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A B S T R A C T

The purpose of this study was to investigate the effects and mechanism of repeated oral administration of
gamma-aminobutyric acid (GABA) on anxiety-like behaviors induced by emotional stress. Male Sprague-Dawley
rats were randomly divided into five groups (8 rats each): control, emotional stress model, three emotional
stress+GABA-treated groups (0.5, 1, 2mg/kg). The rats were given empty water bottles after the training of
drinking water to induce emotional stress. Each group was treated with saline or different doses of GABA re-
spectively for 21 consecutive days. Then open field and elevated plus maze were used to assess anxiety-like
behaviors. Both frontal cortex and plasma NO metabolites nitrate and nitrite (NOx) levels were determined
spectrophotometrically. Results showed that oral administration of GABA significantly reversed the stress-in-
duced anxiety-like negative responses dose-dependently. The frontal cortex NOx levels were lower in stressed
rats than in control group (P < 0.05), but higher in 2mg/kg GABA-treated group than stress model group
(P < 0.05). On the other hand, NOx levels in plasma showed a gradual decline trend. Collectively, these results
suggest that short repeated oral administration of GABA has an anxiolytic-like effect possibly via preventing NO
reduction caused by stress and improving availability of NO in the frontal cortex.

1. Introduction

Gamma-aminobutyric acid (GABA), the most abundant inhibitory
neurotransmitter in the central nervous system (CNS) (Defaix et al.,
2018) is known to be synthesized from glutamate and acts on GABAA

and GABAB receptors to mediate synaptic inhibition (White et al.,
1998). Central administration of GABA has long been implicated to
affect anxiety-like behaviors in animals (Bi et al., 2013; Solati et al.,
2013). However, GABA crosses the blood-brain barrier (BBB) poorly
owing to its high polarity and flexible structure (Al-Awadi et al., 2006),
so there is little research about the effects of oral administration of
GABA. Recently, an animal study reported that decreased walking time
and urinary cortisol level were observed in dogs after a single oral
administration of GABA (Uetake et al., 2012), indicating a calming
effect of GABA. In human studies, Abdou et al. (2006) found that a
single oral intake of GABA significantly increased alpha waves and
decreased beta waves in brain. With these they concluded that GABA
could induce relaxation and diminish anxiety. In addition,

Nakamura et al. (2009) found that taking GABA chocolate before an
arithmetic task could reduce sympathetic nerve activity by estimating
the activity of the autonomic nervous system through heart rate
variability and no significant change was seen in salivary Chromo-
granin A (an index for acute psychological stress) levels, suggesting a
psychological stress-reducing effect of GABA. These findings are all
focused on the acute effects of GABA by a single administration; data
about the repeated treatment of GABA is scarce. Accordingly, the me-
chanism of how the oral intake of GABA mediates anxiety-like beha-
viors and leads to its anxiolytic-like function has not been fully eluci-
dated.

Nitric oxide (NO), which is synthesized from L-arginine (L-arg) by at
least 3 subtypes of nitric oxide synthase (nNOS, iNOS and eNOS),
functions as a neurotransmitter or intracellular messenger in the central
and peripheral nervous system (Moreno et al., 2013; Vincent, 2010).
Extensive evidence has revealed that NO is involved in the modulation
of stress-induced anxiety-like behaviors and inhibiting NO production
can produce an anxiogenic effect under certain conditions(Czech et al.,
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2003; Masood et al., 2003), and the frontal cortex is the main tissue
associated with NO in the brain (Reif et al., 2006). Moreover, NOS is
colocalized with GABA, and it is expressed in most brain regions by
small populations of neurons (mainly GABAergic), as well as in spinal
cord and peripheral tissues (Gonchar and Burkhalter, 1997). Ad-
ditionally, GABAA receptor agonists such as diazepam have been well
documented to enhance both NOS activity and NO synthesis, thereby
indicating a functional interaction between GABA and NO in the brain
(Paul et al., 2001). Thus it is possible that NO may be involved in the
mechanism underlying the modulation of GABA on anxiety-like beha-
viors.

