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Ingestion of theanine, an amino acid in tea, suppresses
psychosocial stress in mice
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New Findings
� What is the central question of this study?

In the resident-intruder model of psychosocial stress, the subordinate is aggressively attacked
by the dominant, thus the two animals cannot be co-housed for extended periods. We have
developed a novel chronic model of social confrontation, and asked whether the intake of
theanine, an amino acid in tea, could suppress stress.

� What is the main finding and its importance?
Using a cage partition, we developed a new confrontational housing mouse model of
psychosocial stress. Although dominant and subordinate relationships were observed after
the removal of the partition, the mice could be co-housed without physical injury for a long
period. Further, we found that the intake of theanine suppressed stress.

The antistress effect of theanine (γ-glutamylethylamide), an amino acid in tea, was investigated
using mice that were psychosocially stressed from a conflict among male mice in conditions of
confrontational housing. Two male mice were housed in the same cage separated by a partition
to establish a territorial imperative. When the partition was removed, the mice were co-housed
confrontationally. As a marker for the stress response, changes in the adrenal gland were studied
in comparison to group-housed control mice (six mice in a cage). Significant adrenal hypertrophy
was observed in mice during confrontational housing, which was developed within 24 h and
persisted for at least 1 week. The size of cells in the zona fasciculata of the adrenal gland, from
which glucocorticoid is mainly secreted, increased (∼1.11-fold) in mice during confrontational
housing, which was accompanied by a flattened diurnal rhythm of corticosterone and ACTH in
blood. The ingestion of theanine (>5 μg ml−1) prior to confrontational housing significantly
suppressed adrenal hypertrophy. An antidepressant, paroxetin, suppressed adrenal hypertrophy
in a similar manner in mice during confrontational housing. In mice that ingested theanine,
behavioural depression was also suppressed, and a diurnal rhythm of corticosterone and ACTH
was observed, even in mice that were undergoing confrontational housing. Furthermore, the
daily dose of theanine (40 μg ml−1) blocked the counteracting effects of caffeine (30 μg ml−1)
and catechin (200 μg ml−1). The present study demonstrated that theanine prevents and relieves
psychosocial stress through the modulation of hypothalamic–pituitary–adrenal axis activity.
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It is widely accepted that chronic psychosocial stress is
associated with the development of depression, mood
disorders, cardiovascular and other age-related diseases
(McEwen et al. 1997; Pedersen et al. 2001; Gareri et al. 2002;
Bellinger et al. 2008; Thayer et al. 2010). As suppression
or prevention of stress-induced alterations is a potential
therapeutic strategy for a healthy life, experimental animal
models of psychosocial stress are useful for finding new
components that act against psychosocial stress. A conflict
between two male members can be a source of severe social
psychological stress in mammals. Therefore, the resident–
intruder model of social confrontation is widely used as
an experimental psychosocial stressor (Teskey & Kavliers,
1987; Stefanski, 1998; Bartolomucci et al. 2004; Ebner
et al. 2005; Walker et al. 2009). As subordinate animals
are aggressively attacked by the dominant one, the two
animals cannot be co-housed in the same cage for a long
period of time. The environmental changes induced by
the intruder animal trigger stress responses, which have
mainly been examined in subordinate animals.

We have developed a new model of psychosocial stress
by using a partition in a cage (Unno et al. 2011), where
the residence of each mouse is first established in the cage
while it is divided into two subunits, and confrontation is
initiated by removing the partition. Following the removal
of the partition, each mouse considers the other as an
intruder, while the mice are residents simultaneously. The
method provides the same environmental challenges to
both mice. The advantage of our model is that while a
hierarchical relationship of dominant and subordinate
is observed after the removal of the partition, the mice
can be co-housed without physical injury for a long
period (Unno et al. 2011), in contrast to other systems.
Male mouse aggressive behaviour involves unfamiliarity
of the urine odour (Nakamura et al. 2008), suggesting
that territorial aggression is reduced in our method
by a familiarity with each other’s urine odour, even
though they had been separated with a partition. In
the present study, we show that both the dominant and
the subordinate mice are stressed as demonstrated by
adrenal gland hypertrophy, which is a characteristically
stress-responsive organ. To study how mice are stressed
during confrontational housing, we investigated the time
course of adrenal hypertrophy, subsequent morphological
alterations and the concentrations of corticosterone and
ACTH in blood.

