
INTRODUCTION

Caffeine, a constituent of coffee and many other common 
beverages, is one of the most widely consumed psychoactive 
substances around the world and has mild reinforcing activi-
ties (Fredholm et al., 1999; Jain et al., 2005). Unfortunately, 
caffeine also induces several adverse behavioral effects, in-
cluding convulsive activity, the promotion of wakefulness, and 
locomotor stimulation even at relatively low doses (Garrett and 
Holtzman, 1994). Additionally, the acute or chronic intake of 
caffeine in order to improve daily performance is commonly 
associated with sleep disturbances and insomnia, as well as 
other side effects including cardiovascular problems (Mabun-
ga et al., 2015). In particular, previous studies have shown 
that caffeine exerts an allosteric effect on the γ-aminobutyric 
acid (GABA)A receptors and that it may reduce GABA neu-
rotransmitter levels in the central nervous system (CNS) (Kar-
dos and Blandl, 1994; Fredholm et al., 1999). Finally, it has 
been well established that caffeine induces excitation in the 
brain by antagonizing the adrenergic receptors (Dunwiddie 

and Masino, 2001).
The GABA pathway is the main inhibitory neurotransmit-

ter pathway, and as such it plays an essential role regulating 
sleep in the CNS (Kwon et al., 2017). Specifically, pharma-
cological evidence has made it clear that GABAA receptors 
contribute to sleep regulation through their activity in the hy-
pothalamus (Nitz and Siegel, 1996). Several recent studies 
that investigated potential treatment options for insomnia and 
other sleep problems found that several positive results were 
achieved by modulating the GABAA-ergic systems (Turek and 
Losse-Olson, 1986). Several known sedative-hypnotics for 
sleep disruption have been found to act on GABAA receptors 
(Mohler et al., 1995). GABAA receptors have several subunits, 
including the α (1-6), β (1-4), γ (1-3), δ (1), ε (1) subunits (Sei-
fi et al., 2014). The common pentameric GABAA receptor is 
composed of two α subunits, two β subunits, and either a γ or δ 
subunit (Hammer et al., 2015). Each GABAA receptor subunit 
plays a distinct role depending on the brain region, with the 
hypothalamus exhibiting its own pattern of functionality (Waf-
ford and Ebert, 2006). 
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Evodia rutaecarpa is a berry-producing plant that has been 
used in traditional medicine to treat inflammatory diseases 
throughout Korea, China, and Japan. Previous studies have 
shown that E. rutaecarpa and its major constituent, evodi-
amine, hold several pharmacological properties that have anti-
inflammatory and anti-allergic effects (Shin et al., 2007; Zhao 
et al., 2014). Additionally, it has been found that evodiamine 
extracted from E. rutaecarpa berries enhances learning and 
memory in transgenic mouse models of Alzheimer’s disease 
(Yuan et al., 2011). Evodiamine also has anti-depressant ef-
fects on a chronic unpredictable mild stress (CUMS) rat model 
(Jiang et al., 2015). Despite these documented benefits, the 
effects of Evodia rutaecarpa aqueous extract (ERAE) and its 
major compound, evodiamine, on caffeine-induced behaviors 
have yet to be fully investigated.

To address this shortcoming, this study seeks to investigate 
the potential beneficial effect of treatment with ERAE and its 
major compound, evodiamine, on reducing negative caffeine-
induced behaviors such as sleep disruption and locomotor 
activity in mice. We hypothesized that ERAE and evodiamine 
could provide beneficial effects in reversing the effects of caf-
feine on sleep onset, sleep duration, and locomotor stimula-
tion. We also assessed the effect of evodiamine on the GAB-
AA-ergic systems in the mouse hypothalamus by performing 
Western blot analysis.

MATERIALS AND METHODS

Preparation of E. rutaecarpa aqueous extract (ERAE)
Evodia rutaecarpa dried berries were purchased from 

Kyung-Dong Oriental medicine market (Seoul, Korea), were 
originally collected in China in September 2015, and were 
confirmed by professor Ki-Hyun Kim (School of Pharmacy, 
Sungkyunkwan University, Suwon, Korea). Berries were cut 
into small pieces and extracted three times in hot water using 
reflux extraction equipment (70-80°C) with a cooling system 
(40°C) for 1 h, after which point the aqueous extract was fil-
tered (Whatman No. 2, USA). Supernatants were concentrat-
ed under reduced pressure with a vacuum rotary evaporator 
(EYELA, N-1000, Japan) followed by lyophilization. From 193 
g of dried fruit of E. rutaecarpa, 31 g of dried extract was ob-
tained (16.06% yield) and stored at -20°C until use.