The purpose of the present study was to investigate the anxiolytic-
like effect of short -term repeated oral administration of GABA and to
clarify whether the intervention effect of GABA was associated with
nitric oxide metabolite levels. An empty water bottle was randomly
presented to animals which had been trained to drink water at a set
time. Anxiety-like responses to emotional stress and GABA were eval-
uated by open field (OF) and elevate plus maze test (EPM). According to
the various evidence mentioned above, we hypothesized that NO pro-
duction might be decreased in emotional stressed animals and GABA
might prevents the reduction of NO caused by stress for its anxiolytic-
like ability. To test this hypothesis, we assessed both the plasma and
frontal cortex NO metabolites nitrate and nitrite (NOx) levels, and
performed correlation analysis to determine the dose-dependent re-
sponses of GABA between NOx levels and anxiety-like behaviors
(Sun et al., 2003).

2. Materials and methods

2.1. Animals

Male Sprague-Dawley rats (6 to 7 weeks old) were purchased from
Guangdong Medical Laboratory Animal Center (Foshan, China) and
kept in an animal house at a constant temperature (22 ± 2)°C under a
12/12 h light/dark cycle (lights on 07:00–19:00). All experiments were
approved by the Animal Care Committee of the laboratory Animal
Center of South China Agricultural University, Guangzhou. Each rat
was housed individually in a single rat cage and allowed free access to
food and water. Records of body weight and food consumption were
obtained weekly. In addition, Animals were required to adapt to the
laboratory conditions for one week before experiments, and were
handled once per day for 5min one week before behavioral testing. All
experiments were carried out in accordance with the National Institutes
of Health/Institutional Animal Care and Use Committee guidelines.

2.2. Experimental design

After the one week adaption period, animals were randomly dis-
tributed into five groups (n = 8 each): control (CON), emotional stress
(ES), emotional stress and different doses of GABA (0.5, 1 and 2mg/kg
body weight, purchased from Sigma, St. Louis, MO, USA), respectively
(Kimura et al., 2002). Animal model of emotional stress was induced by
empty water bottles stimulation method (Shao et al., 2003). Each group
was trained to drink water at 09:00–09:10 and 21:00–21:10 by allowing
them access to water bottles only during these time periods for 7 days.
After the training period, all rats were randomly given empty water
bottles during one of the two watering periods for 14 days except the
control group. Rats in control group had free access to water during the
two watering periods. During the 21 consecutive days (including the 7
training days and 14 emotion stress days), the three GABA groups were
treated with different doses of GABA by gavage, meanwhile, control
group and ES group were administered normal saline. GABA was dis-
solved in distilled water and was administered at a volume of 0.5 mL/
100 g. Every day, the rats were gavaged at 8:00, and received training
or emotion stress at 9:00 and 21:00. Detailed training and emotional
stress procedure was shown in Table 1.

2.3. Behavioral tests

The open field (OF) and elevated plus maze (EPM) tests were used
for behavioral evaluation. The OF is one of the most widely used
platforms in animal behavioral studies. A number of important con-
ventional and ethological parameters can be collected and analyzed
during the performance of the OF. These data allow the researcher to
measure behaviors ranging from overall locomotor activity to anxiety-
related emotional behaviors (Carola et al., 2002; Seibenhener and
Wooten, 2015). The EPM is a reliable measurement tool to investigate
anxiety-related defensive behaviors in rodents, particularly rats and
mice. It has been used to assess animal anxiety levels (Okonogi et al.,
2018). Fig. 1 showed the overall experimental scheme of the study. On
the day of behavioral tests, animals were transported to the test room to
acclimate for a minimum of 60min and each animal was tested only
once. All tests were video recorded and analyzed using an video
tracking system (Noldus Information Tech. Ethovision XT 8.0, Wagen-
ingen, Netherlands).

2.3.1. Open field test
The open field test was performed twice through the experiment:

after 7-day-adaption period and after the end of the emotional stress.
The purpose of the first assessment was to distinguish the locomotor
activity of rats, which was a main confounding factor when estimating
the anxiety-like behaviors of rats, and rats whose locomotion at the
same level were sifted into the following grouping. The second open
field test was to determine the behavioral alterations after emotional
stress and GABA administration.