We have previously reported that the intake of theanine,
an amino acid in tea, suppressed the stress-derived
disadvantages in aged mice that were chronically stressed
by confrontational housing (Unno et al. 2011). Theanine is
the most abundant amino acid in tea, and the sweet umami
taste of green tea is due to amino acids, especially theanine.
Theanine eluted from green and black tea with hot
water accounts for 1.62–3.37 and 0.49–4.12%, respectively
(Alcázar et al. 2007). To elucidate the antipsychosocial

stress effect of theanine, we investigated its optimal dose,
as well as the effect of a mixture of other tea components,
such as catechin and caffeine, on mice in confrontational
housing. Even though theanine has an antagonistic effect
on the stimulatory action of caffeine in the rat brain
at an almost equivalent molar concentration, excitatory
effects have been shown at a low dose (0.2–0.3 mg kg−1)
of theanine alone (Kakuda et al. 2000). When eluted
in hot water from green or black tea, the content of
caffeine is about 3–6%. In addition, catechins, the primary
component of tea, amount to 30–42% (w/v) when eluted
in hot water from green tea (Balentine et al. 1997).

Finally, we compared the effect of theanine with
an antidepressant drug, paroxetin, which is a selective
serotonin reuptake inhibitor (SSRI; Miura et al. 2007;
Sillaber et al. 2008). The effect of theanine on
behavioural depression was also investigated. The complex
relationships of psychosocial stress in humans may,
however, be different in mice; psychosocial stress alters
the hypothalamic–pituitary–adrenal (HPA) axis function
in humans and other animals (De Vries et al. 2003;
Bartolomucci et al. 2005; Schmidt et al. 2007; Sterlemann
et al. 2008). Animal models have been essential for
elucidating human disorders caused by psychosocial
stress, such as depression, anxiety and age-related
diseases. As mice are given no physical treatment during
confrontational housing, the condition is more related
to psychosocial stress than to other physical conditions,
such as restraint or dipping in water (Thiébot et al. 1992).
Our mouse model of confrontational housing is useful for
advancing the study of the central nervous system exposed
to psychosocial stress and for screening new components
acting against psychosocial stress.

Methods

Animals and housing

Male ddY mice (Slc: ddY, 4 weeks old) were purchased
from Japan SLC Co. Ltd (Shizuoka, Japan) and kept in
conventional conditions in a temperature- and humidity-
controlled room with a 12 h–12 h light–dark cycle (light
period, 08.00–20.00 h; temperature, 23 ± 1◦C; relative
humidity, 55 ± 5%). Mice were fed with a normal
diet (CE-2; Clea Co. Ltd, Tokyo, Japan) and water ad
libitum. All experimental protocols were approved by the
University of Shizuoka Laboratory Animal Care Advisory
Committee and were in accordance with the guidelines of
the US National Institutes of Health for the care and use
of laboratory animals.

Housing conditions for stress experiments

Mice at 4 weeks of age were housed in a group of six in
a cage for 5 days to habituate them to novel conditions.
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The mice were then divided into four groups, namely
confrontationally housed, singly housed, two per cage and
group housed. For confrontational housing, a standard
polycarbonate cage was divided into two identical subunits
by a stainless-steel partition. Two mice were housed in
the partitioned cage for 1 week (single housing); then
the partition was removed to expose the mice to the
confrontational stress, and subsequently, the two mice
cohabited in the same cage for 1 week (confrontational
housing). Cages were placed in a Styrofoam box in
order to avoid social contact between cages. Experimental
plans are shown in Fig. 1. At the end of the 2 week
experimental period, the mice were killed by decapitation.
The adrenal glands, thymus, spleen and testes were
weighed. The adrenal glands were prepared for histological
observation.

