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Abstract In previous studies we have demonstrated that

the c-aminobutryic acid-A (GABA-A) receptor antagonist

oroxylin A has an awakening effect and it also represses

ADHD-like behaviors (hyperactivity, impulsivity and

inattention) in the spontaneously hypertensive rat (SHR)

model of attention-deficit hyperactivity disorder (ADHD).

We hypothesized that the effects of oroxylin A were

exerted via the GABA-A receptor given the important role

of the GABAergic system in ADHD. However, it is pos-

sible that aside from the GABAergic system, oroxylin A

may influence other systems especially those implicated in

ADHD (e.g. DAergic, etc.). To test this hypothesis, we

evaluated the effects of GABA agonist, or dopamine (DA)

antagonist in oroxylin A-induced alleviation of ADHD-like

behaviors in SHR. SHR showed inattention and impulsivity

as measured by the Y-maze and the electro-foot shock

aversive water drinking tests, respectively. Oroxylin A

significantly improved these behaviors, furthermore, its

effect on SHR impulsivity was attenuated by haloperidol, a

DA antagonist, but not by baicalein, an agonist of the

GABA-A receptor. In vitro studies showed that oroxylin A

inhibited DA uptake similar to methylphenidate, a dopa-

mine transporter blocker, but did not influence norepi-

nephrine uptake unlike atomoxetine, a selective NE

reuptake inhibitor. Collectively, the present findings sug-

gest that oroxylin A improves ADHD-like behaviors in

SHR via enhancement of DA neurotransmission and not

modulation of GABA pathway as previously reported.

Importantly, the present study indicates the potential ther-

apeutic value of oroxylin A in the treatment of ADHD.
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Introduction

Attention-deficit/hyperactivity disorder (ADHD) is a het-

erogeneous developmental disorder characterized by three

core symptoms: hyperactivity, impulsiveness, and sus-

tained inattention (Dellu-Hagedorn et al. 2004; Mannuzza

et al. 1993). Although it is considered as the most com-

monly diagnosed neurobehavioural disorder in childhood,

in many cases, it also persists into adolescence and adult-

hood (Kessler et al. 2006; Mannuzza et al. 1993). Epide-

miologic data indicated that the prevalence of ADHD is

approximately 5–8 % worldwide (Kessler et al. 2006;

Wilens et al. 2002).

A number of theories have been put forward to explain

the origin of ADHD symptoms. The dynamic develop-

mental theory explains that ADHD is caused by a dys-

function in dopamine (DA) neurotransmission resulting in

alterations in reinforcement and extinction processes, pro-

ducing the behavioral aberrations seen in this disorder

(Sagvolden et al. 2005a, b, 2009). Furthermore, the role of

DA in the etiology of ADHD has been suggested based on

findings of molecular genetic studies, neuroimaging studies

of patients, neuropharmacology of psychostimulants pre-

scribed to treat ADHD, and behavior and biochemistry of

animal models (for review see van der Kooij and Glennon

2007).

Stimulants such as methylphenidate and amphetamines

are the most widely used medications approved by the US

Food and Drug Administration for the treatment of ADHD

in children (Findling 2008). Methylphenidate, the most

prescribed stimulant ADHD drug, causes behavioral nor-

malization by enhancing DA levels in the striatum and

nucleus accumbens (NAc) by targeting and blocking the

actions of the DA transporter (DAT). Although methyl-

phenidate is efficacious in 70–80 % of ADHD patients

(Spencer et al. 2004; Elia et al. 1999), the major concern

with the use of this drug is the potential for diversion and

abuse (Heal et al. 2009). More recently, the norepinephrine

(NE) reuptake inhibitor, atomoxetine has been introduced

for ADHD treatment. Several trials, however, indicated the

inferiority of atomoxetine to psychostimulants on efficacy

endpoints (Heal et al. 2009). The weak selective DA re-

uptake inhibitor, bupropion has also been used for treating

ADHD, but it only showed very moderate efficacy (Con-

ners et al. 1996; Kuperman et al. 2001). Therefore, there is

currently substantial interest in developing alternative

ADHD therapies which effectively alleviate ADHD out-

comes without causing adverse behavioral effects.