The open-field apparatus consisted of an open-topped plastic box
(50 cm × 50 cm × 40 cm). The floor area was divided into two parts: a
central zone (30 cm × 30 cm) and a peripheral zone. The test room was
dimly illuminated with an incandescent lamp (25W) located 200 cm
directly above the center of the open field. Each rat was placed gently
into the center of the arena for 5min free exploration and then returned
to its home cage. The floor and walls of the open field were cleaned
with 75% ethanol at the end of each test in order to avoid olfactory cues
between animals. The following parameters were recorded: (a) time
spent in center (time began to be computed at the moment the center
point of the animal body entered the central zone and ended upon exit),
(b) distance traveled in center, (c) total distance traveled, (d) maximum
speed during the test, number of (e) rearing (standing on hind paws
with forepaws lifted, with or without touching the walls of the open
field) and (f) grooming (including washing or licking forepaws, hind
paws, face, body or genitals), (g) moving time (with a speed faster than
1.5 cm/s). An anxiety index was calculated as described in previous
literature (Huynh et al., 2011).

= −

+

AnxietyIndex timeincenter min

distancetraveledincenter totaldistancetraveled

1 [( /5 )

( / )]/2

Anxiety index and variable (f) were considered the major indices of
anxiety-like behaviors. In general, a higher anxiety index, increased
grooming numbers and decreased moving time represented increased
anxiety. Variables (c) and (d) and were indicative of locomotion while
variable (e) was an evaluation indicator of exploratory behaviors.

2.3.2. Elevated plus maze
The EPM test was performed on the following day of the second

open field test. EPM is a widely used animal model to assess anxiety-like
behaviors (Cai et al., 2010). The EPM apparatus consisted of two open
arms (45 cm × 10 cm) and two closed arms (45 cm × 10 cm) enclosed
by 30 cm high walls, extending from the central platform
(10 cm × 10 cm). The open arms were surrounded by 1 cm upwards
convex edge to prevent the rat from falling to the ground. The maze was
made of black-painted wood and elevated 80 cm above the ground. An
incandescent lamp (25W) was hanging 130 cm above the central
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platform of the maze, which was monitored by a camera connected to
the tracking system. Prior to the EPM, each animal was habituated by
handling and placing them in an open field box
(50 cm × 50 cm × 40 cm) for 5min. This procedure could increase
animals’ locomotion and the likelihood of entering the open arms of the
maze when they were exposed to a novel environment immediately
before testing in the EPM, which was based on previous studies (Nissen
et al., 2012; Zhang et al., 2010), nevertheless, it was independent of
EPM exposure (Walf and Frye, 2007). Rat was placed on the central
platform facing one of the open arms opposite to the experimenter, for a
free exploration of 5min. Rats were handled in a consistent manner and
placed in the same position facing the same open arm. Once the test was
over, the rat was returned to its home cage and the floor and walls were
cleaned with 75% ethanol and dried thoroughly, prior to the next trial.
The following variables were recorded: (a) time spent in open arms, (b)
open arm entries, (c) closed arm entries, (d) total distance traveled,
number of (e) grooming, (f) time immobile (immobile threshold was set
to 5%, the percentage of change in body area below which the subject
was considered immobile, and the sample rate was set to 10/s) and
number of (g) rearing. An added formula of anxiety index was applied
for measuring anxiety in the EPM. Usually, a higher value of anxiety
index and longer immobility time were correlative with increased an-
xiety (Cohen et al., 2008a, 2008b; Lima et al., 2010).