Preparation of adrenal gland for microscopic
observation

The adrenal gland was fixed in 4% paraformaldehyde and
embedded in paraffin. Sections 5 μm thick were cut with a
microtome (Sakura IVS-400; Yamato Kohki Industrial Co.,
Ltd, Saitama, Japan), stained with Haematoxylin and Eosin
and observed under a light microscope (BX50; Olympus
Co., Tokyo, Japan). The size and number of cells were
measured in a randomly selected area (100 μm × 100 μm)
in the zona fasciculata.

Theanine and other tea components

L-Theanine (Suntheanine; Taiyo Kagaku Co. Ltd,
Yokkaichi, Japan) was used at 5–100 μg (ml water)−1. The
concentration of theanine in marketed green tea is 40–
100 μg ml−1. The concentrations of green tea catechin
(Polyphenon 70S; Mitsui Norin Co. Ltd, Tokyo, Japan)
and caffeine (Wako Pure Chemical Industries, Ltd, Osaka,
Japan) used in this study were 200 and 30 μg ml−1,
respectively, i.e. about one-third of the concentration
in green tea of medium quality. Mice consumed water
containing theanine and/or other tea components ad
libitum. Solutions of theanine and other tea components
were freshly prepared twice a week.

To investigate the effect of theanine, male mice
(n = 24) were divided into four groups and consumed
water containing each concentration of theanine (5–
100 μg ml−1). Next, to investigate the effect of caffeine
and catechin on theanine, male mice (n = 56) were divided
into seven groups and consumed theanine with caffeine
or catechin.

Effect of theanine ingestion, duration and
concentration, on adrenal gland weight

Mice were divided into four groups. The first and
second group of mice (n = 56) drank water or theanine
(20 μg ml−1) while housed singly in the partitioned cage

Figure 1. Housing conditions
Six mice were housed in a cage (group) or two mice were housed in a cage (two) to provide control
conditions. Another two mice were housed in a cage with a partition (single housing) for a week, and
subsequently the mice were housed without a partition (confrontational housing) for a week. As another
control, two mice were housed in a cage with a partition (single housing) for 2 weeks.
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(for 1 week) and then in the confrontational situation
(for 0–10 days). The third and fourth groups of mice
(n = 42) drank water for 1 week while housed singly in the
partitioned cage, and subsequently consumed theanine in
water at 20 or 40 μg ml−1 during confrontational housing
(for 0–10 days). The combined weight of the adrenal
glands (left and right) was measured at each time point
after the confrontation for 0, 0.5, 1, 3, 5, 7 and 10 days.

Measurement of corticosterone and ACTH

To investigate the effect of confrontational housing
on circulating corticosterone and ACTH in blood,
the concentrations were measured in mice during
confrontational housing. Mice were killed by decapitation,
and blood was collected each 6 h on the second or
seventh day of confrontational housing. To investigate
the effect of theanine on corticosterone and ACTH,
mice drank theanine prior to confrontational housing. In
addition, as a control, the concentrations of corticosterone
and ACTH were measured in mice that were group
housed. The concentrations of corticosterone in serum
were determined using the corticosterone enzyme
immunoassay kit (Cayman Chemical Co., Ann Arbor,
MI, USA). The concentrations of ACTH in plasma were
determined utilizing the ACTH radioimmunoassay kit
(ACTH IRMA; Mitsubishi Chemical Medicine, Tokyo,
Japan).

Effects of paroxetin

Paroxetin (GlaxoSmithKline Co. Ltd, Tokyo, Japan) was
suspended in 2% sodium carboxymethyl cellulose (CMC;
Kanto Chemical Co. Inc., Tokyo, Japan) at 160 μg ml−1.
In the experiments on paroxetin, mice (n = 12) drank 2%
CMC containing paroxetin ad libitum for 1 week while
singly housed in the partitioned cage and subsequently for
1 week in confrontational housing. Control mice (n = 24)
drank water containing 2% CMC during confrontational
or group housing. These solutions were freshly prepared
twice a week.