The spontaneously hypertensive rat (SHR), bred from

normotensive Wistar Kyoto rat (WKY) strain initially pro-

posed as an animal model of hypertension, is the most vali-

dated animal model of ADHD (Sagvolden et al. 2005a, b).

The SHR shows good face, construct and predictive validity,

displaying the behavioral characteristics of ADHD (hyper-

activity, impulsivity and inattention) (Russell et al. 2005).

Furthermore, DA functioning was found to be downregulated,

i.e., electrical and chemical stimulation in mesolimbic, mes-

ocortical and nigrostriatal DAergic pathways were attenuated

in SHR (Linthorst et al. 1990; Russell et al. 1998, 2000).

Also, drugs used in the pharmacological treatment of ADHD,

usually catecholamine agonists, have been shown to reduce

ADHD-like behaviors in this animal model (Sagvolden and

Xu 2008; Sagvolden 2011).

Oroxylin A is a flavonoid isolated from the root of

Scutellaria baicalensis Georgi. It has antioxidant (Jiwaj-

inda et al. 2002), anti-inflammatory (Chen et al. 2000), and

anti-allergy effects (Taniguchi et al. 2000) and ameliorates

memory impairment and neuronal damage induced by

transient cerebral hypo-perfusion (Kim et al. 2006), sco-

polamine (Kim et al. 2007) or Ab (25–35) (Kim et al.

2008). Heun et al. (2003) demonstrated through receptor

binding studies that oroxylin A acts as a c-aminobutyric

acid-A (GABA-A) receptor antagonist. Our previous

studies showed the awakening effect of oroxylin A as it

significantly improved motor coordination in rota-rod test

and decreased thiopental sodium-induced sleeping time

(Park et al. 2006). Moreover, we have also demonstrated

that oroxylin A attenuated hyperactivity and motor inat-

tention in SHR (Yoon et al. 2008). Thus, given the

important role of the GABAergic system in ADHD

(Brummelte et al. 2008), we hypothesized that the ame-

liorating effects of oroxylin A on ADHD-like behaviors in

SHR were exerted via antagonism of the GABA-A recep-

tor. However, it is also possible that aside from GAB-

Aergic system, oroxylin A may influence other systems

especially those implicated in ADHD (e.g. DAergic, etc.).

To test this hypothesis, we evaluated the effects of GABA

agonist, or DA antagonist in oroxylin A-induced alleviation

of ADHD-like behaviors in SHR.

Materials and methods

Animals

We used male SHR and WKY (4 weeks of age) obtained

from Hanlim Laboratory Animals Co. (Hwasung, Korea).

All animals were maintained on a standard light–dark

cycle, at ambient temperature (22 ± 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

7 days before testing. The experimental groups, consisting

of 8–10 animals per drug and dose, were chosen by means

of a randomized schedule. All tests took place between

9:00 and 18:00 h. Animal treatment and maintenance were

carried out in accordance with the Principle of Laboratory
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Animal Care (NIH publication No. 85-23 revised 1985)

and the Animal Care and Use Guidelines of Sahmyook

University, Korea.

Materials

Oroxylin A and baicalein were obtained from the National

Center for Standardization of Herbal Medicine. Haloperi-

dol was purchased from Sigma-Aldrich Co. Methylpheni-

date was generously supplied by Hwanin Pharm. Co. Ltd.

Oroxylin A and baicalein were dissolved in DMSO, and

suspended in a 10 % solution of cremophor. Methylphe-

nidate and haloperidol were dissolved in physiologic saline

(0.9 % w/v of NaCl).

Y-maze test: attention

Spontaneous alternation behavior requires attention (Katz

and Schmaltz 1980) and working memory (Sarter et al.