= −

+

AnxietyIndex timeinopenarm min

openarmentries totalentries

1 [( /5 )

( / )]/2

2.4. Plasma and frontal cortex NOx assay

At the day after the behavioral tests, rats were decapitated in an
adjoining room and blood samples were collected in vacuum tubes
containing EDTA-2 K. Plasma was immediately separated by cen-
trifugation at 1000 × g for 10min at 4°C and then stored at −80°C
until analysis. On the other hand, frontal cortex was dissected out,
cleaned with ice cold normal saline and stored at−80°C until they were
assayed. On the day of analysis frontal cortex samples were thawed on
ice and homogenized in a proportion of 1:9 (w/v) ice cold phosphate
buffer (0.1 mol/L, pH 7.4) (Chakraborti et al., 2008). Then homo-
genates were centrifuged at 1000 × g for 10min at 4°C, the super-
natants and plasma were both extracted for the determination of nitrate
and nitrite (NOx) levels.

NOx levels were measured by an enzymatic colorimetric assay based
on Griess reaction-dependent method (Tsikas, 2007) according to the
manufacturer's instructions (Nanjing Jiancheng Bioengineering

Institute, China). Briefly, freshly prepared 1mmol/L NADPH solution
and nitrate reductase were mixed with 100 μL plasma or 500 μL frontal
cortex homogenates. Then the samples were incubated for 1 h at 37°C
for the enzymatic reaction, which allowed nitrate to convert into ni-
trite. After that, a cofactor preparation and lactate dehydrogenase so-
lution was added to all samples to removed excess NADPH, which had
been shown to interfere in the subsequent diazotization of nitrate-de-
rived nitrite. Samples were incubated for another 40min at room
temperature and then centrifuged at 2000 × g for 10min at 4°C. At last,
the supernatants were mixed with Griess reagents (1% sulfanilic acid
and 0.1% N-(1-naphthyl) ethylenediamine at a ratio of 1:1) to convert
the nitrite into an azo derivative. After a 10 min incubation, absor-
bances of all samples were measured at 550 nm by a spectrophotometer
(U 3010, Hitachi, Japan) (Law et al., 2002; Ma et al., 2010). Protein
concentration was determined by the method of Bradford using BSA as
the standard (Bradford, 1976). NOx concentration was calculated in the
following formula and expressed as μmol/L or μmol per g protein in
tissue.

= − − ×μ μNO ( mol/L) (OD OD )/(OD OD ) 20( mol/L)x sample blank standard blank

2.5. Statistical analysis

All data are expressed as mean± SD. The analysis was done by
using SAS 9.0 software. Differences between groups in the behavioral
test and NOx levels were analyzed by one-way analysis of variance
(ANOVA). If the variances were homogeneous, the least significant
difference (LSD) test was used. If not, the Games-Howell test was used.
Pearson correlation coefficients (R) were calculated between anxiety-
like behaviors and NOx content. P < 0.05 were considered to be sta-
tistically significant.

3. Results

3.1. Open field

The results of open field test are depicted in Fig. 2. The time spent in
center was significantly lower in the stress model than the control
group. The time spent in center was markedly suppressed by emotional
stress (by approximately 84%) compared with the control (t = 2.340,
df = 15, P = 0.025; Fig. 2a). On the contrary, the time spent in center
was significantly higher in the 1mg/kg and 2mg/kg GABA groups than
the stressed group (t = −3.384, df = 15, P = 0.002 and t = −5.256,
df = 15, P < 0.001, respectively).

Emotional stressed rats performed a lower distance traveled in
center in the open field than the control group (t = 2.494, df = 15,
P = 0.017). However, administration of GABA (1 and 2mg/kg) sig-
nificantly increased the distance traveled in center (t = −2.625,
df = 15, P = 0.013 and t =−3.342, df = 15, P= 0.002, respectively)
in a dose-dependent manner compared with the stressed group
(Fig. 2b).

Values of total distance traveled, maximum speed and number of
rearing are given in Fig. 2c–e. No significant differences were observed
among these three parameters (P > 0.05), suggesting that both emo-
tional stress and different doses of GABA (0.5–2mg/kg) had no

Table 1
Emotional stress procedure.

Group Time 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
Control 09:00–09:10 N N N N N N N N N N N N N N N

21:00–21:10 N N N N N N N N N N N N N N –
ES/ ES+GABA 09:00–09:10 N N EB N EB EB N EB N N EB N N EB EB

21:00–21:10 EB EB N EB N N EB N EB EB N EB EB N –

ES: emotional stress; N: drink water; EB: empty water bottle.
Note: The numbers at the top represent days.