Tail suspension and marble-burying behaviour tests

To investigate behavioural depression, mice were
individually suspended by their tails at a height of 30 cm
using a clip for tail suspension (MSC2007; YTS Yamashita-
Giken, Tokushima, Japan). The duration of immobility
was recorded for 15 min (Miyamoto, 1997). As a model
of anxiety-like behaviour, marble-burying behaviour was
measured (Njung’e & Handley, 1991; Kobayashi et al.
2008). Mice were placed individually in a cage containing
15 clear glass marbles of 1.5 cm diameter, evenly spaced in
three lines on top of 5-cm-deep woodchip bedding. After

30 min, the animals were removed from the cages, and the
number of buried marbles was counted.

Statistical analyses

Data were expressed as means ± SEM. The effect of
psychosocial stress was determined by one-way ANOVA
followed by the Bonferroni post hoc test for multiple
comparisons. Smirnov–Grubbs test was used to remove
outliers.

Results

Adrenal, thymus and whole-body weight in mice
in confrontational housing

Mice were housed in the following four different
conditions: confrontationally, singly, two per cage and
group housed (Fig. 1). When the partition was removed
and confrontational housing commenced, the two mice
did not suffer injuries. Some offensive behaviours, such
as attacking, chasing or attempting to mount the other
mouse, and defensive behaviours, such as retreating or
assuming submissive postures, were occasionally observed
in male mice immediately after the confrontational
housing was started; however, neither submissive nor
dominant mice were injured.

The body weight on the last day of the experiment
was not different among the four housing conditions
(Fig. 2). However, the adrenal weight of male mice
housed confrontationally was significantly higher than
that of group-housed, paired and singly housed male mice
(F(3, 26) = 13.665; P = 1.5 × 10−5; one-way ANOVA;
Fig. 2). Although a dominant–subordinate relationship
was observed in mice during confrontational housing,
adrenal hypertrophy occurred to a similar extent in the two
mice during confrontational housing (6.52 ± 0.52 mg in
dominant mice and 7.08 ± 0.28 mg in subordinate mice).
There was no change in the adrenal gland of singly housed,
two per cage and group-housed male mice.

On the contrary, the weight of the thymus was
significantly lower in male mice that experienced
confrontational housing than in singly housed, paired and
group-housed mice (F(3, 20) = 6.659; P = 2.7 × 10−3;
one-way ANOVA). There was no difference in the weight
of testes or spleens among the four groups of mice.

Analysis of adrenal gland zona fasciculata cell size
and number

Adrenal hypertrophy was observed morphologically.
Sections of the adrenal gland of mice from confrontational
and group housing were observed microscopically
(Fig. 3A). Twenty-nine paraffin sections of the adrenal
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gland were selected from six mice that were
confrontationally housed, and 21 sections were selected
from four mice that were group housed. As cells in the
zona fasciculata have only one nucleus (Bielohuby et al.
2007), the number of cells in the zona fasciculata was
counted in an area of 100 μm2. The average number of cell
nuclei was significantly lower in confrontationally housed
mice than in group-housed mice (118 ± 2.1 and 131 ± 3.1,
respectively; F(1, 48) = 12.708; P = 8.36 × 10−4; one-way
ANOVA). Twenty-six sections of the adrenal gland from
seven mice that ingested theanine in confrontational
housing were also observed (Fig. 3B). The morphology
and average number of cell nuclei in the zona fasciculata
were similar to those of the group-housed mice
(132 ± 3.3). These results indicate that cell size was
∼1.11 times larger in mice confrontationally housed
than in those that were group housed and that adrenal
morphology was normal in theanine-treated mice in
confrontational housing conditions.

Adrenal hypertrophy after confrontation
and the effect of theanine consumption

When the mice continued to consume theanine at 5–
100 μg ml−1 for 2 weeks, that is, for 1 week in the
divided cage followed by 1 week of confrontational
housing, the adrenal weight was significantly lower
than in confrontationally housed mice that drank
water (F(5, 62) = 16.860; P = 1.72 × 10−10; one-way
ANOVA; Fig. 4). The suppressive effect of theanine

could be observed from the lowest concentration
(5 μg ml−1). The volume of drinking water did not
change among mice during confrontational housing. The
average volume of drinking water was 8.3 ml day−1 per
mouse. The consumption of theanine at 5 μg ml−1 was
1.1 mg kg−1 day−1.

