL system and exposed to LAS-
3000 image detection system (Fuji, Tokyo, Japan).

RT-PCR
Total RNA was isolated from cortical tissues using Trizol
reagent and 1 ug of total RNA was converted to cDNA using
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Superscript |l reverse transcriptase, according to the manu-
facturer’s instructions. Specific DNA bands were amplified
by PCR. PCR reactions were carried out at 95°C for 20 sec,
60°C for 40 sec, and 72°C for 1 min to detect mRNA levels for
SLC6A2, SLC6A3 and GAPDH. This cycle was repeated 34
times for SLC6A2, SLC6A3 and 23 times GAPDH followed by
an extension cycle at 72°C for 5 min. The amplified DNA prod-
ucts were resolved by 2.0% agarose gel electrophoresis and
visualized by staining with ethidium bromide and exposed to
Bio-Rad electrophoresis image analyzer (Hercules, CA, USA).
The size of product base pairs are 71 (SLC6A2), 258 (SL-
C6A3) and 314 (GAPDH). All primers were purchased from Bi-
oneer (Daejeon, Korea). The primers used in this analysis are:

SLC6A2 (NET), 5-ACTCTGCCTGGTGCTTCCAA-3' (forward)
5-ATCCATACCGTGGCCTCCTT-3' (reverse)
SLC6A3 (DAT), 5-GGCTTACAGGACCTCAGAG-3' (forward)
5-AGTGTAGCGTTTCGGGATCT-3' (reverse)
GAPDH, 5-TCCCTCAAGATTGTCAGCAA-3' (forward)
5-AGATCCACAACGGATACATT-3' (reverse)

Chromatin immunoprecipitation

Chromatin immunoprecipitation was performed according to
the reported method (Nelson et al., 2006) with minor modifica-
tions. Prefrontal cortex of control or VPA-exposed rat offspring
at week 4 was homogenized using PBS and 43 ul of 37%
formaldehyde was added to 1.6 ml of homogenates. After 15
min incubation at room temperature, 225 ul of 1 M glycine
was added and incubated for 5 min. The homogenates were
centrifuged (2,000 g for 5 min at 4°C), then washed twice with
cold PBS. Pellets were resuspended and lysed with 1 ml IP
buffer (150 mM sodium chloride, 50 mM Tris-HCI pH 7.5, 5
mM EDTA, 0.5% IGEPAL CA-630, 1.0% Triton X-100) by pi-
petting up and down on ice. After centrifugation (12,000 g for
1 min at 4°C), 1 mL of the washed and resuspended pellet
was sonicated (40% of power, during 10 sec at 5 times, resting
period during 90 sec between sonication) on ice to shear the
chromatin. After centrifugation (12,000 g for 10 min at 4°C),
supernatants were used for immunoprecipitation. Primary an-
tibody (histone, acetyl-histone or HDAC1 antibody) was add-
ed to 1 ml of supernatant, and the samples were incubated for
12 hrs at 4°C on a rotating platform. IgG was used as a control
antibody. After incubation, mixture of 20 pl of IP buffer and 20
ul of Protein G Agarose was added to the sample, and incu-
bated for 45 min at 4°C on a rotating platform. After incubation,
samples were washed five times by centrifugation (2,000 g for
3 min at 4°C), and the supernatants were removed. 100 pl of
10% Chelex 100 was added to the washed beads for DNA iso-
lation, and the samples were boiled for 10 min at 90°C. After
centrifugation (12,000 g for 1 min at 4°C), 80 pl of supernatant
was transferred to new tube, and 120 ul of DDW was added to
beads. After centrifugation (12,000 g for 1 min at 4°C), 120 pl
of supernatant was collected and added to the previous super-
natant. Isolated DNA was used for PCR reaction. After ampli-
fication and electrophoresis, the band intensity was quantified
using Alphalmager® HP system (ProteinSimple Bioscience &
Technology, Santa Clara, CA, USA). We used 1 ug DNA for
PCR experiment and loaded 10 pl of PCR products on 2.0 %
agarose gel. The primers used in this analysis are:

SLC6A2(NET), 5-GTAGGTTAAGTGGCTTGGGTGTAT-3' (forward)
5-GGAATTTTTGGACACTAAGGTTGT-3' (reverse)

http://dx.doi.org/10.4062/biomolther.2014.027

SLC6A3 (DAT), 5-GAAATGGGTTCTGAAAAGGTCTTA-3' (forward)
5-TCTTTGCAAGGTTATAGAGTCTCG-3' (reverse)

Open-field locomotor activity

We selected two or three 4 weeks old male rats from each
litter for the analysis of locomotive activity. For this behavior
experiments, total 9 male pups from 4 dams for each treat-
ment group were assigned randomly. The observation appa-
ratus consisted of five plastic boxes (42x42 cm) with a field
bordered by 42 cm high sidewalls. Rats were moved into
test boxes 5 min before recording for habituation. The total
distance moved (ambulatory movements) and rearing num-
ber were monitored for 10 min (Han et al., 2008) using CCD
camera-assisted automated motion tracking apparatus and
software (EthoVision 3.1, Noldus information Technology, the
Netherlands).

Statistical analysis

Data were expressed as mean + standard error of mean
(S.E.M) and analyzed for statistical significance using one-
way analysis of variance (ANOVA) followed by Newman-Keuls
test as a post-hoc test. Two-way ANOVA was used to identify
the effects of VPA exposure, drug treatment (MPH or ATX), or
the interaction between the two factors. If significant effects
were found in any one of the factors, post-hoc comparisons
were conducted using Bonferroni’s post-tests. Differences
were considered statistically significant when the P value was
less than 0.05 (p<0.05). All statistical analyses were conduct-
ed using PASW Statistics (18.0; SPSS Inc, Chicago, IL, USA).

RESULTS

The expression of DAT was increased by VPA exposure

The mRNA level of SLC6A3 (DAT) was increased in the
prefrontal cortex of 4 weeks old prenatally VPA-exposed male
rat offspring (Fig. 1A). The protein level of DAT was also in-
creased by VPA exposure (Fig. 1A). Chromatin IP showed that
VPA exposure enhanced acetylation of SLC6A3 gene-bound
histone, and decreased HDAC1 binding to SLC6A3 gene in
the prefrontal cortex of 4 weeks old prenatally VPA-exposed
male rat offspring (Fig. 1B). These results suggested that pre-
natal VPA exposure induced DAT expression in prefrontal cor-
tex of male offspring through its HDAC inhibitory activity.

The expression of NET was increased by VPA exposure

The mRNA and protein level of SLC6A2 (NET) was in-
creased in the prefrontal cortex of prenatally VPA-exposed
male rat offspring at week 4 (Fig. 2A). Chromatin IP revealed
that VPA exposure enhanced acetylation of SLC6A2 gene-
bound histone, and decreased HDAC1 binding from SLC6A2
gene in the prefrontal cortex of prenatally VPA-exposed male
rat offspring at week 4 (Fig. 2B). These results suggested that
VPA exposure also induced NET expression in prefrontal cor-
tex of male offspring through its HDAC inhibitory activity.

Hyperactivity of VPA-exposed male rat offspring was
normalized by ATX but not by MPH

Prenatal VPA exposure showed increased activity in open-
field locomotor test, which is consistent with a previous report
(Edden et al., 2012). In this study, we investigated the effect
of MPH and ATX on hyperactivity of VPA-exposed male rat
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Fig. 1. DAT expression was increased in prenatally VPA-exposed
rat offspring. (A) Protein and mRNA level of DAT was examined
in VPA-exposed rat offspring at week 4. Prefrontal cortex of each
male rat brain was isolated and used for RT-PCR and Western
blot analysis. mRNA level of GAPDH was used as a loading con-
trol. Protein level of B-actin was used as a loading control for DAT
protein. (B) Chromatin IP was conducted as described in materials
and methods. At week 4, prefrontal cortex of each male rat brain
was used for Chromatin IP. Prenatal VPA exposure enhanced the
acetylation of histone H3 bound to SLC6A3 gene, and detached
HDACH1 protein from SLC6A3 gene. All data are expressed as
mean + S.E.M. **p<0.01, ***p<0.001 vs. control (n=4).

offspring.