Fig. 1. Experimental timeline of the study. B/F: measurement of body weight
and food intake; OF: open field; EPM: elevated plus maze.
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substantial modifications on spontaneous locomotor activity (Fig. 2c
and d) and exploratory behaviors (Fig. 2e).

All of the GABA groups exhibited reductions of the number of
grooming, but only the highest dose reached the statistical significance
in comparison to the rats exposed to emotional stress (t = 2.292,
df = 15, P = 0.028; Fig. 2f).

A shorter moving time was observed in the stressed group than in
the control group (t = 2.245, df = 15, P = 0.031), whereas treatment
with GABA at all doses reversed the effect of emotional stress and sig-
nificantly increased the moving time at 2mg/kg dose level
(t = −2.695, df = 15, P = 0.011; Fig. 2g).

The anxiety index in the open field performance, which combines

Fig. 2. Effects of emotional stress and GABA administration (0.5, 1, 2mg/kg Bodyweight/day) in the open field. (a) time spent in center; (b) distance traveled in
center; (c) total distance traveled; (d) maximum speed; (e) number of rearing; (f) number of grooming; (g) moving time; (h) anxiety index. *P < 0.05 compared with
CON group. +P < 0.05 compared with ES group; ++P < 0.01 compared with ES group; +++P < 0.001 compared with ES group;. CON: control; ES: emotional
stress; NS: normal saline.
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time spent in center, distance traveled in center and total distance
traveled into an index score, was shown in Fig. 2h. Stressed rats dis-
played a higher anxiety index than the controls did in the arena

(t = −2.333, df = 15, P = 0.026). Moreover, GABA had a tendency to
decreased anxiety index in stressed rats. With the increasing doses of
GABA, the anxiety index was decreased gradually and reached a

Fig. 3. Effects of emotional stress and GABA administration (0.5, 1, 2mg/kg Bodyweight/day) in the elevated plus maze. (a) time spent in open arms; (b) open arm
entries; (c) closed arm entries; (d) total distance traveled; (e) number of rearing; (f) number of grooming; (g) time immobile; (h) anxiety index. *P < 0.05 compared
with CON group; **P< 0.01 compared with CON group. +P< 0.05 compared with ES group; ++P< 0.01 compared with ES group; +++P< 0.001 compared with
ES group. CON: control; ES: emotional stress; NS: normal saline.
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significant difference in the 1mg/kg and 2mg/kg groups (t = 2.413,
df = 15, P = 0.021 and t = 4.265, df = 15, P < 0.001, respectively).

3.2. Elevated plus maze

The results of EPM are depicted in Fig. 3. The time spent in open
arms was significantly lower in the stressed group and the 0.5 mg/kg
GABA group compared with the control group (t = 3.377, df = 15,
P = 0.002 and t = 2.282, df = 15, P = 0.029, respectively), and
significantly higher in the 2mg/kg GABA groups (t = −4.225,
df = 15, P < 0.001) than the stressed group.

Frequency of entries to the open arms significantly decreased in the
stressed rats compared with the control ones (t = 2.183, df = 15,
P = 0.036), but this effect was attenuated by administration of GABA
(2mg/kg) (t = −2.292, df = 15, P = 0.028; Fig. 3b).

The frequency of closed arm entries, total distance traveled, number
of grooming and immobility time are all presented in Fig. 3c–f. No
significant differences were observed in these four parameters
(P > 0.05), suggesting that both emotional stress and different doses of
GABA (0.5–2mg/kg) had no significant influence on spontaneous lo-
comotor activity of rats.

As shown in Fig. 3g, no significant difference was observed between
the stressed and control groups (P > 0.05), however, to varying de-
grees, treatment with GABA at all doses (0.5–2mg/kg) performed a
higher frequency of rearing than the stressed rats in the EPM, 0.5 mg/kg
and 1mg/kg group even reached significant differences (t = −2.505,
df = 15, P=0.017 and t = −2.408, df = 15, P = 0.021, respectively)
in the subsequent comparisons.