Next, the time-dependent alterations of the adrenal
gland were measured for 10 days. After the confrontation,
the weight of the adrenal gland increased significantly,
and apparent hypertrophy continued for at least 1 week
(Fig. 5A). When mice continued to consume theanine
in drinking water at 20 μg ml−1 for 17 days (i.e. single
housing in the partitioned cage for 1 week followed
by confrontational housing for 10 days), no adrenal
hypertrophy was observed in mice in the confrontational
housing (Fig. 5B). When mice consumed theanine at
20 μg ml−1 after the confrontation, the adrenal weight
increased slightly but not significantly (Fig. 5C). However,
in mice that consumed 40 μg ml−1 theanine after the
confrontation, no adrenal hypertrophy was observed
(Fig. 5D). Prior intake of theanine prevented psychosocial
stress at a low dose (>5 μg ml−1). Even after psychosocial
stress, a higher dose of theanine (40 but not 20 μg ml−1)
was effective.

Influence of tea components on effects of theanine

The effect of the co-administration of catechin
and caffeine with theanine was examined. The
suppressive effect of theanine on adrenal hypertrophy

Figure 2. Effect of housing conditions on stress-responsive organ weight
Each bar indicates the mean + SEM (n = 6–12; ∗P < 0.05).

C© 2012 The Authors. Experimental Physiology C© 2012 The Physiological Society
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at 20 μg ml−1 (4.5 mg theanine kg−1 day−1) was abolished
by the addition of catechin (200 μg ml−1) or caffeine
(30 μg ml−1; Fig. 6). However, the consumption of
40 μg ml−1 theanine suppressed adrenal hypertrophy even
when catechin and caffeine were added (F(8, 69) = 7.007;
P = 9.97 × 10−7; one-way ANOVA). The volume of water
drunk was not affected by the concentration of theanine
and other tea components.

Figure 3 The effect of confrontational housing and theanine
consumption on adrenal glands.
A, histological sections of the adrenal glands of mice that were
group housed or housed confrontationally (the housing
conditions are shown in Fig. 1). B, morphological effect of
theanine intake on adrenal gland from a mouse that had
consumed theanine (20 μg ml−1 in water) for 2 weeks (singly
housed in a partitioned cage for 1 week followed by
confrontational housing for 1 week). Each box represents an
area of 100 μm2 in the zona fasciculata of the adrenal gland of
6-week-old mice (×10; the scale bar represents 60 μm) and a
high-power view (×40; the scale bar represents 20 μm).

Effect of antidepressant drug on adrenal hypertrophy

The effect of theanine was compared with that of the
antidepressant drug paroxetin on adrenal hypertrophy of
mice during confrontational housing. The consumption
of paroxetin significantly suppressed adrenal hypertrophy
of mice during confrontational housing (Fig. 7). In this
experiment, the average volume of 2% CMC that was
drunk was 8.0 ml day−1 per mouse. The dose of paroxetin
was 37.4 mg kg−1 day−1.

Effect of theanine intake on behavioural depression
in mice during confrontational housing

As adrenal hypertrophy was suppressed by the intake
of theanine and paroxetin, the effect of theanine
intake on behavioural depression was investigated using
the tail suspension test. The immobility time was
significantly longer in mice during confrontational
housing and shortened in mice that ingested theanine
during confrontational housing (F(3, 18) = 16.785;
P = 1.87 × 10−5; one-way ANOVA; Fig. 8). During group
housing, the immobility time tended to be short in mice
that ingested theanine.

The anxiety-like behaviour that was assessed using
marble-burying behaviour did not change in mice during
group and confrontational housing. The ratio of detectable
marbles was 0.133 ± 0.046 and 0.156 ± 0.095 in group-
housed and confrontationally housed mice, respectively.
An effect of theanine intake was not observed.

