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L-theanine improves depressive behavioral  
deficits by suppressing microglial activation  
in a rat model of chronic unpredictable mild stress
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Abstract: L-Theanine (N-ethyl-L-glutamine) is an amino acid originally and uniquely found in green tea. Historically 
L-theanine has been recognized as a relaxing agent. Some studies have shown that L-theanine has anti-anxiety-like 
and anti-depressant-like effects. However, the underlying mechanisms of its action on microglia and neurogenesis 
have never been studied. In the present study, Sprague-Dawley male rats were randomly divided into four groups, 
including a normal control group, a model control group, a fluoxetine group and a theanine group. We established a 
chronic depression model using the chronic unpredictable mild stress (CUMS) rat model under solitary conditions 
for 21 days. To examine the effects of L-theanine and fluoxetine on the behavioral index, weight changes, total move-
ment distance in the open-field test, sucrose preference values in the sucrose consumption test, and immobility 
time of the forced swimming test were determined. We also studied neurogenesis in the hippocampus and mea-
sured the microglial activation index in the limbic-cortical-striatal-pallidal-thalamic (LCSPT) circuit that was related 
to the encephalic region (prefrontal cortex, nucleus accumbens, striatum, amygdala, mid-brain and hippocampus). 
Compared with the model group, L-theanine significantly elevated the circulative locomotion path and sucrose-
solution consumption, but it reduced the immobilization time in the FST, partially increased the BrdU-marked neu-
rogenesis and decreased microglial activation in the six LCSPT circuit-related encephalic regions, which was almost 
in accordance with the fluoxetine-treated group. These results suggest that the mechanism of action of L-theanine, 
may partly depend on suppressing microglial activation in the LCSPT circuit related encephalic region and recovery 
of neurogenesis in the hippocampus.
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Introduction

Increasing evidence indicates that microglial 
activation and decreased levels of hippocam-
pal neurogenesis may play important roles in 
the pathogenesis of depression [1-3]. Microglia 
are specialized macrophages of the central 
nervous system (CNS) that are the primary 
component of the brain immune system [4, 5]. 
Microglia rapidly responds to infect or stress 
stimuli and adopts an ‘amoeboid’ activated 
phenotype. Activated microglia have a dele- 
terious effect on hippocampal neurons and  
are implicated in impaired neurogenesis and 
depressive-like behavior [6]. For example, acti-
vated microglia produces many pro-inflamma-

tory mediators, including cytokines, chemo-
kines, reactive oxygen species (ROS) and nitric 
oxide, which decrease cell proliferation and 
neurosphere growth. Thus, prolonged or exces-
sive microglial activation may result in the 
pathophysiology of depression [1, 7]. Moreover, 
the abnormal neurogenesis caused by pro-
inflammatory cytokines has been found to in- 
teract with many of the pathophysiological do- 
mains that characterize depression, includ- 
ing neurotransmitter metabolism, neurendo-
crine function, synaptic plasticity and behavior 
[8, 9]. Thus, controlling microglial activation 
and facilitating effective neurogenesis in the 
hippocampus may prove to be therapeutically 
beneficial in the treatment of depression.
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L-Theanine (N-ethyl-L-glutamine) is an amino 
acid originally and uniquely found in green tea 
and has historically been recognized as a relax-
ation agent [10, 11]. Others have reported [12] 
that L-theanine passes through the blood-brain 
barrier, and that it accumulates in the serum, 
the liver, and the brain one to five hours after 
administration.

Neurochemical studies suggest that L-theanine 
enhances the synthesis of nerve growth factor 
and neurotransmitters in infant rats, and exerts 
neuroprotective effects in a rat model of stroke 
by preventing glutamate receptor agonist-me- 
diated brain injury [13, 14]. Others have indi-
cated that L-theanine augments anti-psychotic 
therapy in schizophrenia and schizoaffective 
disorder patients [15]. More recent studies of 
psychiatric disorders indicate that L-theanine 
reduces immobility time in both the forced 
swim test and tail suspension test in mice, [16] 
and alters catecholamines in the hippocampus 
and the cerebral cortex in mice of chronic re- 
straint stress-induced cognitive impairment 
[17]. 

However, the general anti-depressive effect 
and mechanism of action of L-theanine on cells 
in the CNS, and specifically microglia and neu-
rogenesis in the hippocampus have remain- 
ed elusive. Indeed, the effects of L-theanine  
on microglia have not been reported. Chronic 
unpredictable mild stress (CUMS) with solitary 
condition exposed rats exhibits several neu-
robehavioral alterations that resemble symp-
toms of chronic depression in humans. This 
model has been widely employed for preclini- 
cal screening of anti-depressants [18]. There- 
fore, the aim of this study was to evaluate the 
general anti-depressive effects of L-theanine  
in a rat model of CUMS with solitary condition-
induced depression, and to determine the ef- 
fects of L-theanine in controlling microglial  
activation and facilitating neurogenesis in the 
hippocampus of CUMS rats.

