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Abstract — Oroxylin A is a flavonoid isolated from Scutellaria baicalensis, which is one of the most important
medicinal herbs in traditional Korean medicine. In this study, we investigated the psychopharmacological activi-
ties of oroxylin A using the open field, rota-rod, balanced wire and plus-maze tests in Spontaneously Hyperten-
sive Rats (SHR) and Wistar Kyoto Rats (WKY). Oroxylin A reduced hyperactivity in SHR (ADHD animal model)
although it tended to increase locomotor activity in WKY. Methylphenidate did not reduce hyperactivity. Oroxylin
A alleviated impulsive behaviors such as rearing, the percentage of moving time to the central area and the ten-
dency to move into an unstable condition (open area in elevated plus-maze). Methylphenidate also reduced the
percentage of staying time in the central area and the tendency to move into an unstable condition. Both orox-
ylin A and methylphenidate enhanced motor attention in SHR and WKY. Oroxylin A antagonized the muscimol
(GABA, receptor agonist)-induced Clcurrent and its action was similar to that of bicuculline (GABA, receptor
antagonist). The effects of oroxylin A may be caused by the antagonism at the GABA, receptor. Thus, oroxylin
A may be a candidate of drug for treatment of ADHD.
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INTRODUCTION

Attention deficit hyperactivity disorder (ADHD) is the
most prevalent childhood developmental disorder affect-
ing between 3% and 7% of school-age children. ADHD is
characterized by persistent hyperactivity, impulsivity and
inattention that are differentially expressed in three sub-
types: primarily inattentive, primarily hyperactive/impul-
sive or combined in type (Fone and Nutt, 2005). The
aetiology of ADHD is unclear. Although the neurobiologi-
cal basis of ADHD is unresolved, recent advances in
molecular genetics and brain imaging have improved our
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understanding of ADHD, and increasing indirect evi-
dence implicates dopaminergic hypofunction in the fron-
tal lobes and basal ganglia. Recent single positron
emission tomography analysis suggests that the striatal
dopamine transporter (DAT) levels are markedly
increased in patients with ADHD (Krause et al., 2003).
There is, however, considerable debate as to whether the
increased DAT levels reported in imaging studies cause a
reduction in synaptic DA or whether elevated DA triggers
the rise in DAT levels (Solanto, 2002). Spontaneously
hypertensive rats (SHR) are the best characterized and
also currently the most appropriate model of ADHD. SHR
exhibit all the behavioral characteristics of ADHD:
impaired sustained attention without obvious sensory
problems, motor impulsiveness, and hyperactivity that is
not present in novel, non-threatening situations but devel-
ops over time when reinforcers are infrequent (Sagvolden
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et al., 2005).

Studies on the roles of GABAergic dysfunction in
ADHD are lesser in scope compared to studies on
dopaminergic dysfunction although GABAergic dysfunc-
tion has been shown to directly or indirectly contribute to
the pathogenesis of ADHD. The GABAergic and dopam-
inergic systems exhibit a high interconnectivity, with
dopamine innervating GABAergic cell bodies, dendrites
and axon terminals in either an excitatory or inhibitory
manner (Brummelte et al., 2008)

The psychostimulants methylphenidate and amphet-
amine are the drugs of choice for ADHD, providing clini-
cal benefits against the three core symptoms in 70-80%
of patients (Elia et al., 1999). But, occasional marked side
effects including loss of appetite, insomnia and, less com-
monly, motor tics and rebound symptoms following rapid
drug withdrawal make the development of alternative
medication desirable (Kollins et al., 2001). Potential thera-
pies such as adrenergic receptor agonists, glutamatergic
agents, gamma aminobutyric acid (GABA) receptor
antagonists and nicotine receptor agonists are being
explored as future pharmacotherapies for ADHD.

Scutellaria baicalensis is one of the most important
medicinal herbs in traditional Korean medicine. The root
of S. baicalensis is widely employed in traditional Korean
prescriptions. Wogonin, baicailin, baicalein, and oroxylin
A, which are the major chemical constituents of this herb,
are flavone derivatives that contain a phenylbenzopyrone
nucleus (Hui et al., 2002; Lin and Shieh, 1996). The fla-
vonoids isolated from this herb exhibit moderate affinities
to the benzodiazepine receptor (Dekermendjian et al.,
1999). Behavioral studies have demonstrated that the
water extract of Scutellaria baicalensis exerts potent anxi-
olysis in mice without sedative and myorelaxant effects
(Jeong et al., 2004). Flavonoids from S. baicalensis may
have pharmacologically and clinically important activities
including anxiolysis, anti-convulsion, muscle-relaxation,
and sedative effects because they bind to benzodiaz-
epine or GABA receptors (Hui et al., 2000). The psychop-
harmacological properties of flavonoids may be also differ
although several groups have reported anxiolytic effects
of flavonoids (Hui et al., 2002; Paladini et al., 1999; Sal-
gueiro et al., 1997).