The anxiety index in the EPM performance, which combines time
spent in open arms, number of open arm entries and total entries into
an index score, was shown in Fig. 3h. Stressed rats displayed a higher
anxiety index than the controls did in the EPM (t = −3.685, df = 15,
P = 0.001), so did the 0.5mg/kg GABA group (t = −2.876, df = 15,
P = 0.007). But with the increasing doses of GABA, the anxiety index
was decreased slowly and reached a significant difference at the dose of
2mg/kg (t = 3.912, df = 15, P < 0.001).

3.3. NOx levels

Fig. 4 illustrated that plasma NOx levels were significantly higher in
stressed rats and 0.5 mg/kg GABA group than that in controls
(t = −4.828, df = 15, P < 0.001 and t = −3.219, df = 15,
P = 0.003, respectively), but significant 25% and 32% decreases were
observed in 1 and 2mg/kg GABA-treated groups (30.20 ± 5.98 μmol/
L and 27.52 ± 5.65 μmol/L) as compared with the stressed rats
(40.42 ± 7.56 μmol/L; t = 2.349, df = 15, P = 0.025; t = 3.219,
df = 15, P = 0.003), respectively. But on the contrary, frontal cortex
NOx levels showed a significant 21% decrease in rats exposed to

emotional stress compared with the controls (4.36 ± 0.37 vs
5.50 ± 0.68 μmol/g protein; t = 2.300, df = 15, P = 0.028) and a
dose-dependent manner was found in GABA groups. The frontal cortex
NOx levels were significantly higher in 2mg/kg GABA group compared
with the ES group (t = −2.410, df = 15, P = 0.021).

3.4. Correlations between frontal cortex NOx levels and OF, EPM behaviors

The above behavioral indicators with statistical differences were
picked out for Pearson correlation analysis. The Pearson correlation
analysis between frontal cortex NOx levels and OF behaviors revealed
that grooming behavior was correlated negatively with NOx con-
centration in GABA-treated rats (P < 0.01; Fig. 5a). In addition, a po-
sitive association was also found between moving time and NOx con-
centration in the OF (P < 0.01; Fig. 5b). In the EPM behaviors, only
anxiety index was found to be correlated negatively with NOx con-
centration in GABA-treated rats (P < 0.01; Fig. 5c).

4. Discussion

The major findings of this study were: (i) Repeated oral adminis-
tration of GABA reduced stress-induced anxiety-like behaviors both in
the OF and EPM. (ii) Plasma NOx levels were markedly increased in
stressed rats and the effect were significantly reversed by GABA dose-
dependently. Conversely, the NOx levels in frontal cortex markedly
decreased in stressed rats and the effect were significantly reversed by
2mg/kg GABA. (iii) Frontal cortex NOx levels in GABA-treated rats
were negatively correlated with grooming behavior while positively
correlated with moving time in the OF. Likewise, a significant negative
coefficient was found between frontal cortex NOx levels and anxiety
index in the EPM.

In our study two important behavioral tests OF and EPM were ap-
plied here for evaluation of the effects of GABA against emotional
stress. It has been reported that repeated test situation may induce
habituation rather than anxiety and rodents would be more likely to
stay in a safer zone in the apparatus (Carobrez and Bertoglio, 2005),
hence behavioral tests were only performed at the end of the stress
procedure in our experiments. OF test is widely used for assessment of
anxiety as well as exploration and locomotor activity (Kuniishi et al.,
2017). Effects of GABA were measured by time spent in center, distance
traveled in center, grooming numbers, moving time and anxiety index
in the OF. Anxiety-like behaviors and anxiety index were dose-depen-
dently decreased by GABA in the 0.5–2mg/kg range. In particular,
significant increase in moving time and decrease in number of
grooming were observed only at the highest dose (2mg/kg). These
findings obtained with respect to the changes in anxiety-like behaviors
were consistent and confirmatory of a fair amount of evidence on many
GABA analogues and diazepam (a kind of benzodiazepine drugs which