Materials and methods

Animals

In this study, we used 72 adult male Sprague-
Dawley rats (SPF, nearly 8 weeks old, weigh- 
ing 180-220 g, license number: SCXK (Hunan) 
2011-0003, Hunan Lake Scenery Company 
Limited), and maintained them under standard 
laboratory conditions (12 hrs light-dark cycle, 

light on at 19:00; temperature of 22±1°C, and 
free access to food and water except when the 
CUMS procedure was performed). Prior to the 
experiment, all rats were handled singly and 
handled daily to adapt to the experimental pro-
cedure for 1 week. All behavioral experiments 
were performed in the behavioral experimenta-
tion room during the dark phase of the light 
cycle. All experimental procedures were com-
pleted in accord with the guidelines of the 
United State’s National Institutes of Health  
and the institutional Animal Care and Use 
Committee approved the procedures.

Drugs and treatment 

L-theanine was supplied as a white powder by 
the National Research Center of Engineering 
Technology for Utilization of Functional Ingre- 
dients from Botanicals (Hunan, China) and pre-
pared with sodium carboxymethylcellulose. We 
selected a dose of L-theanine according to si- 
milar reports [17, 19]. The selective serotonin 
reuptake inhibitor fluoxetine hydrochloride was 
supplied by Patheon France (Bourgoin-Jallieu).

L-Theanine (2.0 mg/kg/d) and Fluoxetine (1.54 
mg/kg/d) was freshly prepared every day in 
0.5% sodium carboxymethylcellulose and was 
administered by gavage in a volume of 1 ml/ 
100 g body weight.

Animal model

Rats in the normal group were fed normally, 
and rats in the other groups were used to 
establish a rat model of chronic stress depre- 
ssion. The animal model was established as 
chronic unpredictable mild stressors (CUMS). 

The CUMS procedure consisted of a variety of 
unpredictable mild stressors (CMS) for 21 days, 
additionally one of the stimuli was chosen ran-
domly and the rats treated in such a way that 
they could not expect the stimulus. Every stimu-
lus was used 2-3 times in total. The stressors 
included 24 hrs water deprivation, 1 min tail 
pinch, 5 min thermal stimulus by placing rats in 
a 45°C oven, 5 min cold swim at 4°C, 24 hrs 
reversed light/dark, 24 hrs food deprivation, 
electric shock in the foot (10 mA electricity was 
given, for 10 s for each occasion for a total of 
30 times), shaking the rats (180 RPM, lasting 
for 5 min), and constraining rats in a narrow 
cage (2 hrs) [20, 21]. The rats were weighed on 
the 1st and 22nd day of the experiment.
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Open-field test

The Open-field test was performed according to 
the improved method recorded on documents 
at 7:00 AM-9:00 AM on the 1st and 22nd day of 
the experiment in a quiet room [22]. Application 
of the ENV-520 animal behavior video tracking 
system was used to record the total movement 
distance of rats for a period of 5 min.

Sucrose-solution consumption test

The test was done according to the method 
recorded in the document in a quiet room 72 
hrs before each open-field test. Before the test, 
the rats were trained to adapt to drinking water 
that was supplemented with sugar. Two bottles 
were placed in every cage. In the first 24 hrs 
both bottles were filled with 1% sucrose solu-
tion, and over the next 24 hrs, one of the bot-
tles was filled with 1% sucrose solution, and the 
other was filled with pure water. Then the basic 
energy expenditure test and water consump-
tion test were measured after 24 hrs of food 
and water deprivation. 

Meanwhile, the rats were given 2 bottles of  
liquid that had first been weighed. One of the 
bottles was filled with 1% sucrose solution, and 
the other with pure water. At 60 min later, both 
bottles were weighed. Then the total liquid con-
sumed and the percentage sucrose consumed 
were calculated [23].

Forced swim test

This test was performed as previously described 
[24]. Individual rats were placed in a clear plas-
tic cylinder with a diameter of 23 cm. The height 
of the cylinder was 65 cm, which was filled with 
40 cm of clear water at 25°C. The duration of 
the test was 5 min and a trained investigator 
scored the behavior. The duration of the immo-
bility was determined during the test. Immobi- 
lity was defined as the absence of all move-
ment except minor movement that is normally 
required for the mouse to keep its head above 
the surface. Afterwards the rat was towel dried 
and returned to its home cage. The water used 
in the test was replaced between each animal 
testing cycle.

