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Theanine, an Ingredient of Green Tea,
Inhibits [3H]Glutamine Transport in
Neurons and Astroglia in Rat Brain
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We have previously shown that theanine (5g-glutamylethylamide), an ingredient of green tea, has a protective
effect against ischemic neuronal death in the hippocampal CA1 region of the gerbil brain without affecting
ligand binding to ionotropic receptor subtypes of the
neurotransmitter glutamate structurally related to theanine. The neurotransmitter pool of glutamate is thought
to be fueled by the entry of the other structural analog
glutamine (Gln) and subsequent cleavage by glutaminase. Although theanine did not inhibit [3H]glutamate
accumulation, [3H]theanine was actively accumulated in
a temperature-dependent and saturable manner in rat
brain synaptosomal fractions. The accumulation of
[3H]theanine was markedly inhibited by Gln in a concentration-dependent manner, whereas [3H]Gln accumulation was inhibited by theanine vice versa. Both
[3H]theanine and [3H]Gln accumulations were decreased after the replacement of sodium chloride with
choline chloride, along with similarly high distribution
proﬁles in telencephalic structures. A similar equilibrium
was observed within 30 min at 308C for the accumulations of both [3H]theanine and [3H]Gln in cultured rat
neocortical astroglia as well as neurons, whereas theanine inhibited [3H]Gln accumulation in a concentrationdependent manner at 0.1–10 mM. Furthermore, sustained exposure to 10 mM theanine led to a signiﬁcant
decrease in the level of extracellular glutamate released
from cultured neurons. These results suggest that the
green tea ingredient theanine would be an inhibitor of
different transporters capable of transporting Gln
across plasma membranes toward the modulation of
the glutamate/Gln cycle required for the neurotransmitter pool of glutamate in neurons. VC 2008 Wiley-Liss, Inc.
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Previously, we have shown that a prior intracerebroventricular injection of the green tea ingredient Ltheanine (5g-glutamylethylamide; Fig. 1A) leads to signiﬁcant protection of the hippocampal CA1 pyramidal
' 2008 Wiley-Liss, Inc.

neurons against delayed neuronal cell death in gerbils
with bilateral forebrain global ischemia (Kakuda et al.,
2000). However, theanine is a poor inhibitor of ligand
binding to three different ionotropic receptor subtypes
of the excitatory amino acid neurotransmitter L-glutamate (Fig. 1B), which is a structural analog of theanine,
in rat cortical neurons compared with that of glutamate
itself (Kakuda et al., 2002). In contrast, theanine is
metabolized by phosphate-independent glutaminase responsible for the degradation of another theanine structural analog, L-glutamine (Gln; Fig. 1C), in the rat kidney, but not by phosphate-dependent glutaminase
(Tsuge et al., 2003). Although glutamate is shown to
play a pivotal role in mechanisms underlying delayed
neuronal cell death after ischemia (Szatkowski and Attwell, 1994), a structural evaluation clearly reveals a
greater similarity of theanine to Gln than to glutamate
with regard to the amide moiety, suggesting that theanine could elicit its neuroprotective action through particular mechanisms relevant to Gln rather than to glutamate in the brain.
Indeed, in the central nervous system, Gln is
believed to be the principal substrate for the glutamine
transporter (GlnT) (5ATA1/SAT1/SNAT1), with a precursor role for the neurotransmitters glutamate and gaminobutyric acid (Schousboe et al., 1979). In neurons,
Gln is hydrolyzed to glutamate by the catalytic action of
phosphate-dependent glutaminase (Schousboe et al.,
1979) toward the condensation of glutamate into synapThe ﬁrst two authors contributed equally to this work.
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Fig. 1. Chemical structures of L-theanine (A; g-glutamylethylamide),
L-glutamate (B) and L-glutamine (C).