The effect of MPH on hyperactivity was shown in Fig. 3A.
MPH increased the locomotive activity both in control and VPA
group. Two-way ANOVA revealed that distance travelled was
increased by MPH treatment [F(1128)=158.5, p<0.0001]. There
is a significant interaction between VPA exposurex MPH treat-
ment [F(1v28)=33.51, p<0.0001]. Post-hoc comparisons showed
that MPH treatment increased moving distance both in VPA-
exposed rat offspring (?p<0.001) and saline-exposed rat off-
spring (°p<0.001). In the MPH treated group, VPA-exposed rat
offspring moved less in the open-field than saline-exposed rat
offspring (°p<0.001). And VPA-exposed rat offspring moved
more in the open-field than control (saline-exposed) rat off-
spring (*p<0.05).

The effect of ATX on hyperactivity was shown in Fig. 3B.
ATX decreased locomotive activity in VPA group. Two-way
ANOVA revealed that moved distance was decreased by ATX
treatment [F ,  =27.52, p<0.0001]. There is a significant in-
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Fig. 2. NET expression was increased in prenatally VPA-exposed
rat offspring. (A) Protein and mRNA level of NET was examined
in VPA-exposed rat offspring at week 4. Prefrontal cortex of each
male rat brain was isolated and used for RT-PCR and Western
blot analysis. mRNA level of GAPDH was used as a loading
control. Protein level of B-actin was used as a loading control for
NET protein. All data are expressed as mean + S.E.M. **p<0.01,
***p<0.001 vs. control (n=4). (B) Chromatin IP was conducted as
described in materials and methods. At week 4, prefrontal cortex of
each male rat brain was used for Chromatin IP. Prenatal VPA ex-
posure enhanced the acetylation of histone H3 bound to SLC6A2
gene, and detached HDAC1 protein from SLC6A2 gene.

teraction between VPA exposurexATX treatment [F , ., =14.19,
p<0.0001]. Post-hoc comparisons showed that ATX treatment
decreased moving distance in VPA-exposed rat offspring (4p<
0.001) but not in control group. In the ATX treated group, VPA-
exposed rat offspring moved less in the open-field compared
with saline-exposed rat offspring (®p<0.05). And VPA-exposed
rat offspring moved more in the open-field than control (saline-
exposed) rat offspring (*p<0.05).

Effects of ATX on center arena movement and rearing
frequency of VPA-exposed male rat offspring

Next, we further analyzed movement in center arena as
well as rearing frequency during open-field test. In VPA group,
significantly increased rearing frequency and moved distance
in center arena was observed in the open-field system. The
analysis of data using Two-way ANOVA revealed that moved
distance in center area was decreased by ATX treatment
[F( =6.533, p<0.016]. There is a significant interaction be-