Oroxylin A (5,7-dihydroxy-6-methoxyflavone) is a fla-
vonoid isolated from the roots of S. baicalensis (Tomi-
mori et al., 1982). In previous studies, oroxylin A
ameliorated scopolamine- or AB25-35-induced memory
impairment and protected neurons from transient cere-
bral hypoperfusion-induced neuronal damage (Kim et al.,
2006; Kim et al., 2007 ; Kim et al., 2008). Oroxylin A (5

mg/kg) also reversed cognitive impairments in passive
avoidance and the Y-maze test and improved escape
latencies in training trials and increased swimming times
and distances within the target zone of the Morris water
maze (Kim et al., 2007). In addition, previous reports
have revealed that oroxylin A has an anti-oxidative and
anti-infammatory activities. Therefore, oroxylin A may
have beneficial effects on oxidative stress or inflamma-
tion-induced memory and learning impairments. We pre-
viously demonstrated that oroxylin A has an awakening
activity in mice that is similar to that of methylphenidate, a
typical drug used to treat ADHD. These results suggest
that oroxylin A may be available to ameliorate symptoms
of ADHD.

Screening of traditional medicines has contributed
invaluably to drug development and discovery. We have
recently been characterizing the psychopharmacological
properties of flavonoids isolated from Scutellaria baicalen-
sis and found that one of its constituents, Oroxylin A, has
awakening and memory enhancing effects. This profile
led us to explore its potential application in ADHD by
evaluating its ameliorating effects on ADHD behaviors as
hyperactivity, impulsiveness and inattention. The pur-
pose of this study was to evaluate whether oroxylin A
could be used to treat ADHD.

MATERIALS AND METHODS

Animals and materials

Male Spontaneously Hypertensive rats (SHR) (4 weeks
of age) and male Wistar Kyoto rats (WKY) (4 weeks of
age) used in this study were purchased from Hanlim
Experimental Animal Co. (Hwasung, Korea). All animals
were maintained on a standard light-dark cycle, at ambi-
ent temperature (23 =2 °C) and humidity (55 + 5%) with
free access to chow pellets and water. All animals were
acclimated to their home cages for at least 6 days before
testing. Animals were divided into control group, oroxylin
A-treated group and methylphenidate-treated group of
normal rats (WKY) and ADHD rats (SHR). The experi-
mental groups, consisting of 8-10 animals per each drug
and dose, were chosen by means of a randomized
schedule. All tests took place between 10:00 and 16:00
h. Animal treatment and maintenance were in accor-
dance with the Principle of Laboratory Animal Care (NIH
publication No. 85-23 revised 1985) and the Animal Care
and Use Guidelines of Sahmyook University, Korea

Oroxylin A was synthesized in the School of Phar-
macy of Kangwon National University. Methylphenidate
was supplied by Hwanin Pharmaceutical Co. (Ansung,
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Korea). Diazepam was purchased from Samijin Phama-
ceutical Co., LTD (Seoul, Korea). Muscimol, bicuculline
and other materials were purchased from Sigma-Aldrich
Co. (St. Louis, MO, USA). Oroxylin A was injected intrap-
eritoneally at dosages of 2 and 10 mg/kg. Animals in the
control group were injected intraperitoneally with an
equivalent volume of saline. Diazepam (2 mg/kg) or
methylphenidate (3 mg/kg) was injected intraperitoneally
into rats of the positive control group.

Behavioral apparatus

The equipment was located in the animal room, allow-
ing the observer to view and observe the animals using a
computer outside the room. The behavioral changes of
the animals were monitored automatically using a com-
puterized EthoVision system (Noldus IT b.v., Nether-
lands). In the locomotor activity, Rota-rod and elevated
plus-maze tests, the behavioral parameters were ana-
lyzed by automatic systems.

Locomotor activity

The apparatus consisted of 9 black plastic boxes
(47x347 cm), and the field was bordered by 42-cm-high
side walls. The total distance moved, total movement
time and turn angles were monitored for 20 minutes after
administration (Kim et al., 2003; Noldus et al., 2001).