tic vesicles by vesicular glutamate transporters expressed
at vesicular surfaces for subsequent exocytotic release
into synaptic clefts upon stimulation. Extracellular glutamate is then removed from synaptic clefts by excitatory
amino acid transporters expressed by adjacent cells,
including neurons and astroglia. It is widely accepted
that this active transport is crucial for preventing the
accumulation of extracellular glutamate to a neurotoxic
level in addition to terminating synaptic glutamatergic
neurotransmission. In astrocytes, incorporated glutamate
is then converted by glutamine synthetase to Gln. This
Gln is exported to extracellular spaces for the reentry
through GlnT into neurons to fuel the aforementioned
glutamate/Gln cycle required for the neurotransmitter
pool at nerve terminals in glutamatergic neurons
(Schousboe et al., 1979; Broer, 2002; Dolinska et al.,
2004). As described above, however, theanine is not
metabolized by phosphate-dependent glutaminase
enriched in the brain (Tsuge et al., 2003). In this study,
therefore, we have determined the incorporation of
[3H]glutamate, [3H]Gln, and [3H]theanine in order to
evaluate the action site in the brain for neuroprotection
by theanine.
MATERIALS AND METHODS
Materials
Amino acids were all purchased from Wako (Tokyo,
Japan). Theanine was purchased from Tokyo Kasei Kogyo
(Tokyo, Japan). [3H]Theanine (1.41 TBq/mmol) was synthesized by Daiichi Pure Chemicals Co., Ltd. (Ibaraki, Japan).
[3H]Gln (1.89 TBq/mmol) was purchased from Perkin Elmer
Life Sciences (Boston, MA). Other chemicals used were of
the highest purity commercially available.
Preparation of Synaptosomal (P2) Fractions
This study was conducted in compliance with the
Guideline for Animal Experimentation at Kanazawa University, with an effort to minimize the number of animals used
and their suffering. Unless otherwise indicated, crude synaptosomal fractions were prepared from the whole brains of male
Wistar rats of 8–10 weeks old, with minor modiﬁcations of the
method described by Takarada et al. (2004). Each discrete rat
brain structure was also dissected according to the procedures
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described by Glowinski and Iversen (1966). In brief, brains
were removed from the cranial cavity and homogenized in
0.32 M sucrose with a Teﬂon/glass homogenizer. Homogenates were centrifuged at 800g for 10 min, followed by further
centrifugation of the supernatants at 20,000g for 20 min and
subsequent suspension of the sediment of P2 fractions in a 20fold volume of 0.32 M sucrose. Suspensions were again centrifuged at 20,000g for 10 min for washing. This washing process
was repeated three times. The ﬁnal pellets were suspended in a
tenfold volume of Krebs-Ringer buffer (KRB) [10 mM
HEPES buffer (pH 7.4) containing 125 mM NaCl, 3.5 mM
KCl, 1.25 mM KH2PO4, 1.2 mM MgSO4, 25 mM NaHCO3,
1.5 mM CaCl2, and 10 mM glucose] for the use as the synaptosomal fractions in uptake experiments on the same day.
Preparation of Synaptic Membranes
The crude synaptosomal fractions were subjected to osmotic shock by the use of ice-cold water, followed by centrifugation at 8,000g for 20 min and subsequent suspension of
the upper sediments with supernatants by gentle shaking as
described previously (Ogita and Yoneda, 1986). The suspensions thus obtained were again centrifuged at 50,000g for 30
min, followed by suspension of the pellets in 40 vol 5 mM
Tris-acetate buffer (pH 7.4) containing 0.1 mM phenylmethylsulfonyl ﬂuoride, 0.01% bacitracin, and 1 mM EDTA using
a Physcotron homogenizer at setting 6 for 2 min at 48C and
subsequent centrifugation at 50,000g for 30 min. The resulting
pellets were washed three times by suspension in the same
volume of buffer with centrifugation at 50,000g for 30 min.
The ﬁnal pellets were suspended in 8 vol 0.32 M sucrose and
frozen at 2808C for no longer than 1 week. On the day of
the experiments, frozen suspensions were thawed at room
temperature, followed by washing twice as mentioned above.
In addition, the suspensions were treated with 0.08% Triton
X-100 at an approximate protein concentration of 0.32 mg
protein/ml at 28C for 30 min with gentle stirring (Ogita and
Yoneda, 1988). This treatment was terminated by the centrifugation as described above, and the resulting pellets were
washed once more to obtain Triton-treated membranes for
use in receptor binding assays.