1,35)
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Fig. 3. Effect of MPH and ATX on the hyperactivity of prenatally VPA-exposed rat offspring. Open-field locomotor activity test was per-
formed with prenatally VPA-exposed male rat offspring at week 4. Moved distance was observed by EthoVision (Noldus information Tech-
nology, the Netherlands). (A) The effect of MPH on hyperactivity. All data are expressed as mean + S.E.M. (n=8) *p<0.05 for saline-treated
group vs. VPA-treated group; *p<0.001 for VPA-treated group vs. VPA and MPH-treated group; °p<0.001 for saline-treated group vs. saline
and MPH-treated group; °p<0.001 for saline and MPH-treated group vs. VPA and MPH-treated group, as revealed by post-hoc Bonferroni’s
comparisons following two-way ANOVA. (B) The effect of ATX on hyperactivity. All data are expressed as mean + S.E.M. (n 8) *p<0.05 for
saline-treated group vs. VPA-treated group; ‘p<0.001 for VPA-treated group vs. VPA and ATX-treated group; °p<0.05 for saline and ATX-
treated group vs. VPA and ATX-treated group, as revealed by post-hoc Bonferroni’'s comparisons following two-way ANOVA.
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Fig. 4. Effect of ATX on the movement in the center arena and rearing frequency of prenatally VPA-exposed rat offspring. The moved dis-
tance of center arena and rearing number during the open field test was checked using rat offspring at week 4. Moved distance and rearing
were observed using EthoVision (Noldus information Technology, the Netherlands). (A) The moved distance in the center field. VPA group
showed increased movement in center arena, which was prevented by ATX. All data are expressed as mean * S.E.M. (n=8-9) **p<0.01
for saline-treated group vs. VPA-treated group; “p<0.001 for VPA-treated group vs. VPA and ATX-treated group, as revealed by post-hoc
Bonferroni’'s comparisons following two-way ANOVA. (B) The effect of ATX on rearing frequency. All data are expressed as mean + S.E.M.
(n=10-11) **p<0.01 for saline-treated group vs. VPA-treated group; °p<0.001 for VPA-treated group vs. VPA and ATX-treated group, as re-
vealed by post-hoc Bonferroni’'s comparisons following two-way ANOVA.

tween VPA exposurexATX treatment [F , ,.=8.789, p<0.006]. early adolescent period is up-regulated in the prefrontal cor-

Post-hoc comparisons showed that ATX treatment decreased
moving distance in the center arena in VPA-exposed rat off-
spring (3p<0.001, Fig. 4A). Rearing frequency also showed
a significant interaction between VPA exposurexATX treat-
ment [F(1V46>=8.789, p<0.01], and ATX reduced rearing num-
ber in VPA-exposed rat offspring (°0<0.001, Fig. 4B). We also
checked the anxiety-like behaviors using EPM test but there
was no differences in the frequency of open arm entry and
open/closed arm stay ratio between VPA and VPA-ATX group
(data not shown).

DISCUSSION

In this study, we found the expression of DAT and NET at
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410

tex of rat offspring prenatally exposed to VPA, which might be
related to the hyperactive phenotype of VPA animal model of
ASD. Increased expression and functional activity of DAT in
prefrontal cortex and striatum has been observed in animal
models of ADHD such as spontaneous hypertensive rat (SHR)
(Watanabe et al., 1997, Pandolfo et al., 2013). Interestingly,
unlike the responsiveness of both human and animal model
of ADHD to MPH and ATX, hyperactivity in VPA model of ASD
was reversed by ATX, but not by MPH. Instead, MPH even
increased locomotor activity in VPA group although the ex-
tent was smaller compared with control group. The behavioral
sensitization reminds the amphetamine-induced behavioral
sensitization in control animals. The stimulant-induced hyper-
activity but not by ATX suggest that neurological substrates
regulating hyperactive phenotype observed in VPA animal
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model of ASD is different from the bona fide ADHD cases. In a
retrospective analysis study using 195 patients diagnosed as
pervasive developmental disorder (PDD), it has been reported
that stimulants appeared ineffective and poorly tolerated with
adverse reactions such as agitation, aggression and weight
loss for the substantial percentage of patients suggesting the
need for clinical use of other class of medications such as ATX
or a2-adrenergic receptor agonist (Stigler et al., 2004). Similar
conclusion was reported in a double-blind, placebo-controlled,
crossover ftrial followed by open-label continuation analysis
using 25 ASD children with ADHD (Research Units on Pediat-
ric Psychopharmacology Autism Network, 2005).