1988). Y-maze test was used to identify the influence of

oroxylin A on sustained inattention behavior of the SHR.

The methods used were similar to those described previ-

ously (Sarter et al. 1988) with some modifications. Each

arm of the Y-maze was 45 cm long, 10 cm wide, and

20 cm high, and both arms were positioned at equal angles.

Thirty minutes after saline or drug [oroxylin A or meth-

ylphenidate, intraperitoneal (i.p.)] administration, rats were

placed individually at the end of an arm and allowed to

enter the maze freely for an 8-min test session. An arm

entry was defined as the entry of all four paws and the tail

into one arm. The sequence of arm entries was recorded

using automated systems (Ethovision system Noldus IT

b.v., Netherlands). The alternation behavior (actual alter-

nations) was defined as the consecutive entry into three

arms, i.e., the combination of three different arms, with

stepwise combinations in the sequence. The maximum

number of alternations was considered as the total number

of arms entered minus 2, and the percentage of alternation

behavior was calculated as (actual alternations/maximum

alternations) 9 100.

Electro-foot shock aversive water drinking test:

impulsivity

Impulsivity tests were conducted in a test box described

previously (Kim et al. 2012). The methods of the impul-

sivity tests were patterned after those described by Kim

et al. (2012) with some modifications. Tests consisted of a

training phase for 1 day and a test phase. In order to

increase motivation to drink water, rats were administered

orally with 1 ml of 8 % NaCl solution. During the test

phase, saline-or drug- (oroxylin A or methylphenidate, i.p.)

administered rats were tested for impulsive behaviors,

i.e., the persistence to drink water despite presentation of

an electroshock (50 pulses/s, 0.5 ms of pulse width, 4 mA).

In some tests, the effects of DAergic antagonism or

GABA-A receptor modulation on oroxylin A-induced

alleviation of SHR impulsivity were investigated. Halo-

peridol (0.005 mg/kg, i.p.), a DA antagonist, or baicalein

(5 mg/kg, i.p.), a GABA agonist, was injected 20 min

before administering oroxylin A. Experiments were con-

ducted as described above.

Intracellular DA or NE uptake assay

HEK-293 cells were transiently transfected with human

DA transporter in pcDNA 3.1. After 48 h of transfection,

the medium was removed and cells were treated with test

compounds for 30 min. The uptake was measured follow-

ing incubation of cells for 5 min with 250 ml of uptake

buffer (5 mM Tris base, 7.5 mM HEPES, 120 mM NaCl,

5.4 mM KCl, 1.2 mM CaCl2, 1.2 mM MgSO4, 1 mM

ascorbic acid, and 5 mM glucose, pH 7.1) containing

20 nM [3H]DA. After rinsing with 1 ml of uptake buffer,

cells were solubilized in 0.5 ml of 1 % SDS, and the

radioactivity incorporated into the cells was measured by

liquid scintillation counting. For NE uptake assay, HEK-

293 cells were transfected with the cDNA of human NE

transporter. Uptake procedure was virtually the same as

DA uptake assay except that 20 nM [3H]NE was used

instead of [3H]DA.

Statistical analysis

All data were expressed as the mean ± SEM. One-way

ANOVA was used for statistical analysis. When significant

differences were found, Newman–Keuls test was used as a

post hoc test. Differences were considered statistically

significant when p \ 0.05.

Results

Oroxylin A improves inattention in SHR

Figure 1a shows marked inattention in SHR as evidenced

by lower spontaneous alternation behavior (%) compared

with WKY. SHR also showed significant increase in total

arm entries compared with WKY (Fig. 1b). Oroxylin

A (5 and 10 mg/kg) significantly increased spontaneous

alternation in SHR and also in WKY (Fig. 1a). Treatment

with oroxylin A did not affect total arm entries of either

strain (Fig. 1b). On the other hand, methylphenidate
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(2 mg/kg) significantly improved spontaneous alternation

behavior in SHR (Fig. 1a).