Chemicals and reagents
Evodiamine, caffeine, anti-β-actin antibody, dimethyl sulf-

oxide (DMSO), and Tween 80 were purchased from Sigma 
Chemicals (St. Louis, MO, USA). Rabbit anti-GABAA receptor 
subunit α4, anti-GABAA receptor subunit β1, anti-GABAA recep-
tor subunit γ3, and anti-glutamic acid decarboxylase (GAD65/67) 
antibodies were purchased from Abcam Company (Cam-
bridge, MA, USA). Secondary antibodies were purchased from 
Jackson ImmunoResearch Laboratories Inc (West Grove, PA, 
USA). All other chemicals were of analytical grade.

Animals
Male CD-1 mice (aged 4 weeks, 20-23 g) were purchased 

from Koatech Co., Ltd (Pyongtaek, Korea). Mice were housed 
12 per cage (26×42×18 cm), allowed access to water and 
food ad libitum and maintained at constant temperature (23 
± 1°C) and humidity (55 ± 5%) under a 12-h light/dark cycle 
(lights on 07:00 to 19:00 h). All experiments were in accor-

dance with the NIH Guide for the Care and Use of Laboratory 
Animals and with the approval of Sungkyunkwan Universi-
ty’s Institutional Animal Care and Use Committee (SKKUIA-
CUC-2016-03-0002).

Pentobarbital-induced sleep test
The pentobarbital-induced sleep test was performed ac-

cording to the method described by Hong et al. (2016) with 
some modifications, and will be briefly outlined here. Mice 
were treated with the ERAE (50, 100, and 200 mg/kg) and 
its major components, evodiamine (5, 10, and 20 mg/kg) one 
hour before each test. Sleep disturbance was induced by the 
administration of caffeine (50 mg/kg) (Cho et al., 2014) 30 
minutes before administering sodium pentobarbital (40 mg/
kg), which marks the start of the sleep test. Mice treated with 
pentobarbital were placed in individual cages and we mea-
sured the time to sleep onset and the length of sleep duration. 
Sleep was identified as occurring in mice that remained immo-
bile for at least 3 min. The time to sleep onset was defined as 
being the time elapsed after pentobarbital administration until 
the first positive instance of sleep. Sleep duration was defined 
as the difference between time of loss and recovery of the 
righting reflex. Animals that failed to fall asleep within 15 min 
after pentobarbital treatment were excluded from this study.

Open field test
We measured locomotor activity using the open field test. 

Briefly, the open field consisted of an opaque plastic box 
(30×30×30 cm) divided into 16 (4×4) identical sectors (7.5×7.5 
cm), which were subdivided into peripheral and central sec-
tors. The central sector comprised the 4 central squares (2×2) 
and the peripheral sector comprised the remaining squares (Li 
et al., 2008; Sakata et al., 2010). Mice were treated with evo-
diamine (10 and 20 mg/kg) one hour before each test. Mice 
were then administered caffeine (10 mg/kg) (Kayir and Uzbay, 
2004; Zhang et al., 2011) 30 min prior to the test, after which 
point they were placed into the center of the open field and 
allowed to explore for 5 min under dim light. After this initial 
period, we used a video tracking system (NeuroVision, Pusan, 
Korea) to record the total distance traveled over 60 min, which 
we used as an indicator of locomotor activity. The time spent 
within, as well as the number of entries into, the central sector 
were used as an anxiolytic indicator (Prut and Belzung, 2003). 
The open field arena was thoroughly cleaned with 70% etha-
nol between each test.