Western blotting analysis

After a 21-day intervention, rats were decapi-
tated and their brains quickly removed for dis-

section. The prefrontal cortex (PFC), accum-
bens (NAC), striatum (ST), amygdala (AM), mid-
brain (MB) and hippocampus (HIP) were dis-
sected, flash frozen and stored at -80°C until 
preparing them for immunoblotting. Each sam-
ple was made four to six pooled slices and 
homogenized in 160 μl of ice-cold buffer con-
sisting of 50 mM 3-(N-morpholino) propane sul-
fonic acid (pH7.4), 2 mM sodium orthovana-
date, 1 mM EGTA, 1 mM phenylmethylsulfonyl 
fluoride, 0.5 mM each of dithiothreitol, EDTA, 
ouabain, leupeptin and pepstatin A. The homog-
enates were centrifuged at 12,000×g for 10 
min at 4°C. Supernatants was incubated in 
sample buffer (2% sodium dodecyl sulfate, 20% 
glycerol, 5% β-mercaptoethanol, 62.5 mM Tris-
HCl, pH6.8 and 0.01% bromphenol blue at 
100°C for 5 min. Prepared samples were sepa-
rated by 7.5% sodium dodecyl sulfate polyac- 
rylamide gel electrophoresis (SDS-PAGE) and 
then electrotransferred onto PVDF membranes 
as previously described [25]. The membrane 
was probed with anti-Iba1 antibody (1:500, 
Abcam, U.K.) or anti-β-tubuline (1:2000, Ab- 
cam). Then, membranes were incubated with 
anti-rabbit or anti-mouse IgG horseradish per-
oxidase (HRP) (1:3000, Abcam), respectively. 
Immunoreactive bands were visualized by en- 
hanced chemiluminescence (ECL-Pierce). Den- 
sitometric analysis was conducted using Mole- 
cular Analysis software obtained from Bio-Rad. 
The same experiments (with multiple experi-
mental conditions) were repeated at least four 
times.

BrdU labeling

Four groups of rats were administered BrdU 
(Sigma-Aldrich, 4×75 mg/kg IP, every 2 hrs) for 
21 days and sacrificed 24 hrs after the last 
BrdU injection. Then, rats were deeply anesthe-
tized and transcardially perfused with 0.01 M 
phosphate buffer solution (PBS, pH7.4) fol-
lowed by 4% paraformaldehyde (PFA) in PBS. 
Brains were removed, post-fixed in 4% PFA for 4 
to 6 hrs, cryoprotected with 20% sucrose in 
PBS overnight, embedded with OCT, cut into 12 
μm-thick sections using a freezing microtome 
(CM1950; Leica, Germany) and mounted onto 
superfrost plus glass slides, and then stored  
at -70°C for immunohistochemistry.

The BrdU immunohistochemistry was perform- 
ed as previously described [26, 27]. After being 
washed in PBS, endogenous peroxidase was 
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blocked by incubation in 0.3% hydrogen perox-
ide in 50% methanol in distilled water for 30 
min. Sections were washed in PBS and pre-
incubated in a blocking solution containing 6% 
bovine serum albumin (BSA) and 0.03% Triton 
X-100 in PBS for 60 min at room temperature. 
Then, sections were incubated in a humidified 
chamber with rabbit primary antibody against 
BrdU (1:500; Abnova, USA) in 3% BSA in PBS 
overnight at 4°C. After several washes in PBS, 
sections were incubated with biotinylated goat 
anti-rabbit secondary antibody (1:300; CWBIO, 
China) for 60 min at room temperature, fol-
lowed by incubation with an avidin-biotin com-
plex (Vectastain ABC Kit; Vector Laboratories, 
Burlingame, CA, USA). Immunoreactive signals 
were detected using 3,3’-diaminobenzidinete-
trahydro-chloride (Boster, China) as a chromo-
gen. Images were captured using a digital cam-

era (Olympus DP72) attached to an Olym- 
pus microscope (Olympus BX51) and Cellsens 
standard 1.6 computer program. 

Statistical analysis

All statistical analyses were performed using 
the SPSS software, version 16.0. Values were 
expressed as mean ± SEM (Standard Error of 
the Mean). For the step-through, behavioral 
experimental data and microglia-Iba1 assays, 
these observations were analyzed with one-
way analysis of variance (ANOVA). Levene test 
was used for homogeneity of variance test. If 
data were determined to be homogeneous,  
the intergroup variation was measured by Dun- 
nett’s post-hot test. If data were heteroge-
neous, the intergroup variation was measured 
by the Tamhane’s T2 test. Statistical signifi- 
cance was set at an alpha value of P<0.05.