Preparation of Astroglial Culture
Astrocytes were prepared as described previously (Murakami et al., 2003). In brief, cerebral neocortex (CX) from 20day-old embryonic Wistar rats was cleared of meninges and
treated with 0.25% trypsin in Ca21- and Mg21-free phosphate-buffered saline (PBS) containing 5.5 mM glucose for 20
min at 378C with gentle shaking. An equal volume of horse
serum supplemented with 0.1 mg/ml of DNase I was added
to the medium to inactivate the trypsin. Then, the tissues
were centrifuged at 500g for 5 min. The tissue sediments
were triturated through a ﬁre-narrowed Pasteur pipette with
Dulbecco’s modiﬁed Eagle’s medium (DMEM) containing
10% fetal calf serum (FCS), 100 lg/ml streptomycin, and 100
U/ml penicillin. After the suspensions were ﬁltered through a
lens-cleaning paper (Fuji Photo Co., Tokyo, Japan), cells
were plated on 90-mm-diameter polyethyleneimine-coated
plastic dishes (Nunc, Roskilde, Denmark) at a density of 1.0–
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1.3 3 105 cells/cm2. Cultures were maintained in a humidiﬁed atmosphere of 5% CO2 and 95% air at 378C with the
medium changed twice per week. After 1 week, cells were
replated to remove the neurons. On days 12–14, they were
replated onto a six- or 24-well dish using an ordinary trypsin
treatment technique at a density of 0.75 3 105 cells/cm2 and
cultured for an additional 1–2 days.
Preparation of Neuronal Culture
Primary neuronal cultures were prepared from 18-dayold embryonic rat CX as originally described by di Porzio
et al. (1980), with minor modiﬁcations (Nakamichi et al.,
2002). In brief, embryonic rat CX was dissected and incubated with Versene at room temperature for 12 min. After the
cells were counted with a Trypan blue exclusion test, cells
were mechanically dissociated with a ﬁre-narrowed Pasteur
pipette in the culture medium and plated at a density of 2.5
3 105 cells/cm2 in a six- or 24-well dish (Nunc). Prior to
use, the dishes were sequentially coated with 7.5 lg/ml polyL-lysine and 10% FCS. The culture medium contained basal
DMEM/F-12 supplemented with 10% FCS, 33 mM glucose,
2 mM glutamine, 100 U/ml penicillin, 100 lg/ml streptomycin, 5 mM HEPES, and 0.11% sodium bicarbonate. Cells
were cultured in DMEM/F-12 with the supplement described
above for an initial 3 days, treated with 10 lM cytosine arabinoside for 24 hr over 2–3 days, and then cultured in basal
DMEM containing 33 mM glucose, 2 mM Gln, 100 U/ml
penicillin, 100 lg/ml streptomycin, 5 mM HEPES, 0.11%
sodium bicarbonate, 50 lg/ml transferrin, 500 ng/ml insulin,
1 pM b-estradiol, 3 nM triiodothyronine, 20 nM progesterone, 8 ng/ml sodium selenite, and 100 lM putrescine for 3–
12 days. The culture medium was replaced every 3 days with
freshly prepared culture medium of the same composition.
Cultures were maintained at 378C in a 5% CO2/95% airhumidiﬁed incubator.
Determination of Transport Activities
Freshly prepared P2 fractions were incubated with
[3H]theanine, [3H]glutamate, or [3H]Gln at 1 lM in either
the presence or the absence of a variety of test drugs at 48C
or 308C for different periods in 0.5 ml KRB. Incubation was
terminated by the addition of 3 ml ice-cold buffer and subsequent ﬁltration through a Whatman GF/B glass ﬁber ﬁlter
under a constant vacuum of 15 mmHg. The ﬁlter was further
rinsed four times with buffer, and the amount of radioactivity
trapped on the ﬁlter was measured with a liquid scintillation
spectrometer using 5 ml Triton-toluene scintillation cocktail
at a counting efﬁciency of about 40%. Nonspeciﬁc binding
was calculated by the amount of radioactivity detected in the
presence of each unlabeled substrate at 1 mM, which was similar to that found with the incubation at 48C. Assays were
performed in triplicate at intervals of 20 sec.
Determination of [3H]Theanine Binding
Crude synaptic membranes were incubated with 10 nM
[3H]theanine in 0. 5 ml 50 mM Tris-acetate buffer (pH 7.4)
at 48C or 308C for different periods up to 30 min. The incubation was similarly terminated by the addition of 3 ml ice-

cold buffer and subsequent ﬁltration through a Whatman GF/
B glass ﬁber ﬁlter under a constant vacuum of 15 mmHg.