In a recent study, chronic administration of caffeine reduced
the expression of DAT in SHR to a control level. In this con-
dition, inattention was reversed but not the hyper-locomotion
suggesting that DAT expression itself can not completely ex-
plain the hyperactive phenotype observed in SHR (Pandolfo
et al., 2013). Other factors including DA receptor expression,
overall neurotransmission of catecholaminergic systems, fun-
ctional activity of presynaptic receptors and complex interplay
with other neurotransmitter systems such as NE, 5-HT and
adenosine should be considered for the comprehensive un-
derstanding of the neural correlates regulating hyperactive
phenotypes in these animal models.

The results from the present study suggest that the differ-
ential responsiveness against currently available medication
needs to be separately examined in other models of ASD as
well. In addition to the VPA animal model of ASD, hyperactiv-
ity phenotype was also reported in several other models of
ASD. For example, fragile X mental retardation 1 (Fmr1) mu-
tant mice showed increased exploratory behavior and motor
activity (Consortium, 1994). In addition, some of ASD genetic
mutant animal models including neuroligin-3 (NL-3), proSAP1/
shank2, and voltage-gated sodium channel type |, alpha (Sc-
nia) KO mice displayed hyperactivity phenotype (Banerjee et
al., 2014). By determining the pharmacological responsive-
ness profile against currently available ADHD medication us-
ing multiple ASD models, we might obtain information whether
there is general disparity on the hyperactivity phenotype and
drug responsiveness between authentic ADHD and different
types of ASD.

It has been reported that catecholamine neurotransmis-
sion abnormality is related with ADHD phenotype. DA plays
a key role in attention, psychomotor, reinforcing and reward-
ing behaviors which are deficient in ADHD. Amphetamine and
MPH, which have been widely used to treat ADHD, block DAT
and NET and thereby enhance catecholamine neurotransmis-
sion (Gatley et al., 1996). In some ASD patients, DA system
is hyper-active and a DA antagonist Risperidone rescued hy-
peractivity and aggression in ASD children (Munarriz et al.,
2002). Young and coauthors also reported that stereotypical
behavior, which is one of the typical features of ASD, could
be induced by hyper-active DA function (Young et al., 1982).
These results may suggest that dysregulation of DA system
in brain regions such as nucleus accumbens and striatum as
well as other regulators of DA function including receptors and
signal transducers may account for the hyper-locomotive ac-
tivity of VPA animal model of ASD.

NE has also been proposed to play a key role in the patho-
physiology and pharmacotherapy of ADHD (Biederman and
Spencer, 1999). Used as an ADHD medication, ATX is a se-
lective NE reuptake inhibitor in vitro and in vivo (Wong et al.,

1982). Although there are a few experimental evidences sug-
gesting the role of NET in the regulation of hyperactivity, con-
clusive evidence is sparse which directly connects NET in the
regulation of hyperactivity in ADHD (Barr et al., 2001). Also,
there are indirect pharmacological evidences suggesting the
role of presynaptic a2 adrenergic receptor in the modulation of
ADHD-like behaviors. Clonidine, an a.1/a2 adrenergic agonist
or guanfacine, an o2 adrenergic agonist, improved hyperac-
tive tendency in some patients (Hunt et al., 1995), and it is
modestly effective in the short-term treatment of irritability and
hyperactivity in some children with autistic disorder (Jaselskis
et al., 1992). Similarly, the infusion of presynaptic a.2-receptor
blocker yohimbine into prefrontal cortex induced locomotor
hyperactivity in monkeys (Ma et al., 2005). Altogether, these
results may suggest that NE abnormalities and reversal of NE
transmission by ATX plays critical role in the regulation of hy-
peractive phenotype in prenatally VPA-exposed rat offspring.
Whether the increased NET expression in the frontal cortex of
VPA-exposed offspring has a causal or a consequential rela-
tionship to the hyperactivity phenotypes remains to be deter-
mined.