Oroxylin A reduces impulsiveness in SHR: effects

of baicalein and haloperidol

As shown in Fig. 2, SHR showed marked levels of impul-

sivity as indicated by more number of drinking attempts

(frequency in the water area, Fig. 2a) and also drinking

frequency (Fig. 2b) compared with WKY. Oroxylin A

(1 and 5 mg/kg) significantly decreased drinking attempts

and drinking frequency in SHR but not in WKY. In a similar

fashion, methylphenidate (2 mg/kg) reduced impulsivity in

SHR but not in WKY. Figure 3 shows that the GABA-A

agonist baicalein (5 mg/kg, i.p.) did not block the effects of

oroxylin A but enhanced further its efficacy in alleviating

impulsiveness in SHR. On the other hand, the DA receptor

antagonist haloperidol (0.005 mg/kg) inhibited the effects of

Fig. 1 Effects of oroxylin A on a spontaneous alternation behavior

and b total arm entries in SHR and WKY. Oroxylin A (1, 5 and

10 mg/kg, i.p.) or methylphenidate (MPH, 2 mg/kg, i.p.) was

administered 30 min prior to tests. Data are expressed as the

mean ± S.E.M. #p \ 0.05, versus WKY, *p \ 0.05 versus control,

n = 9 animals per group

Fig. 2 Effects of oroxylin A on a water area frequency and b drinking

frequency in SHR and WKY. Oroxylin A (1 and 5 mg/kg, i.p.) or

methylphenidate (MPH, 2 mg/kg, i.p.) was administered 30 min prior

to tests. Data are expressed as the mean ± S.E.M. ##p \ 0.01, versus

WKY, *p \ 0.05, **p \ 0.01 versus control, n = 9 animals per

group

Fig. 3 Effects of baicalein or haloperidol on impulsive behavior in

SHR. Impulsivity in the SHR is defined by more number of drinking

attempts (frequency in the water area) compared with WKY.

Baicalein (5 mg/kg, i.p.) or haloperidol (5 mg/kg, i.p.) was given

20 min before oroxylin A injection. #p \ 0.05 versus oroxylin A;

**p \ 0.01, versus control, n = 9 animals per group
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oroxylin A. These results suggest that behavioral effects of

oroxylin A were mediated through the DAergic system.

Oroxylin A selectively inhibits DA reuptake

Figure 4a shows that oroxylin A concentration-depen-

dently inhibited intracellular DA uptake similar to meth-

ylphenidate, a DAT blocker. Atomoxetine, a selective NE

inhibitor, also inhibited DA uptake coinciding with the

results of a previous study (Bymaster et al. 2002). How-

ever, unlike atomoxetine, oroxylin A did not influence NE

uptake (Fig. 4b).

Discussion

Hyperactivity, sustained inattention, and impulsivity are

the main clinical symptoms of ADHD (American Psychi-

atric Association 1994). In the present and previous study

(Yoon et al. 2008), we have demonstrated that the SHR,

considered as the most validated animal model of ADHD

(Sagvolden et al. 2009), showed overactivity, inattentive-

ness and impulsivity relative to its normotensive progenitor

strain, the WKY. More importantly, we have also shown

that oroxylin A alleviated ADHD-like behaviors SHR.

Furthermore, the effects of oroxylin A on SHR impulsivity

were attenuated by haloperidol, a DA antagonist, but not by

baicalein, an agonist of GABA receptor. In vitro studies

showed that oroxylin A selectively blocked DA reuptake, a

mechanism exerted by typical ADHD drugs (e.g. psycho-

stimulants such as methylphenidate and amphetamines).

The prior studies conducted by Huen et al. (2003) found

that oroxylin A is a GABA-A antagonist. Because GABA

is the main inhibitory neurotransmitter in the central ner-

vous system (Roberts 1986), GABA antagonism produces

stimulatory effects on behavior as exemplified by the

effects of the GABA antagonists such as bicuculline and

flumazenil (for review see Armijo et al. 2005). Further-

more, GABA antagonists have been explored as potential

ADHD pharmacotherapies (Miyazaki et al. 2006; Weisler

2007), given the roles of GABAergic dysfunctions in the

pathogenesis of ADHD and the interconnectivity between

GABAergic and DAergic systems (Brummelte et al. 2008).