Figure 4. The effect of theanine consumption on adrenal gland
weight
Mice drank each concentration of theanine in water for
2 weeks (single housing in a partitioned cage for 1 week
followed by confrontational housing for 1 week). Each bar
shows the mean + SEM (n = 4–29; #P < 0.05 versus group
housing; ∗P < 0.05 versus 0 μg ml−1 theanine).
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Concentrations of corticosterone and ACTH in blood

The concentration of corticosterone in serum was
investigated because corticosterone is mainly secreted
from the zona fasciculata of the adrenal gland. The level of
corticosterone is generally higher in the evening and lower
in the morning in mice. To confirm the effect of housing
conditions on the circadian rhythm of corticosterone, the
level was measured every 6 h on the seventh day. The
level of corticosterone was highest at 18.00 h and lowest
at 06.00 h in the mice that were group housed. However,
serum corticosterone levels became low and the diurnal
rhythm flattened in mice during confrontational housing

(Fig. 9). The flattened level was also observed in mice
during confrontational housing for 2 days. However, when
mice ingested theanine during confrontational housing,
the levels exhibited a clear diurnal rhythm with a peak at
18.00 h and a trough at 06.00 h.

The concentration of ACTH in plasma was investigated
because ACTH is the mainly regulator of the adrenal
gland. The level was lowest at 18.00 h and highest at
06.00 h in the mice during group housing (Fig. 10). The
plasma ACTH levels became low and there was a flattened
diurnal rhythm in mice during confrontational housing.
A diurnal rhythm was observed in mice that ingested
theanine during confrontational housing, although the

Figure 5. The effect of theanine ingestion, duration and concentration, on adrenal gland weight
A, control mice drank water. B, mice consumed theanine (20 μg (ml water)−1) for 17 days (singly housed
in a partitioned cage for 1 week followed by confrontational housing for 10 days). C, mice consumed
theanine (20 μg (ml water)−1) in confrontational housing conditions for 10 days. D, mice consumed
theanine (40 μg (ml water)−1) during confrontational housing for 10 days.

C© 2012 The Authors. Experimental Physiology C© 2012 The Physiological Society
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Figure 6. Effect of green tea components on adrenal hypertrophy
Theanine (20 or 40 μg ml−1) was consumed with or without catechin (200 μg ml−1) and/or caffeine
(30 μg ml−1) for 2 weeks (single housing in a partitioned cage for 1 week followed by confrontational
housing for 1 week). Adrenal weight was measured on the seventh day of the confrontational
housing. Each bar shows the mean + SEM (n = 6–12; #P < 0.05 versus group housing; ∗P < 0.05 versus
confrontational housing without theanine).
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levels were lower than those in mice that were group
housed.

Discussion

Confrontational housing

None of the confrontationally housed male mice
was severely attacked physically; however, significant
adrenal hypertrophy was observed, suggesting that their
coexistence was a stressor in mice (Fig. 2). Although
a marginal difference in adrenal hypertrophy was
observed between the subordinate and dominant mice,
the difference between the mice during confrontational
and group housing was significant. On the contrary,
no alteration was observed in mice housed singly or in
pairs, suggesting that these housing conditions were not a
stressor. The effect of confrontation was not observed in
females (data not shown). As male signals are important
for social aggression (Nakamura et al. 2007; Fuxjager et al.
2010), male mice are suggested to establish their territorial
imperative by single housing, and thereafter they become
stressed by confrontation. Additionally, differences in the
number of mice in a cage (two versus six) did not affect
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1 week. The serum concentration of corticosterone was measured on the seventh day of confrontational
housing in mice that drank theanine (filled circles) or water (open circles). Theanine-treated mice
drank theanine (20 μg ml−1) for 2 weeks (single housing in a partitioned cage for 1 week followed
by confrontational housing for 1 week). The corticosterone levels were also measured on the second
day of confrontational housing in mice that drank water (open squares). Control mice that were group
housed drank water (open triangles) for 2 weeks. Each point represents the mean ± SEM (n = 3–6). Open
and filled bars represent 12 h light and dark cycles, respectively.
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the adrenal or thymus weights, indicating that the number
of mice in a group, at least from two to six, was not
significant in our experiment. These results indicate that
group-housed male mice were adequate as a control to
investigate the effect of confrontational housing, although
singly housed mice have also been used as a control for
chronically stressed mice (Singewald et al. 2009; Peters
et al. 2012).