Results

Effects of sub-chronic administration of 
L-theanine on CUMS-induced behaviors in rats

Effect of L-theanine on weight changes and cir-
culative locomotion path: The effects of L-the- 
anine and fluoxetine on the CUMS induced 
changes in rat weights and circulative locomo-
tion path are shown (Figure 1). The four groups 
did not show significant variance before the 
administration of the drug, but when compared 
with the model group, L-theanine and fluox-
etine, which served as a positive control in this 
experiment, the weights of the rats were much 
higher (Figure 1A), and the locomotion path 
was significantly improved (Figure 1B) after  
the CUMS and separation administration of  
21 successive days.

Effects of L-theanine on sucrose consumption 
percentage: There was no significant difference 
in total liquid consumption in four groups (F (3, 
32)=1.500, P=0.233). As shown in Figure 2A, 
L-theanine and fluoxetine administered for 21 
successive days significantly elevated the per-
cent sucrose consumption of rats.

Effect of L-theanine on immobility duration in 
the forced swim test: As shown in Figure 2B, 
L-theanine and fluoxetine administered for 21 
successive days significantly reduced the im- 
mobility time. 

Figure 1. The effects of L-theanine and fluoxetine 
on weight (A) and circulative locomotion path (B) in 
CUMS-induced rats. Values are calculated as mean 
± SEM in the first day before and after the CUMS 
administration. Compared with the model group, the 
weights of the rats were much higher (A), and the 
locomotion path was significantly improved in L-the-
anine and fluoxetine groups (B) after the CUMS and 
separation administration of 21 successive days. But 
when compared with the model group, L-theanine 
and fluoxetine, which served as a positive control in 
this experiment, the weights of the rats were much 
higher (A), and the locomotion path was significantly 
improved (B) after the CUMS and separation admin-
istration of 21 successive days.
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Effect of the L-theanine and fluoxetine on 
CUMS-stimulated microglial activation in hip-
pocampus

There have been many studies showing that 
neuroimaging and neuropathological studies of 
major depressive disorder (MDD) and bipolar 
disorder (BD) have identified abnormalities of 
brain structure in areas of the prefrontal cortex 
(PFC), amygdala (AM), striatum (ST), hippocam-
pus (HIP), parahippocampal gyrus, and the 
raphe nucleus, all in the limbic-cortical-striatal-
pallidal-thalamic (LCSPT) circuit [28-31]. So in 
the study, we focused on assessing whether 
L-theanine and fluoxetine could inhibit microg-
lial activation of CUMS induced in LCSPT cir- 
cuit related encephalic region (prefrontal cor-
tex (PFC), nucleus accumbens (NAC), striatum 
(ST), amygdala (AM) midbrain (MB) and hippo-
campus (HIP)).

It was previously reported that microglial acti-
vation is associated with marked increases in 
Iba1 immunolabeling expression [32, 33]. As 
shown in Figure 3, the model rats in the CU- 
MS with solitary condition-induced depression 
showed a marked increase in the Iba1 levels 
after 21 days in the LCSPT circuit related to the 

encephalic region. Treatment with L-theanine 
and fluoxetine significantly inhibited Iba1 le- 
vels.

Effect of the L-theanine and fluoxetine on 
CUMS-stimulated neurogenesis in hippocam-
pus

It was previously reported that neurogenesis 
could be demonstrated using an exogenous 
cell tracer-BrdU system [34, 35]. To evaluate 
whether the changes in hippocampal BrdU-
positive cells induced by 21 days of CUMS  
with solitary conditions, immunohistochemi- 
cal analysis was used and showed that the 
expression of BrdU had decreased in the mo- 
del group. Treatment with L-theanine and flu- 
oxetine partly recovered CUMS-mediated de- 
creases in neurogenesis (Figure 4).

Discussion

In this study, we identify for the first time that 
L-theanine changes depressive-like behavior 
that were dependent on suppressing microglial 
activation and partly facilitating effective neu-
rogenesis in the hippocampus in vivo. Specifi- 
cally, the selective serotonin reuptake inhibi- 
tor and anti-depressant Fluoxetine, decreased 
microglial activation in the CUMS rat model, 
and increased neuronal differentiation of hip-
pocampal neural stem cells.

We and others have previously shown that 
L-theanine alters the catecholamines norepi-
nephrine and dopamine in the LCSPT circuit 
related to the encephalic region including the 
prefrontal cortex, nucleus accumbens, stria-
tum, amygdala, midbrain and hippocampus in 
mice and rats of stress-induced chronic re- 
straint [17]. 

To investigate whether L-theanine could change 
microglial function, we established a depres-
sion rat model by chronic unpredictable mild 
stress (CUMS) with rats separated alone. This 
model was widely used in research of the pa- 
thogenesis of depression and new drugs for the 
therapy of depression. This experimental mo- 
del can satisfy core symptoms that are analo-
gous to the human depressive symptom anhe-
donia, and compromised spontaneous activity 
and social communication [22, 36]. 