Fig. 4. Effects of emotional stress and GABA administration (0.5, 1, 2mg/kg Bodyweight/day) on plasma and frontal cortex NOx levels. (a) plasma; (b) frontal cortex.
*P < 0.05 compared with CON group; **P < 0.01 compared with CON group; ***P < 0.001 compared with CON group. +P < 0.05 compared with ES group;
++P < 0.01 compared with ES group. NOx: nitrate and nitrite; CON: control; ES: emotional stress; NS: normal saline.
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may stimulate the release of GABA) (Aracil-Fernández et al., 2013;
Barros et al., 1994; Boufleur et al., 2012). Nevertheless, findings with
regard to locomotion were less concordant. For instance, some studies
in male rats demonstrated that administration of diazepam resulted in a
dose-dependent decrease in locomotor activity in the OF while evident
increased exploratory behaviors were observed in the hole-board test at
the doses ranging from 0.25 to 2mg/kg (Casarrubea et al., 2009; Dunne
et al., 2007). However, in accordance with previous findings of other
research about diazepam (Birkett et al., 2011; Gilhotra and Dhingra,
2011), neither locomotor activity nor exploratory behaviors were sig-
nificantly different between animals submitted to emotional stress and
treated with GABA in the present study. Moreover, an earlier study even
reported that exploratory behaviors were severely decreased by dia-
zepam at 3 and 10mg/kg doses in the OF (Consolini et al., 2006). Even
though there were methodological differences among these studies, it's
still unclear what could account for their discrepancies in essence. One

reason for these disparities might be explained by the different doses of
drugs. It was suggested that an inverted U-shape dose-response was
observed in the central entries to the OF (Ennaceur et al., 2010), in
other words, GABA elicits a pronounced effect for stress alleviation at
low doses while produces a more potently sedative effect at higher
doses (e.g., 5 or 10mg/kg), leading to the inhibition of locomotor ac-
tivity, the present results support this assumption.

EPM is also used to assess the anxiolytic effects of pharmacological
agents and the mechanisms underlying anxiety-related behaviors
(Selakovic et al., 2016). In our study, Effects of GABA were measured
by time spent in open arms, entries to open arms and closed arms,
grooming numbers, immobility time and anxiety index in the EPM.
Both the duration and entries to the open arms were evidently increased
and at the same time anxiety index was dose-dependently decreased in
all GABA-treated groups in the 0.5–2mg/kg range. Similarly to the
results of OF test, grooming behavior was decreased in a dose-

Fig. 5. Pearson correlations between number of grooming and NOx levels (a), and between moving time and NOx levels (b) in GABA-treated groups (n=24) at
different doses (0.5, 1, 2 mg/kg Bodyweight/day) in the OF. Pearson correlation between anxiety index and NOx levels (c) in GABA-treated groups (n=24) at
different doses (0.5, 1, 2mg/kg Bodyweight/day) in the EPM. NOx levels were expressed as μmol per g protein in tissue.
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dependent response though the reduction did not reach statistical sig-
nificance, probably attributed to a small sample size. Meanwhile, lo-
comotor activity was not affected in the EPM, further corroborating the
anxiolytic-like ability of GABA in our range of doses as mentioned
above. Moreover, the immobility time, a critical parameter to evaluate
the state of sedation of animals (Wesołowska and Nikiforuk, 2007), was
not prominently and visibly changed between stressed rats and GABA-
treated groups, which was once again in agreement with our hypothesis
that the sedative effect of GABA was not conspicuous at low doses.
However, it should also be noted that the 0.5 and 1mg/kg doses sti-
mulated the exploratory activity, and they were quantitatively more
remarkable than that seen following a dose of 2mg/kg. One possibility
might be due to a sedative effect at the 2mg/kg dose, implying that
influence of GABA on exploratory activity were more sensitive and
evident in the EPM than in the OF. Taken together, GABA ameliorates
anxiety-like behaviors without altering locomotor activity in our be-
havioral tests. Given that results of behavioral tests are mutable ac-
cording to the durations and types of stress and treatment, ages and
strains of rats, illumination of the testing room, housing conditions or
other methodological differences (Belviranli et al., 2012; Chiba et al.,
2012), a more stable experimental and housing environment is required
for further studies in ethology.