We have reported that the adrenal weight increased in
a similar manner in BALB/c male mice (Miyashita et al.
2006) and senescence-accelerated mice (SAMP10; Unno
et al. 2011). As territorial disputes are observed in male
mice of strains such as C57BL/6, ICR and A/J (Nakamura
et al. 2007, 2008; Fuxjager et al. 2010), male mice of other
strains seem likewise to be stressed during confrontational
housing.

Furthermore, adrenal hypertrophy was significantly
suppressed by the ingestion of an SSRI antidepressant
drug (paroxetin; Fig. 7). Mice that were confrontationally
housed were in a depressive state, as measured using the
tail suspension test; theanine intake completely improved
this state (Fig. 8). These results suggest that theanine, like
paroxetin, has an antidepressant effect. Our experimental

conditions of confrontational housing using male mice
may mimic the psychosocial stress of humans, implying
that one individual is stressed psychosocially by the
confrontational existence of another in the office and
home (Frank et al. 1998; Marsh et al. 2009).

Adrenal hypertrophy, corticosterone and ACTH

The adrenal gland is an essential stress-responsive organ
that is part of both the HPA axis and the sympatho-
adrenomedullary system. The adrenal weight differs
depending on age and sex (Bielohuby et al. 2007);
however, alterations in the HPA axis developed in
all stressed animals, independently of whether they
were dominant, subordinate, a resident or an intruder
(Schmidt et al. 2007). During confrontational housing,
adrenal hypertrophy was observed in both dominant and
subordinate mice (Fig. 2). The levels of corticosterone
and ACTH were not significantly different between
dominant and submissive mice. As chronic exposure to
stress commonly resulted in adrenal hypertrophy, adrenal
hypertrophy is a sensitive stress marker.

Figure 10. Circadian rhythm of ACTH
Mice were housed singly in a partitioned cage for 1 week followed by confrontational housing for
1 week. The concentrations of ACTH in plasma were measured on the seventh day of confrontational
housing in mice that drank theanine (filled circles) or water (open circles). Theanine-treated mice
drank theanine (20 μg ml−1) for 2 weeks (single housing in a partitioned cage for 1 week followed by
confrontational housing for 1 week). The levels were also measured on the second day of confrontational
housing in mice that drank water (open squares). Control mice that were group housed drank water
(open triangles) for 2 weeks. Each point represents the mean ± SEM (n = 4). Open and filled columns
represent 12 h light and dark cycles, respectively.
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Although cellular hypertrophy was observed in the
zona fasciculata of the adrenal gland in mice during
confrontational housing (Fig. 3), the concentration of
serum corticosterone became rather low and flattened in
mice that were confrontationally housed (Fig. 9). Likewise,
a reduced concentration of corticosterone during chronic
stress has been reported in rats (Girotti et al. 2006).
The level and diurnal rhythm of ACTH also became
low and flattened in mice that were confrontationally
housed (Fig. 10). The alteration of corticosterone level
was correlated with the level of ACTH. Moreover,
in mice that ingested theanine during confrontational
housing, a normal diurnal rhythm was observed in the
concentrations of corticosterone and ACTH, although the
level of ACTH was lower than that of group-housed mice.
These results indicate that confrontational housing alters
the activity of the HPA axis in mice, and that theanine
suppresses the adverse alteration of the HPA axis during
chronic stress.

The effect of theanine on secretion of corticosterone was
investigated using primary-cultured adrenal gland cells.
Theanine (20 μg ml−1) had no effect on the secretion of
corticosterone from adrenal gland cells with or without
stimulation by ACTH (data not shown). Theanine did not
affect the adrenal gland directly.

A significant portion of the excitatory control of HPA
axis activity is mediated by glutamate signalling (Herman
et al. 2004; Jezova 2005) through glutamate receptors
in the paraventricular nucleus of the hypothalamus
(Evanson et al. 2009). The diurnal fluctuation in plasma
corticosterone level is also involved in the glutamatergic
innervation of the suprachiasmatic nuclei (Bodnár et al.
2009). Theanine might modulate HPA axis activity
through glutamate signalling in the central nervous
system. The secretion of corticosterone is not only
controlled via the HPA axis, but also by many other
systems, such as the central clock in the suprachiasmatric
nucleus (Ota et al. 2012), peripheral organs (Lamia et al.
2011) and the serotonergic signalling system (Holmes et al.
1995; Jiang et al. 2009; Falkenberg & Rajeevan, 2010).
Measurements of serotonin, receptors and clock signals
may be necessary to examine the mechanism of the chronic
stress response.