Western blot analysis
Western blot analyses were performed using previously 

published methods (Hong et al., 2016). Briefly, we isolated 
hypothalamus tissue from mouse brains by promptly excising 
and homogenizing using a rotary homogenizer with 200 μL 
of ice-cold lysis T-per tissue protein extraction buffer (Ther-
mo Scientific, Rockford, IL, USA) containing protease and 
phosphatase inhibitor cocktails (Roche Diagnostics, GmbH, 
Mannheim, Germany). All samples were incubated on ice for 
30 min. After centrifugation at 10,000×g for 15 min, we sepa-
rated and stored the supernatant at -70°C. Protein concentra-
tion was measured using a protein assay kit (Thermo Scien-
tific). Each homogenate (15 μg of protein) was subjected to 
8-12.5% sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE). Proteins were transferred to polyvinyli-
dene difluoride (PVDF) membranes (Pall Corporation, Pen-
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sacola, FL, USA) dissolved in transfer buffer (25 mM Tri-HCl 
buffer (pH 7.4) containing 192 mM glycine and 20% v/v metha-
nol), and blocked using a solution (5% non-fat milk in 0.5 mM 
Tris-HCl (pH 7.5), 150 mM NaCl, and 0.1% Tween 20) for 1 h 
at room temperature. Each membrane was incubated in the 
relevant primary antibodies overnight at 4°C; anti-GABAA re-
ceptor subunit α4 (1:1000), anti-GABAA receptor subunit β1 
(1:1000), anti-GABAA receptor subunit γ3 (1:1000), and anti-
GAD65/67 (1:1000). Membranes were then washed 5 times with 
Tris-buffered saline containing 0.1% Tween 20 (TBST). Each 
blot was incubated in horseradish-peroxidase-conjugated 
secondary antibodies (Jackson ImmunoResearch Laborato-
ries, Inc., West Grove, PA, USA) for 1 h at room temperature. 
Blots were washed again with TBST to determine band den-
sity and enhanced chemiluminescence (ECL) was quantified 
by immersing the probed membrane in a 1:1 mixture of ECL 
reagents A and B (Animal Genetics Inc., Suwon, Korea) for 5 
min. Finally, membranes were exposed to photographic film 
for a few minutes. Protein bands were quantified using densi-
tometric analysis with ImageJ software obtained from the NIH 
(Bethesda, MD, USA).

Statistical analyses
All data are presented as the mean ± standard error of 

mean (SEM) and analyzed using Prism 6.0 (GraphPad Soft-
ware, Inc., San Diego, CA, USA). Results from the pentobar-
bital-induced sleep test, locomotor activity, open field test, and 
Western blot were compared using one-way analysis of vari-
ance (ANOVA) followed by Newman-Keuls test. Comparisons 
were determined to be statistically significant at a threshold 
of p<0.05.

RESULTS

ERAE improves sleep onset and sleep duration in caffeine-
induced sleep disturbance mouse model

We used the pentobarbital-induced sleep test to assess 
whether ERAE reduced the degree of sleep disturbances 
caused by caffeine intake (50 mg/kg). We found that sleep 
onset time was significantly longer in the caffeine-treated 
group compared to the vehicle control (Fig. 1A, F(4, 29)=4.984, 

p<0.001). Additionally, caffeine administration significantly de-
creased sleep duration compared to the vehicle control (Fig. 
1B, F(4, 30)=3.435, p<0.05). Importantly, the caffeine-induced 
increases in sleep disruptions were significantly reversed by 
pre-treatment with ERAE (50, 100, and 200 mg/kg) (p<0.05, 
p<0.01 and p<0.01, respectively). Our results demonstrate 
that caffeine intake increases sleep disruption in mice, and 
that pre-administration of ERAE reverses this effect. 

Evodiamine advances sleep onset and increases sleep 
duration in a caffeine-induced sleep disturbance mouse 
model

In order to assess the effects of evodiamine treatment on 
caffeine-induced sleep disruption, we again relied upon the 
pentobarbital-induced sleep test. Caffeine-treated mice exhib-
ited significantly increased time to sleep onset compared to 
the vehicle control (Fig. 2A, F(4, 46)=6.373, p<0.001). Moreover, 
caffeine-treated mice showed significantly lower sleep dura-
tion compared to the vehicle control (Fig. 2B, F(4, 45)=1.746, 
p<0.05). Mice that were pre-treated with evodiamine (5, 10, 
and 20 mg/kg), however, significantly recovered from the 
caffeine-induced increases in sleep disruption, restoring nor-
mal sleep behaviors compared to the caffeine-treated group 
(p<0.05, p<0.01, and p<0.001, respectively).

Evodiamine effect on the open field test for caffeine-
treated mice

We used the open field test to determine the effects of evo-
diamine on caffeine-induced excitation in mice. We found that 
caffeine (10 mg/kg)-treated mice exhibited increased activity (in 
terms of center-count occupancy time) (Fig. 3A, 3B, F(3, 28)=3.035 
and F(3, 26)=2.467, p<0.01 and p<0.05, respectively). Treatment 
with evodiamine (20 mg/kg), however, significantly reversed this 
behavioral effect on excitation as compared to the caffeine-treat-
ed group (p<0.05, respectively).

Effect of evodiamine on hyperlocomotion in caffeine-
treated mice

We next evaluated the effect that evodiamine treatment had 
on caffeine-induced locomotor activity in mice. We assessed 
locomotor activity by measuring the total distance travelled 
in a locomotor chamber over a 60-min period. We found that 
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caffeine administration (10 mg/kg) significantly increased lo-
comotor activity (Fig. 4, F(3, 27)=15.97, p<0.001) to a level we 
defined as hyperlocomotion. We found that prior injection with 
evodiamine (20 mg/kg) inhibited caffeine-induced hyperloco-
motion (p<0.05).