Interestingly we found that 21 days of sub-ch- 
ronic treatment with L-theanine, elevated the 

Figure 2. Effects of L-theanine and fluoxetine on su-
crose consumption values in CUMS-induced rats, 
which are calculated as mean ± SEM in the first day 
after CUMS administration. A: Compared with model 
group, L-theanine and fluoxetine administered for 21 
successive days significantly elevated the percent su-
crose consumption of rats (P<0.001). B: Compared 
with other groups, the immobility time increased in 
model group (P<0.001). c: P<0.001 versus the mod-
el group.
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circulative locomotion path and the percentage 
of sucrose solution consumed, and reduced 
the immobilization time in the FST. Those 
behavior tests reflected the depressed state of 
the rat, such as anhedonia, desperate state, 
and helpless behavior. So they are used widely 
for their potential to screen anti-depressants 
[37, 38]. In our study, L-theanine had an antide-
pressant-like activity that was comparable to 
the fluoxetine in these behavioral tests. It is 
therefore possible that L-theanine exerts an 
anti-depressant-like effect, which is in accor-
dance with some prior mouse models studies 
[16, 19].

Neuroimaging and neuropathological studies 
indicated that depression from stroke is etio-
logically related to the disruption of the left 
LCSPT circuit across the cortical and limbic cir-
cuits [29]. In our present study, it was demon-
strated that L-theanine and fluoxetine inhibited 
CUMS activation of microglia in the LCSPT cir-
cuit related encephalic region. Activated micro- 
glia produce a wide range of proinflammatory 

mediators, including TNF-α, IL-1, IL-6, reactive 
oxygen species (ROS) and nitric oxide (NO) syn-
thesis, which play a critical role in the patholo- 
gy of depression [39]. Notably, recent studies 
have suggested that Fluoxetine significantly re- 
duced inflammatory mediators such as TNF-α, 
IL-6 and NO production in LPS-stimulated mi- 
croglia [40, 41]. Additionally, this is the first  
evidence describing L-theanine and fluoxetine 
reduced CUMS-stimulated microglia numbers 
in rats. However, the mechanism remains un- 
clear, and it may be linked to a reduction in 
inflammatory mediators by antagonizing the 
glutamine receptor. Since prior mouse studies 
have shown that L-Theanine has anti-anxiety-
like and anti-depressive-like functions, through 
induction of brain derived neurotrophic factor 
(BDNF) in the hippocampus, and the agonistic 
action of L-theanine on the NMDA receptor [13, 
19].

The brain-derived neurotrophic factor (BDNF) 
might be a candidate molecule that regulates 
adult neurogenesis [42, 43]. In addition, main-
tenance of neurogenesis in the adult hippo-
campus is important for functions such as 
mood and memory. Exposure to unpredictable 
chronic stress (UCS) also results in decreased 
hippocampal neurogenesis [44, 45]. In further 
development of anti-depressants, neurogene-
sis may serve as an important parameter to 
examine the efficacy and mechanism of action 
of novel drugs. Further investigation of the ef- 
fect of L-theanine and Fluoxetine on neuro- 
genesis has shown that the CUMS procedure 
decreases hippocampal neurogenesis in SD 
rats, but chronic L-theanine and fluoxetine ex- 
posure partly increased SGZ cell proliferation  
in CUMS-treated as well as model rats. Thus, 
we hypothesized that decreased depression 
and anxiety behavior after CUMS are associat-
ed with increases in the production and growth 
of new neurons in the hippocampus. Notably, 
recent studies have suggested that chronic 
fluoxetine treatments can potentially recover 
psycho-behavioral function, deficits in hippo-
campal neurogenesis, and problems related  
to anxiety, depression, and cognition [46, 47].

Figure 3. Effects of L-theanine and fluoxetine on CUMS-induced microglial activation rats in the LCSPT circuit re-
lated encephalic region. Values are calculated as mean ± SEM, a: P<0.05, b: P<0.01, and c: P<0.001 versus the 
model group. The relative Iba-1 levels were quantified by scanning densitometry and normalized to β-actin protein. 
The model rats in the CUMS with solitary condition-induced depression showed a marked increase in the Iba1 
levels after 21 days in the LCSPT circuit related to the encephalic region. Treatment with L-theanine and fluoxetine 
significantly inhibited Iba1 levels. The Iba-1 levels in PFC (A), the Iba-1 levels in NAC (B), the Iba-1 levels in ST (C), the 
Iba-1 levels in AM (D), the Iba-1 levels in MB (E), and the Iba-1 levels in HIP (F) are shown.