Elevated plus-maze test

The elevated plus-maze box and arms were made of
plastic. The apparatus consisted of two open arms (50x10
cm), at right angles, with two of the resulting four arms
enclosed by high walls of 20 cm. Each of the four arms had
a delimited central area of 10x10 cm. The entire apparatus
was placed 50 cm above the floor. Animals were placed in
the central square and allowed to explore the maze freely
for 5 minutes. The parameters measured were the times
spent in open and closed areas (Kim et al., 2003; Noldus et
al., 2001). The impulsive animals spent more time in the
open arms than the normal animal.

Rota-rod evaluation

The rota-rod test was used to assess whether oroxylin
A caused motor attention or gross motor impairment in
the animals. Twenty-four hours before the experiment, all
mice were habituated to running on the rota-rod at a
speed of 60 rpm until they could remain there for 60 s
without falling. The latency to the first fall was recorded
and falling frequency was also measured for 20 minutes
using a stopwatch (Lee et al., 2006; Farkas et al., 2005).

Intracellular CI-measurement assay

Relative changes in intracellular CI- concentration ([CI];)
in IMR-32 human neuroblastoma cells were monitored
using a Cl-sensitive indicator, N-(6-methoxyquinolyl) ace-
toetylester (MQAE), developed by Verkman et al. (1989),
according to the method of West and Molly (1996).
Briefly, cells were washed twice and re-suspended at a
concentration of 4x10° cells/ml in Hank's solution. Cells
were incubated with MQAE dye overnight at a final con-
centration of 5mM at room temperature to load the dye
into the cells. Fluorescence (excitation wavelength set at
365nm and emission wavelength at 450 nm) was moni-
tored in a well-stirred cuvette. Experiments were per-
formed at room temperature to minimize fluorescent dye
loss. Data are presented as relative fluorescence F/F,
where F, is the fluorescence without CI- ions and F is the
fluorescence as a function of time.

The Fy/F values are directly proportional to[CI]; All fluo-
rescence values were corrected for background fluores-
cence, which was separately determined using a
HEPES-buffered KSCN solution containing 5 uM valino-
mycin to maximally quench the MQAE ion-selective sig-
nal (Shumaker et al., 1999). In separate experiments the
F, value was determined by bathing the cells in Cl-free
(KNO,) solution containing 10 mM tributyltin and 10 mM
nigericin.

Statistical analysis

Data are expressed as the mean+ S.E.M.. ANOVA
was used to compare the scores among the groups for
one variable. This was followed by post hoc compari-
sons using the Newman-Keuls test.

RESULTS

Hyperactivity test by measuring movement

Previous studies have demonstrated that SHR are
more hyperactive than their WKY counterparts. In this
study, the total moving time and distance were signifi-
cantly different between WKY and SHR. In figure 1, SHR
exhibited a more pronounced activity/hyperactivity (mea-
sured as the total distance moved and the duration of
movement) than WKY. Oroxylin A administration (2 and
10 mg/kg) significantly reduced hyperactivity in SHR
(p<0.01) but not in WKY. Meanwhile, methylphenidate, a
typical drug for treatment of ADHD, did not reduce hyper-
active behavior in SHR and significantly increased dis-
tance moved (p<0.01) and movement duration (p<0.05)
in WKY.
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Fig. 1. Effect of oroxylin A on locomotor activity in SHR and WKY (n=9). Each bar represents the mean + SEM of total distances
moved (A) and movement duration (B) for 20 minutes. Control versus oroxylin A or methylphenidate (MPH), * p < 0.05 ** p < 0.01;

SHR control versus WKY control, # p < 0.05.

Impulsiveness test by measuring
behavior on the plus maze
Impulsiveness was measured by observing the ani-
mals’ rearing behavior, the tendency to go to the central
area and activity on the plus maze. Animals showing
impulsivity rear frequently and spend more time in the
central area or the open arms rather than in the corners
or closed areas. Figures 2 and 3 show that the rearing
frequency and the percentage of time moving in the cen-
tral area were considerably higher in SHR than in WKY.
Oroxylin A treatment (2 and 10 mg/kg) significantly
reduced the rearing frequency (p<0.01) in SHR but not in
WKY. In addition, oroxylin A (10 mg/kg) significantly
reduced the percentage of time moving in the central
area in SHR but not in WKY. Methylphenidate also
decreased the percentage of time moving in the central
area in SHR but not in WKY. Methylphenidate failed to
reduce rearing frequency in SHR but enhanced such
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behavior in WKY. As shown in figure 3, the time spent in
the open or closed arms for 5 minutes differed signifi-
cantly between strains. Oroxylin A (10 mg/kg) -treated
SHR spent more time in the closed arms than saline-
treated SHR. Methylphenidate also increased the per-
centage of staying time in closed arms in SHR.