Evodiamine restores normal GABAA receptor expression 
in the hypothalamus of caffeine-induced mice

Having shown that evodiamine reverses caffeine-induced 
increases in sleep disruption, we confirmed caffeine’s effect on 
expression of several GABAA receptor subunits (α4, β1, and 
γ3) using Western blot analysis. We found that treatment with 
caffeine leads to lower expression of GABAA receptor subunit 
α4 (Fig. 5A, F(3, 20)=16.25, p<0.001), β1 (Fig. 5B, F(3, 20)=7,713, 
p<0.05), and γ3 (Fig. 5C, F(3, 20)=10.64, p<0.001) in the hypo-
thalamus compared to the vehicle control. Evodiamine treat-
ment (10 and 20 mg/kg) in caffeine-treated mice significantly 
reversed caffeine’s effect on GABAA receptor subunit α4 and 
β1 expression (though not γ3 expression) compared to the 
caffeine-only group (p<0.001, respectively).

DISCUSSION

Several pharmacological benefits have previously been 
reported for E. rutaecarpa and its major compound evodi-
amine in both in vitro and in vivo models. There have yet to 
be, however, any detailed studies evaluating the effects of E. 
rutaecarpa and evodiamine on caffeine-induced sleep and lo-
comotor behavior. This study seeks to address this shortcom-
ing by investigating the potential benefits of ERAE- and evodi-
amine-treatment in terms of caffeine-induced effects such as 
sleep disruption and hyperlocomotion in mice. In the course 
of this work, we also confirmed that evodiamine reverses the 
caffeine-induced reduction in GABAA receptor subunit (α4, β1, 
and γ3) expression in the hypothalamus of a mouse model.

The basis of our investigation into ERAE and evodiamine’s 
effect on caffeine-induced sleep disruption (including sleep 
onset delay and decreased sleep duration) were measure-
ments from the pentobarbital-induced sleep test. Sleep onset 
time and sleep duration quantified from the pentobarbital-
induced sleep test are known to provide a useful measure 
of sleep behavior and of the GABAergic systems (Liao et 

al., 1998). Pentobarbital enhances the effects of GABA and 
induces sleep in a predictable fashion (Ticku and Maksay, 
1983). Sedative-hypnotics or anti-anxiety agents have also 
been shown to increase pentobarbital-induced sleep dura-
tion (Ma et al., 2008). Treatment with caffeine, however, sup-
presses the expression of GABAergic systems and results in 
sleep disturbances (Mukhopadhyay and Poddar, 2000; Li et 
al., 2004; Mabunga et al., 2015). In this study, we demonstrate 
that administration of caffeine (50 mg/kg) causes significant 
sleep disruptions during the pentobarbital-induced sleep test. 
Pre-treatment with ERAE (50, 100, and 200 mg/kg) and evo-
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diamine (5, 10, and 20 mg/kg), however, significantly reduced 
the sleep disrupting effects of caffeine administration in mice. 
These results indicate that ERAE and its major component, 
evodiamine, significantly ameliorate the effects of caffeine 
administration on sleep disruption. The GABAergic systems 
may be involved as a possible mechanism of action for ERAE 
and evodiamine. A dose-dependent effect on sleep onset time 
was not observed, and only 200 mg/kg ERAE demonstrated a 
significant effect on sleep duration. This indicates that ERAE 
affects sleep onset and sleep duration differently, possibly due 
to the different mechanisms involved in sleep onset and sleep 
duration. Sleep onset is more likely to be affected by the open-
ing of the GABA channel, and sleep duration is affected by the 
elongation of the channel opening. Another factor is that the 
extract of Evodia rutaecarpa berries is composed of numerous 
compounds, not a single compound. As seen in Fig. 2, evodi-
amine had a large effect on sleep duration at a dose of 5 mg/
kg. However, this activity was slightly reduced in the 10 mg/
kg and 20 mg/kg treatment groups. This could be because the 
elongation of the channel opening may be reduced at doses of 
10 or more mg/kg. In addition, high doses of evodiamine may 
affect other receptors in a non-specific manner.