Figure 4. Effects of L-theanine and fluoxetine on 
CUMS induced neurogenesis in the rat hippocampus 
as detected by BrdU-marking. BrdU immunohisto-
chemistry staining was decreased in the depressive 
model group. However, reduced BrdU immunohisto-
chemistry was also evident in the fluoxetine group, 
and partially in the L-theanine group. Scale bar =50 
μm. Images are representative of triplicate sets.
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In sum, this study demonstrated anti-depres-
sant like effects of L-theanine and fluoxetine in 
a 21 day continuous consumption in the CUMS 
and separated rat model-induced depressive 
behavior in rats. In addition, the suppressive 
effects of L-theanine and fluoxetine treatment 
on the CUMS activation of microglia in the 
LCSPT circuit related encephalic region, and 
the facilitation of effective neurogenesis in the 
hippocampus has been determined. These ob- 
servations suggested that the therapeutic ef- 
fects of L-theanine and fluoxetine were partial- 
ly mediated by the actions on microglial acti- 
vation and neurogenesis in the hippocampus. 
However, as a potentially anti-anxiety and anti-
depressant herbal therapy, the specific molecu-
lar mechanisms of L-theanine on microglia and 
neurogenesis require further studies.

Acknowledgements

This work was supported by the Natural Sci- 
ence Foundation of Hunan Province (No. 2012- 
WK3038), and the Foundation of Central Sou- 
th University for postgraduates (No. 2012ZZ- 
TS119). We would also like to thank the Nation- 
al Engineering Technology Research Center for 
the use of their plant functional components 
for the highly pure L-theanine, and Professor 
Zhonghua Liu for his constructive technical 
assistance.

Disclosure of conflict of interest

None.

Address correspondence to: Jindong Chen, Mental 
Health Institute of The Second Xiangya Hospital, 
National Technology Institute of Psychiatry, Key 
Laboratory of Psychiatry and Mental Health of 
Hunan Province, Central South University, 139 
Renmin Middle Road, Changsha 410011, Hunan, 
China. Tel: 86-731-85294048; Fax: 86-731-855- 
33525; E-mail: chenjindong_tj@163.com

References

[1] Lu DY, Tsao YY, Leung YM and Su KP. Docosa- 
hexaenoic acid suppresses neuroinflamma- 
tory responses and induces heme oxygen-
ase-1 expression in BV-2 microglia: implica-
tions of antidepressant effects for omega-3 
fatty acids. Neuropsychopharmacology 2010; 
35: 2238-2248.

[2] Muller N and Schwarz MJ. The immune-medi-
ated alteration of serotonin and glutamate: to-

wards an integrated view of depression. Mol 
Psychiatry 2007; 12: 988-1000.

[3] Anacker C, Zunszain PA, Cattaneo A, Carvalho 
LA, Garabedian MJ, Thuret S, Price J and 
Pariante CM. Antidepressants increase human 
hippocampal neurogenesis by activating the 
glucocorticoid receptor. Mol Psychiatry 2011; 
16: 738-750.

[4] Perry VH and Gordon S. Macrophages and the 
nervous system. Int Rev Cytol 1991; 125: 203-
244.

[5] Kettenmann H, Hanisch UK, Noda M and 
Verkhratsky A. Physiology of microglia. Physiol 
Rev 2011; 91: 461-553.

[6] Eyre H and Baune BT. Neuroplastic changes  
in depression: a role for the immune system. 
Psychoneuroendocrinology 2012; 37: 1397-
1416.

[7] Paolicelli RC, Bolasco G, Pagani F, Maggi L, 
Scianni M, Panzanelli P, Giustetto M, Ferreira 
TA, Guiducci E, Dumas L, Ragozzino D and 
Gross CT. Synaptic pruning by microglia is nec-
essary for normal brain development. Science 
2011; 333: 1456-1458.

[8] Raison CL, Capuron L and Miller AH. Cytokines 
sing the blues: inflammation and the patho-
genesis of depression. Trends Immunol 2006; 
27: 24-31.

[9] Miller AH, Maletic V and Raison CL. Inflam- 
mation and its discontents: the role of cyto-
kines in the pathophysiology of major depres-
sion. Biol Psychiatry 2009; 65: 732-741.

[10] Nathan PJ, Lu K, Gray M and Oliver C. The neu-
ropharmacology of L-theanine (N-ethyl-L-gluta- 
mine): a possible neuroprotective and cogni-
tive enhancing agent. J Herb Pharmacother 
2006; 6: 21-30.

[11] de Mejia EG, Ramirez-Mares MV and Puang- 
praphant S. Bioactive components of tea: can-
cer, inflammation and behavior. Brain Behav 
Immun 2009; 23: 721-731.

[12] Yokogoshi H, Mochizuki M and Saitoh K. The- 
anine-induced reduction of brain serotonin 
concentration in rats. Biosci Biotechnol Bio- 
chem 1998; 62: 816-817.