Interestingly, the relevance of depression to a flattening
in the circadian rhythm of corticosterone has been
reported (Solberg et al. 2001; Leitch et al. 2003; Touma
et al. 2009). In our experiment, mice exhibited behavioural
depression during confrontational housing (Fig. 8).
Ingestion of theanine completely suppressed adrenal
hypertrophy (Figs 4 and 5), behavioural depression (Fig.
8) and the flattened circadian rhythm of corticosterone
and ACTH (Figs 9 and 10). These results suggest that
theanine has an antidepressant-like effect through the
suppression of adverse alterations of the HPA axis during
chronic stress.

Effect of theanine in the brain: modulation
of the metabolism of glutamate and serotonin

Theanine administered orally was easily absorbed from
the intestinal tract and partly transported into the
brain competitively via the L-system at the blood–brain
barrier (Yokogoshi et al. 1998; Terashima et al. 1999).
Theanine incorporated into the brain is reported to
reduce the release of glutamate from the presynaptic
neuron to the synaptic cleft by acting strongly as a
glutamine transporter and inhibiting the incorporation
of extracellular glutamine into neurons, which suppresses
the conversion of glutamine to glutamate by glutaminase
(Kakuda et al. 2008; Kakuda, 2011); therefore, previous
intake of theanine might suppress HPA axis excitability by
reducing glutamate release.

In contrast, our results indicate that the effect of
theanine is inhibited by the addition of caffeine or
catechin. However, a high intake of theanine (40 μg ml−1)
recovers this inhibition (Fig. 6). Theanine may have
antagonistic effects on the central nervous system
excitation that was caused by a small dose (0.97 mg kg−1)
of caffeine (Kakuda et al. 2000). Caffeine is a non-selective
antagonist of the adenosine receptor. As adenosine
receptor subtypes modulate the release and reuptake of
serotonin (Okada et al. 1999), the competitive interaction

Figure 11. Hypothesis concerning the effect of theanine intake
in the brain
Adrenal hypertrophy and disorder of the corticosterone
circadian rhythm in mice during confrontational housing were
suppressed by theanine intake, indicating a reduction of
excitability of the hypothalamic–pituitary–adrenal axis by
theanine. Theanine might modulate both glutamate and
serotonin metabolism and suppress glutamate-induced
excitation.
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between caffeine and theanine suggests the modulation of
serotonin metabolism by theanine.

The administration of theanine increased the
concentration of serotonin in the brain, especially
in the striatum, hypothalamus and hippocampus of
rats (Yokogoshi et al. 1998). Furthermore, glutamate-
induced excitation is reduced by serotonin (Quintero &
McMahon, 1999). The consumption of paroxetin, an SSRI,
suppressed adrenal hypertrophy during confrontational
housing (Fig. 7), which suggests the importance of
serotonin metabolism. In addition, chronic social stress
downregulates the 5-HT1A receptor in the prefrontal
cortex (Kieran et al. 2010), and a flattened rhythm of
corticosterone attenuates the sensitivity of the 5-HT1A

receptor (Leitch et al. 2003). Fluoxetine, another SSRI,
inhibits glutamate release through the suppression of
Ca2+ channel activity (Wang et al. 2003). These results
support our hypothesis that theanine might modulate
both serotonin and glutamate metabolism and suppress
glutamate-induced excitation (Fig. 11).

In conclusion, we found that confrontational housing
imposed a psychosocial stress on mice. Furthermore, the
consumption of theanine significantly suppressed adverse
alterations of stress-responsive organs of mice during
confrontational housing. Theanine, when consumed with
catechin and caffeine, as green tea, also had an antistress
effect, although the effect of theanine was partly inhibited
by catechin and caffeine. In addition, confrontational
housing provides a useful model for studying the
effect of psychosocial stress and for screening antistress
components.
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