VPA is a mood stabilizer that widely prescribed as one of
the medications for epilepsy and bipolar disorders (Phiel et al.,
2001). The prenatal VPA exposure rat model has been sug-
gested as an ASD-like animal model which have abnormali-
ties including hyperactivity, social interaction deficit, and ste-
reotyped or repetitive behaviors (Schneider and Przewlocki,
2005). Most of ASD patients have abnormalities in DA and
glutamatergic system in prefrontal cortex and limbic areas,
and prenatally VPA-exposed rat offspring have similar deficits
in DA and glutamatergic system in the brain (Rinaldi et al.,
2007, Schneider et al., 2007). As well as human ASD patients,
prenatally VPA-exposed rats have increased locomotor activ-
ity in a stressful environment. This abnormal phenotype has
been attributed to the increased mesolimbic-dopaminergic ac-
tivities (Lipska et al., 1993, Flores et al., 2006). In addition, our
results also suggest that the dysregulation of NE neurotrans-
mission should be given further attention, at least in the VPA
animal model of ASD. In addition to the increased level of DA
in the frontal cortex (Narita et al., 2002), NE level were also
increased in the rat hippocampus and brain stem after intra-
peritoneal injection with VPA (200 mg/kg) (Baf et al., 1994). In
cultured cortical neurons, VPA but not valpromide, a structural
analog of VPA devoid of HDACi activity, significantly increased
NET gene expression through increased histone acetylation of
NET gene promoter (Bayles et al., 2010), which is related to
our present result (Fig. 2B). Recently, Ali and Elgoly reported
that DA, NE content in different brain areas, such as cortex,
hippocampus, midbrain, cerebellum and pons, are have sig-
nificantly different in the VPA exposed (800 mg/kg) rat pups
compared with control group (Ali and Elgoly, 2013).

In our study, MPH had no effect but ATX normalized hyper-
activity in VPA animal model. In addition to the direct effects
on NET, ATX also acts as a NMDA antagonist (Ludolph et al.,
2010) and an allosteric modulator of GABA, receptor (Zhang
et al., 1997). GABAergic system dysfunction leads to several
developmental disorders, such as ADHD and ASD and some
researchers reported that inhibitory neurotransmitter GABA is
related with motor control and impulsivity (Sumner et al., 2010;
Boy et al., 2011). Interestingly, the hyperactive Wiggling rats
showed decreased levels of GABA transporter gene expres-
sion and increased GABA concentration in the frontal cortex,
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striatum and midbrain (Masuo et al., 2007). The down-regula-
tion of GABA receptors might be related with hyperactivity, and
chronic oral administration of ATX induced mRNA and protein
expression of GABA, receptor in rat brain (Lempp et al., 2013)
suggesting the possible additional therapeutic mechanism of
ATX. Interestingly, we reported the decreased expression of
GAD, a rate limiting enzyme in GABA biosynthetic pathway,
in the brain of VPA animal model of ASD (Kim et al., 2014).
Whether the alteration of GABAergic system by ATX contrib-
utes to the amelioration of behavioral abnormalities in VPA
animal model, such as hyperactivity and defective social inter-
action, should be investigated further in the future.

In conclusion, we observed increased expression of DAT
and NET in frontal cortex of prenatally VPA-exposed rat off-
spring, possibly via modulation of acetylation of histone bound
to the promoter regions of both genes, suggesting the cat-
echolaminergic abnormalities of the animal model. The hyper-
locomotive activity of VPA animal model was reversed by the
treatment with ATX but not with MPH, which implicates dys-
regulation of NE rather than DA system is primarily involved
in the manifestation of hyperactive phenotype of VPA animal
model. Defining the molecular players and understanding their
interaction underlying the hyperactive behavioral phenotypes
along with investigating the pharmacological response profiles
in many other animal models may provide us an opportunity to
fine tune the treatment protocol against hyperacitivy in disor-
ders like ASD and ADHD.
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