[13] Yamada T, Terashima T, Wada K, Ueda S, Ito  
M, Okubo T, Juneja LR and Yokogoshi H. The- 
anine, r-glutamylethylamide, increases neuro-
transmission concentrations and neurotrophin 
mRNA levels in the brain during lactation. Life 
Sci 2007; 81: 1247-1255.

[14] Zukhurova M, Prosvirnina M, Daineko A, Sima- 
nenkova A, Petrishchev N, Sonin D, Galagudza 
M, Shamtsyan M, Juneja LR and Vlasov T. 
L-theanine administration results in neuropro-
tection and prevents glutamate receptor ago-
nist-mediated injury in the rat model of ce- 
rebral ischemia-reperfusion. Phytother Res 
2013; 27: 1282-7.

mailto:chenjindong_tj@163.com


L-theanine improves depressive behavioral deficits

4817 Int J Clin Exp Med 2017;10(3):4809-4818

[15] Miodownik C, Maayan R, Ratner Y, Lerner V, 
Pintov L, Mar M, Weizman A and Ritsner MS. 
Serum levels of brain-derived neurotrophic  
factor and cortisol to sulfate of dehydroepian-
drosterone molar ratio associated with clini- 
cal response to L-theanine as augmentation  
of antipsychotic therapy in schizophrenia and 
schizoaffective disorder patients. Clin Neuro- 
pharmacol 2011; 34: 155-160.

[16] Yin C, Gou L, Liu Y, Yin X, Zhang L, Jia G and 
Zhuang X. Antidepressant-like effects of L-the- 
anine in the forced swim and tail suspension 
tests in mice. Phytother Res 2011; 25: 1636-
1639.

[17] Tian X, Sun L, Gou L, Ling X, Feng Y, Wang L, Yin 
X and Liu Y. Protective effect of l-theanine on 
chronic restraint stress-induced cognitive im-
pairments in mice. Brain Res 2013; 1503: 24-
32.

[18] Lu XY, Kim CS, Frazer A and Zhang W. Leptin:  
a potential novel antidepressant. Proc Natl 
Acad Sci U S A 2006; 103: 1593-1598.

[19] Wakabayashi C, Numakawa T, Ninomiya M, 
Chiba S and Kunugi H. Behavioral and molecu-
lar evidence for psychotropic effects in L-the- 
anine. Psychopharmacology (Berl) 2012; 219: 
1099-1109.

[20] Mineur YS, Belzung C and Crusio WE. Effects of 
unpredictable chronic mild stress on anxiety 
and depression-like behavior in mice. Behav 
Brain Res 2006; 175: 43-50.

[21] Willner P. Validity, reliability and utility of the 
chronic mild stress model of depression: a 10-
year review and evaluation. Psychopharma- 
cology (Berl) 1997; 134: 319-329.

[22] Papp M, Nalepa I, Antkiewicz-Michaluk L and 
Sanchez C. Behavioural and biochemical stud-
ies of citalopram and WAY 100635 in rat 
chronic mild stress model. Pharmacol Biochem 
Behav 2002; 72: 465-474.

[23] Henningsen K, Andreasen JT, Bouzinova EV, 
Jayatissa MN, Jensen MS, Redrobe JP and 
Wiborg O. Cognitive deficits in the rat chronic 
mild stress model for depression: relation to 
anhedonic-like responses. Behav Brain Res 
2009; 198: 136-141.

[24] Sarkisyan G, Roberts AJ and Hedlund PB. The 
5-HT(7) receptor as a mediator and modulator 
of antidepressant-like behavior. Behav Brain 
Res 2010; 209: 99-108.

[25] Wang W, Gong N and Xu TL. Downregulation of 
KCC2 following LTP contributes to EPSP-spike 
potentiation in rat hippocampus. Biochem Bio- 
phys Res Commun 2006; 343: 1209-1215.

[26] Alonso R, Griebel G, Pavone G, Stemmelin J, Le 
Fur G and Soubrie P. Blockade of CRF(1) or 
V(1b) receptors reverses stress-induced sup-
pression of neurogenesis in a mouse model of 
depression. Mol Psychiatry 2004; 9: 278-286, 
224.

[27] Ratnayake U, Quinn TA, Castillo-Melendez M, 
Dickinson H and Walker DW. Behaviour and 
hippocampus-specific changes in spiny mouse 
neonates after treatment of the mother with 
the viral-mimetic Poly I:C at mid-pregnancy. 
Brain Behav Immun 2012; 26: 1288-1299.

[28] Drevets WC. Neuroplasticity in mood disorders. 
Dialogues Clin Neurosci 2004; 6: 199-216.

[29] Terroni L, Amaro E, Iosifescu DV, Tinone G, 
Sato JR, Leite CC, Sobreiro MF, Lucia MC, Scaff 
M and Fraguas R. Stroke lesion in cortical neu-
ral circuits and post-stroke incidence of major 
depressive episode: a 4-month prospective 
study. World J Biol Psychiatry 2011; 12: 539-
548.