Indeed, we have shown the potential therapeutic value of

oroxylin A as an ADHD drug as it ameliorated ADHD-like

behaviors of SHR. We noticed, however, that haloperidol

but not baicalein blocked the effects of oroxylin A in the

impulsivity test. This indicates that enhancement of DA

neurotransmission but not GABA-A antagonism could be

suggested as the mechanism of oroxylin A-induced

behavioral improvement in SHR.

DA exerts powerful control over both motor and cog-

nitive behavior (Carlsson 1987). The contribution of

DAergic dysfunction in the production of ADHD outcomes

has been reviewed elsewhere (Sagvolden et al. 2005a, b,

2009). In the NAc and frontal cortex, DA is released by

vesicular fusion mechanisms and is cleared by cocaine-

sensitive DAT. Methylphenidate and amphetamine, the

most prescribed stimulant drugs for ADHD, target the DAT

via different mechanisms (Volkow et al. 2001). Consider-

ing that the effects of oroxylin A were mediated by

enhancement of DA neurotransmission, we conducted

in vitro studies to determine the potential underlying

mechanism. The results showed that oroxylin A inhibited

DA uptake similar to methylphenidate, but did not influ-

ence NE uptake unlike atomoxetine. This suggests that

oroxylin A may be a DAT blocker although further studies

are required to confirm this. Furthermore, it would also be

beneficial to demonstrate in vivo the DAT function or

properties which are influenced by oroxylin A. In case of

methylphenidate, chronic exposure to this drug has been

shown to reduce DAT density in SHR (Roessner et al.

2010; Simchon et al. 2010). Elevated DAT density has

been observed in untreated children and adults with ADHD

(Spencer et al. 2005; Krause 2008; Weiss et al. 2003) and

also in adolescent SHR (Roessner et al. 2010). The ability

of methylphenidate to reduce high DAT density in SHR

(Roessner et al. 2010; Simchon et al. 2010) as well as in

Fig. 4 Inhibition of dopamine

(DA) or norepinephrine (NE)

uptake by oroxylin A,

methylphenidate or

atomoxetine. Cells were

incubated with uptake buffer

containing [3H]DA or [3H]NE

and DA (a) or NE (b) uptake

was measured for 5 min after

treatment with oroxylin A,

methylphenidate or atomoxetine

for 30 min
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individuals with ADHD (Vles et al. 2003) has been con-

sidered as a potential mechanism underlying the beneficial

effects of this drug.

One concern with the use pharmaceutical stimulants in

ADHD is the abuse and dependence potential of these

drugs given their pharmacological actions on neurotrans-

mitters, especially DAergic systems (Kaye and Darke

2012). Although the safety profile of short-term stimulant

(e.g. methylphenidate) therapy in clinical trials has been

well established, the long-term effects of these drugs are

not yet very much understood (Marco et al. 2011). In

preclinical studies, we have demonstrated, however, that

chronic methylphenidate treatment in SHR did not enhance

self-administration of the drug indicating the lack of psy-

chological dependence following chronic methylphenidate

use (dela Peña et al. 2011). While this finding may suggest

the safety of methylphenidate as an ADHD intervention, of

course, other factors need to be considered as well as the

effects of chronic methylphenidate treatment on respon-

sivity to other drugs of abuse. Since oroxylin A shares

mechanism of action similar to methylphenidate, the next

subject of research is to identify the potential side effects of

the compound if used as an ADHD intervention.

In summary, we have shown that oroxylin A improved

ADHD-like behaviors in SHR through modulation of the

DAergic pathway probably via blockade of the DAT. These

findings demonstrate the therapeutic value of oroxylin A as

an alternative drug for the treatment of ADHD.
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