Motor attention test by measuring activity on the
rota-rod

The ability of the animal to stay on a rotating rod for long
periods could represent sustained attention, a characteris-
tic deficient in ADHD. As shown in figure 4, SHR stayed
less time on the rota-rod than WKY. They also fell more
frequently than WKY. Oroxylin A (10 mg/kg) and meth-
ylphenidate (3 mg/kg) significantly increased the animals’
running time on the rota-rod and reduced their falling fre-
quency. Therefore, both oroxylin A and methylphenidate
enhanced motor attention in both strains.
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Fig. 2. Effect of oroxylin A on impulsivity in SHR and WKY (n=9). Each bar represents the mean + SEM of % of moving time in the
central area (left) and rearing frequency (right) for 20 minutes. Control versus oroxylin A or methylphenidate (MPH), * p < 0.05 ** p <

0.01; SHR control versus WKY control, # p < 0.05.
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Fig. 3. Effect of oroxylin A on impulsivity in SHR and WKY (n=9). Each bar represents the mean + SEM of movement duration in the
elevated plus-maze (A) and % of staying time in closed arms (B) for 5 minutes. Control versus oroxylin A or methylphenidate (MPH),

*p < 0.05* p < 0.01; SHR control versus WKY control, # p < 0.05.

1200+ :"US:I'-{KRY
= ** "
#
'a‘i‘ 200+ po po
]
-
& €004
5
-
3 z004 ’l‘
C T L) L) T Ll
Con 2 10 MP Con 2 10 MP
croeylind Amata Crogyiind 3mofg
m ama) (mahg)

=
h
)

T #
2E [ CSHR
g £ 10 -
gE
E& ** 4+
25
£5 -
® o ' **
=
C L] L L T L]
Con 2 10 MP Con 2 10 MP
oroazlin & ELL Oroaylin & Amohg
(mghg) (moMg)

Fig. 4. Effect of oroxylin A on motor attention on the rota-rod in SHR and WKY (n=9). Each bar represents the mean + SEM of run-
ning times until fall from the rota-rod (left) and falling frequency for 20 minutes (right). Control versus oroxylin A or methylphenidate
(MPH), * p < 0.05 ** p < 0.01; SHR control versus WKY control, # p < 0.05.

Influx of Cl"ion into cell

Figure 5 shows the electrophysiological change. Treat-
ment with muscimol, a GABA receptor agonist increased
Cl influx into the intracellular area. Conversely, oroxylin A
inhibited the CI influx induced by muscimol treatment. Its
effect was similar to that of bicuculline, a GABA receptor
antagonist.

DISCUSSION

Behavioral studies have demonstrated that Scutellaria
flavonoids exert potent anxiolysis in mice without seda-
tion and myorelaxation (Jeong et al., 2004; Michael et al.,
2003). In a previous study, we described the pharmaco-
logical characterization of active flavonoids from S.
baicalensis, such as oroxylin A, baicalein and wogonin.

Muscimol
(10 pM)
alone
g
+0roxyin A 10 pM w
—1 +Bicuculline 10 pM R T

Fig. 5. Effects of oroxylin A on [CI]; in neuroblastoma cells.
Fluorescence was monitored at an excitation wavelength of
365nm and an emission wavelength of 450 nm using the CI-
sensitive indicator, N-(6-methoxyquinolyl) acetoetylester
(MQAE). Contents of influxed CI ion were expressed as a
peak (a.u.).
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Flavonoids exhibit the different pharmacological spectra.
For example, wogonin exhibited anxiolytic and anti-convul-
sive activities (Park et al., 2006; Park et al., 2007), while
oroxyline A had memory enhancing effects (Kim et al.,
2007; Kim et al., 2008). In the previous study, especially,
oroxylin A exhibited an awakening effect in mice sleeping
due to thiopental sodium administration, and the effect was
similar to that of methylphenidate. This result suggested
that oroxylin A might ameliorate ADHD behaviors.