To further elucidate evodiamine’s effects on caffeine-in-
duced excitation, we also performed the open field test and 
assessed locomotor activity in our mouse model. The time in 
the central sector of the open field is an indicator of anxiety 
(Lalonde and Strazielle, 2010), and locomotor activity (de-
fined as the total distance traveled over 60 min) provides a 
surrogate measure of motor function and degree of excitation 
(Misra et al., 1986; Job, 2016). Previous studies have shown 
that caffeine is one of the most frequently consumed behav-
iorally active drugs, and is correlated with decreased anxiety-
related behaviors (Solinas et al., 2002; Sweeney et al., 2016). 
For example, prior work has shown that low doses of caffeine 
intake induce anxiolytic and stimulatory behavior, including 
hyperlocomotion (Sudakov et al., 2015; Hughes and Hancock, 
2017). It has been hypothesized that caffeine enhances motor 
activity, at least in part, by blocking adenosine receptors (Pow-
ell and Holtzman, 1998). Adenosine interacts with dopamine 
receptors at both pre- and post-synaptic regions in order to 
inhibit dopaminergic activity (Prediger et al., 2005). Moreover, 
the GABAergic systems play a direct role regulating locomo-
tor activity via the dopaminergic and adenosinergic interaction 
(Mukhopadhyay and Poddar, 1995). Our results are consis-
tent with previous reports (Kayir and Uzbay, 2004; Zhang et 
al., 2011; Sweeney et al., 2016; see Fig. 2, Fig.1, and Fig. 7, 
respectively) and indicate that caffeine (10 mg/kg) administra-
tion reduces anxiety-like behavior in mice. Caffeine-adminis-
tered mice showed significantly increased central occupancy 
in the open field test, indicating greater excitation. Additionally, 
caffeine administration significantly increased total locomotion 
compared to the control group. These caffeine-induced effects 
on the open field and locomotor excitatory and stimulatory 
activity were significantly reduced after evodiamine treatment 
(20 mg/kg).

Lastly, we sought to characterize the likely molecular mech-
anism of caffeine-induced sleep disturbance. We measured 
the expression of GABAA receptor subunits in the hypothala-
mus of untreated, caffeine-treated, and evodiamine-/caffeine-
treated mice. It has been suggested that the activation of GA-
BAA-ergic systems could provide a valuable mechanism for 
preventing and treating sleep disruption (Kwon et al., 2017). 

Previous work has shown that general sedative effects are 
mainly mediated by the GABAA-ergic systems (Chagraoui et 
al., 2016). Additionally, the hypothalamus has been particu-
larly associated with the regulation of sleep or wakefulness 
by acting through the GABAA receptor (Zecharia et al., 2009; 
Yanovsky et al., 2012). Previous work has shown that drugs 
or other active compounds can enhance sleep duration by in-
creasing some GABAA receptor subunit expression, such as α 
(3-5), β (1-2), and γ3 in rodents (Yanovsky et al., 2012; Shah 
et al., 2014; Kwon et al., 2017). It is also known, however, that 
the GABAA receptor (or GABA/benzodiazepine receptor) site 
interactions that have been associated with sedative-hypnotic 
activity can also be reversed by caffeine treatment (Roca et 
al., 1988; Kardos and Blandl, 1994). Our results indicate that 
caffeine treatment (50 mg/kg) significantly inhibits the expres-
sion of GABAA receptor subtypes, including α4, β1, and γ3, in 
the mouse hypothalamus. Additionally, we show that evodi-
amine treatment (10 and 20 mg/kg) significantly recovers the 
expression of subtype α4 and β1, though it failed to recover 
the expression of subtype γ3 and glutamic acid decarboxylase 
(GAD65/67) (data not shown). Together, these findings demon-
strate that evodiamine likely acts to reverse caffeine-induced 
behaviors by acting, at least in part, through the GABAA-ergic 
systems in the hypothalamus of our mouse model. To the best 
of our knowledge, this is the first study that has demonstrated 
that ERAE and evodiamine improve caffeine-induced sleep 
disturbances and excitation states in mice. It is clear, how-
ever, that further molecular characterization extending from 
this study is required in order to clarify evodiamine’s precise 
activity on sleep and excitation behavior after caffeine con-
sumption.

In conclusion, our results have demonstrated that ERAE 
and its major compound, evodiamine, exert an ameliorating 
effect on caffeine-induced sleep and excitation behaviors, and 
that it may have important therapeutic benefits in counteract-
ing the sleep disturbances and over-excitation induced by 
caffeine. Additionally, evodiamine’s mechanism of action on 
caffeine-induced sleep disruption is likely, at least in part, due 
to its activation of the activation of GABAA-ergic systems in 
the hypothalamus. We suggest that our findings indicate that 
ERAE and evodiamine could act as a potential therapeutic 
agent to treat insomnia or sleep problems that have been con-
nected to caffeine intake.
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