[30] Turner AD, Furey ML, Drevets WC, Zarate C Jr 
and Nugent AC. Association between subcorti-
cal volumes and verbal memory in unmedicat-
ed depressed patients and healthy controls. 
Neuropsychologia 2012; 50: 2348-2355.

[31] Segawa K, Azuma H, Sato K, Yasuda T, Arahata 
K, Otsuki K, Tohyama J, Soma T, Iidaka T, Na- 
kaaki S and Furukawa TA. Regional cerebral 
blood flow changes in depression after electro-
convulsive therapy. Psychiatry Res 2006; 147: 
135-143.

[32] Imai Y and Kohsaka S. Intracellular signaling  
in M-CSF-induced microglia activation: role of 
Iba1. Glia 2002; 40: 164-174.

[33] Wirenfeldt M, Clare R, Tung S, Bottini A, 
Mathern GW and Vinters HV. Increased activa-
tion of Iba1+ microglia in pediatric epilepsy 
patients with Rasmussen’s encephalitis com-
pared with cortical dysplasia and tuberous 
sclerosis complex. Neurobiol Dis 2009; 34: 
432-440.

[34] Mueller T and Wullimann MF. BrdU-, neuroD 
(nrd)- and Hu-studies reveal unusual non-ven-
tricular neurogenesis in the postembryonic ze-
brafish forebrain. Mech Dev 2002; 117: 123-
135.

[35] Wojtowicz JM and Kee N. BrdU assay for neuro-
genesis in rodents. Nat Protoc 2006; 1: 1399-
1405.

[36] Yang C, Wang G, Wang H, Liu Z and Wang X. 
Cytoskeletal alterations in rat hippocampus 
following chronic unpredictable mild stress 
and re-exposure to acute and chronic unpre-
dictable mild stress. Behav Brain Res 2009; 
205: 518-524.

[37] Porsolt RD, Bertin A and Jalfre M. “Behavioural 
despair” in rats and mice: strain differences 
and the effects of imipramine. Eur J Pharmacol 
1978; 51: 291-294.

[38] Kilts CD. Potential new drug delivery systems 
for antidepressants: an overview. J Clin Psy- 
chiatry 2003; 64 Suppl 18: 31-33.

[39] Dowlati Y, Herrmann N, Swardfager W, Liu H, 
Sham L, Reim EK and Lanctot KL. A meta-anal-



L-theanine improves depressive behavioral deficits

4818 Int J Clin Exp Med 2017;10(3):4809-4818

ysis of cytokines in major depression. Biol 
Psychiatry 2010; 67: 446-457.

[40] Liu D, Wang Z, Liu S, Wang F, Zhao S and Hao 
A. Anti-inflammatory effects of fluoxetine in 
lipopolysaccharide(LPS)-stimulated microglial 
cells. Neuropharmacology 2011; 61: 592-599.

[41] Dhami KS, Churchward MA, Baker GB and 
Todd KG. Fluoxetine and citalopram decrease 
microglial release of glutamate and d-serine to 
promote cortical neuronal viability following 
ischemic insult. Mol Cell Neurosci 2013; 56: 
365-374.

[42] Bath KG, Akins MR and Lee FS. BDNF control 
of adult SVZ neurogenesis. Dev Psychobiol 
2012; 54: 578-589.

[43] Briones TL and Woods J. Chronic binge-like  
alcohol consumption in adolescence causes 
depression-like symptoms possibly mediated 
by the effects of BDNF on neurogenesis. 
Neuroscience 2013; 254: 324-334.

[44] Taliaz D, Stall N, Dar DE and Zangen A. 
Knockdown of brain-derived neurotrophic fac-
tor in specific brain sites precipitates behav-
iors associated with depression and reduces 
neurogenesis. Mol Psychiatry 2010; 15: 80-
92.

[45] Parihar VK, Hattiangady B, Kuruba R, Shuai B 
and Shetty AK. Predictable chronic mild stress 
improves mood, hippocampal neurogenesis 
and memory. Mol Psychiatry 2011; 16: 171-
183.

[46] Marcussen AB, Flagstad P, Kristjansen PE, 
Johansen FF and Englund U. Increase in neuro-
genesis and behavioural benefit after chronic 
fluoxetine treatment in Wistar rats. Acta Neurol 
Scand 2008; 117: 94-100.

[47] Wang Y, Chang T, Chen YC, Zhang RG, Wang 
HN, Wu WJ, Peng ZW and Tan QR. Quetiapine 
add-on therapy improves the depressive be-
haviors and hippocampal neurogenesis in 
fluoxetine treatment resistant depressive rats. 
Behav Brain Res 2013; 253: 206-211.