In the current study, the behavioral characteristics of
SHR and WKY were evaluated and compared using
open field, elevated plus-maze, and rota-rod tests. SHR
displayed hyperactivity, impulsivity and inattentiveness of
motor coordination compared to WKY. These results are
line with previous studies showing that SHR display
hyperactivity, impulsivity, impaired ability to withhold
responses, poorly sustained attention and reduced per-
formance in different learning and memory paradigms
(Prediger et al., 2005; Sagvolden et al., 2005; Sagvolden,
2000). Oroxylin A reduced hyperactivity in SHR (ADHD
animal model) although it tended to increase locomotor
activity in WKY (normal animal). But methylphenidate did
not reduce hyperactivity. Behaviors such as rearing, mov-
ing to the central area and tendency to move into an
unstable condition (open area in elevated plus-maze)
were typically exhibited in impulsive animals (Pandolfo
et., 2007; Ramos et al., 2002). Oroxylin A alleviated the
impulsive behaviors such as rearing, the percentage of
time moving to the central area and the tendency to
move into an unstable condition (open area in elevated
plus-maze). Methylphenidate also reduced percentage of
staying time in the central area and the tendency to move
into an unstable condition. The ability of the animal to
stay on a rotating rod for long periods could represent
sustained attention, a characteristic deficient in ADHD
(Montgomery et al., 2008; Ferguson et al., 2003). Both
oroxylin A and methylphenidate enhance motor attention
in SHR and WKY. These results indicate that oroxylin A
may be a better choice for treatment of ADHD than meth-
ylphenidate because oroxylin A could alleviate all of
hyperactivity, inattention and impulsivity while meth-
ylphenidate did not affect hyperactivity.

Many in vitro data indicate positive modulatory effica-
cies of Scutellaria flavones for the GABA, receptor via
interaction with the benzodiazepine binding site(Michael
et al., 2003; Hui et al., 2002). Michael et al. reported that
oroxylin A inhibited [*H]-flunitrazepam binding to rat cere-
bral cortical membrane and acted as an antagonist at the
GABA, receptor benzodiazepine binding site (Michael et
al., 2003).

GABA is the major inhibitory neurotransmitter in the
CNS and is widely distributed in the neurons of the cor-
tex. GABA contributes to motor control, vision and many
other cortical functions. Some drugs that increase the
level of GABA in the brain are used to treat epilepsy and
to calm the trembling of patients suffering from Hunting-
ton's disease. The GABA, receptor is a member of the
ligand-gated ion channel superfamily. Binding of GABA to
the GABA, receptor activates chloride ion flux through
the channel, and ligands for the benzodiazepine binding
site modulate the inhibitory effects of GABA (Wang et al.,
1999). GABAergic interneurons, which are the core com-
ponent of cortico-limbic circuitry, are defective in the cere-
bral cortex of bipolar patients (Baar and Gntekin, 2008).
GABA spreads in neural networks involved in cognitive
and emotional processing and modulates noradrenergic,
dopaminergic and serotonergic local neural circuitry
(Brambilla et al., 2003). Low GABA activity is thought to
be a genetically determined trait creating a vulnerability,
that, in combination with environmental factors, can lead
to the development of either mania or depression (Baar
and Gntekin, 2008). It has also bee suggested that
GABAergic dysfunction has direct or indirect pathoge-
netic importance in ADHD, and GABA receptor antago-
nists may become future pharmacotherapies for ADHD
(Miyazaki et al., 2006; Weisler, 2007).

Benzodiazepine binding site ligands are classified as
positive allosteric modulators, antagonists, or negative
allosteric modulators according to their spectrum of intrin-
sic efficacy towards the GABA, receptor (Gardner et al.,
1993). Positive allosteric modulators increase the fre-
quency of chloride channel openings without altering the
channel conductance or duration of opening. Therapeuti-
cally, they are used as anxiolytic, anti-convulsant, seda-
tive-hypnotic, and muscle relaxant drugs. Many in vitro
data indicate positive modulatory efficacies of wogonin
and baicalein for the GABA, receptor via interaction with
the benzodiazepine binding site and negative modulatory
efficacy of oroxylin A (Michael et al., 2003; Hui et al.,
2002). In this study, oroxylin A inhibited the CI influx
induced by muscimol, GABA receptor agonist. There-
fore, the effects of oroxylin A may be caused by the
antagonism at the GABA, receptor.

In summary, methylphenidate, a typical drug for ADHD
treatment, significantly alleviated impulsivity (tendency to
stay in central area and open arms) and inattentiveness
of motor coordination (activity on rota-rod) in SHR but did
not affect hyperactivity. Furthermore, it increased locomo-
tor activities in WKY. In contrast, oroxylin A significantly
alleviated hyperactivity, impulsivity (rearing frequency and
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tendency to stay in central area and open arms) and inat-
tentiveness of motor coordination (activity on rota-rod) in
SHR. The effect of oroxylin A may be caused by the
antagonism at the GABA, receptor. This result indicates
that oroxylin A may be a candidate drug for the treat-
ment of ADHD.
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