Another important finding of this study suggests a close relationship
between nitric oxide and anxiety-like behaviors. Initially, we dis-
covered that the concentration of NO metabolites measured in frontal
cortex was 21% lower in emotional stress group than in normal con-
trols, then the higher frontal cortex NOx levels, the lower numbers of
grooming in the OF were observed in the following correlation analysis.
Our data also showed that NOx concentration was correlated positively
with moving time in the OF and correlated negatively with anxiety
index in the EPM, respectively. These observations suggested that an-
xiety-like behaviors in emotional stressed rats were related to the down
regulation of the central NO system. Such a notion was also supported
by past studies that inhibition of nNOS either by gene deletion or
treatment with 3-Bromo-7-Nitroindazole (a selective nNOS inhibitor)
decreased open arm exploration in single-housed mice (Nelson et al.,
1995; Workman et al., 2008). GABA treatment at 2mg/kg dose sig-
nificantly elevated NOx levels, indicating an improvement to the central
NO system. We presumed that GABA exerted an inhibitory action on the
increased sympathetic nerve activity along with NO since past research
had proved that emotional stress could increase plasma norepinephrine
levels and activate the sympathetic nervous system (SNS), leading to
aggressive or anxiety-like behaviors (Lin et al., 2003; Xing et al., 2013).
Zhang and Patel (1998) found that blockade of the GABA system could
eliminate the decrease in renal nerve discharge after a microinjection of
sodium nitroprusside (an NO donor) in the PVN, indicating that the
inhibitory effect of endogenous NO on the renal sympathetic nerve
activity was mediated by GABA, related studies also supported our
hypothesis (Decavel and Van Den Pol, 1990; Sakuma et al., 1992). And
most importantly, systemically administered GABA can access some
areas of the brain that lack the BBB, for example, surrounding regions of
hypothalamus, to trigger changes in autonomic function (Cottrell and
Ferguson, 2004). These findings together with our results raised the
possibility that orally administered GABA reached the hypothalamus
through the site that lacked the BBB, inhibited the excitability of the
SNS activated by emotional stress and developed a calming and an-
xiolytic-like function via a NO pathway. Interestingly, GABA exerted a
totally opposite influence on plasma NOx levels compared with the
frontal cortex, in other words, plasma NOx levels were increased in
stressed rats while decreased in GABA-treated groups in a dose-de-
pendent manner. This variability might be explained by the differ-
entiation of NOS between the peripheral nervous system and the CNS
(Workman et al., 2008).

Several limitations of our study should be taken into account when
interpreting the current results. First, the impacts of repeated oral ad-
ministration of GABA on NO content in different brain regions

(hypothalamus, hippocampus, amygdala and so on) are not determined
especially the site lacks the BBB, so the accurate functional activation
brain area of GABA remains unknown. Second, the activity and ex-
pression of 3 subtypes of NOS (nNOS, iNOS and eNOS) are not mea-
sured in our study, thus we cannot ascertain GABA acts on which
subtype of NOS to induce the inhibition of the SNS, the controversial
results mentioned above suggest that there may be distinct pharmaco-
logical mechanisms of GABA that affect NO metabolism in the periph-
eral nervous system otherwise than in the CNS. Finally, the anxiolytic-
like effect of orally administered GABA should be tested in a wider dose
range and other neurobiological factors associated with anxiety-like
behaviors should be determined simultaneously in further investiga-
tions.

In summary, the present study shows that emotional stress induces
anxiety-like behaviors in rats, accompanied by down regulation of NO
release in frontal cortex of brain. Moreover, repeated oral administra-
tion of GABA ameliorates anxiety-like behaviors and raises NO pro-
duction in the 0.5–2mg/kg range, implying an effect on improving
anxiolytic-like ability. However, NO production is decreased by GABA
in an opposite manner in plasma. These findings will enrich our
knowledge in understanding the pharmacological mechanisms of GABA
and provide us an insight to its dual effect on central and peripheral NO
regulation.
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