The ﬁlter was further rinsed four times with buffer, and the
amount of radioactivity trapped on the ﬁlter was measured
with a liquid scintillation spectrometer using 5 ml Triton-toluene scintillation cocktail. Nonspeciﬁc binding was calculated
by the amount of radioactivity in the presence of 1 mM unlabeled theanine. Assays were performed in triplicate at intervals
of 20 sec.
Determination of [3H]Gln Transport in Cultured Cells
Cultured CX neurons and astrocytes were washed twice
with HEPES Krebs-Ringer (HKR; 130 mM NaCl, 5.4 mM
KCl, 1.8 mM CaCl2, 0.8 mM MgSO4, 1 mM NaH2PO4, 50
mM HEPES, and 5.6 mM D-glucose, pH 7.4) buffer, followed by incubation in HKR buffer at 378C for 30 min in a
5% CO2 incubator. The cells were then incubated with 1 lM
[3H]Gln at 378C for 10 min in either the absence or the presence of theanine at different concentrations. Reaction was terminated by gentle aspiration of the buffer, followed by rinsing
three times with ice-cold HKR buffer containing 5 mM unlabeled Gln at 48C and subsequent solubilization with 0.1 M
NaOH for liquid scintillation spectrometry using 3 ml scintillation cocktail (clear sol I), as described previously (Takarada
et al., 2004). The protein concentration was determined with
a Bio-Rad Protein Assay Kit.
Measurement of Endogenous Glutamate
Rat cortical neurons were cultured in DMEM/F-12
supplemented as described above in either the presence or the
absence of 10 mM theanine without cytosine arabinoside for
3 days. The concentration of the extracellular glutamate was
measured in the culture medium using HPLC with the ophthalaldehyde derivatization method. The culture medium
was collected from the primary cultured neurons, followed by
the addition of perchloric acid at a ﬁnal concentration of 0.2
M and subsequent centrifugation for 5 min at 20,000g. The
supernatant was neutralized by 1 M NaOH, followed by the
reaction for 2 min at room temperature with a derivatization
reagent [5 mg/ml o-phthalaldehyde, 1% b-mercaptoethanol,
and 0.36 M potassium borate (pH 10.4)] and subsequent
injection into an analysis column (Symmetry C18 3.5 lm, 4.6 3
75 mm). Elution was conducted using a programmable pump
(Gilson model 305 1 306) with a linear gradient to 70% acetonitrile and 20 mM sodium phosphate (pH 6.0) at a ﬂow
rate of 1.0 ml/min. Derivatized amino acids were detected
with a ﬂuorometer (Gilson model 21).
Data Analysis
Results are expressed as mean 6 SEM, and the statistical
signiﬁcance was determined by two-tailed and unpaired Student’s t-test or one-way ANOVA followed by Bonferroni/
Dunnett post hoc test.

RESULTS
[ H]Theanine Accumulation
To investigate the possible afﬁnity of theanine for
particular membrane receptors, crude synaptic membranes
3
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Fig. 2. [3H]Theanine binding and uptake. A: Synaptic membranes
were incubated with 10 nM [3H]theanine at 48C and 308C for a period up to 30 min. B: Synaptosomal fractions were incubated with 1
lM [3H]glutamate in either the presence or the absence of 1 mM
theanine at 308C for 5 min. C: Synaptosomal fractions were incu-

bated with 1 lM [3H]theanine at 48C and 308C for a period up to
120 min. D: Synaptosomal fractions were incubated with
[3H]theanine at a concentration range of 1 lM to 10 mM at 308C
for 20 min. Values are the mean 6 SE in three independent sets of
experiments done in triplicate.

were incubated with 10 nM [3H]theanine at 48C and
308C for different periods. However, no marked binding
for [3H]theanine was detectable in synaptic membranes
irrespective of the incubation time and temperature (Fig.
2A). Consequently, an attempt was made to determine
whether theanine affects the incorporation of [3H]glutamate in synaptosomal fractions. [3H]Glutamate accumulation reached a plateau within 5 min after a linear increase
up to 2 min at 308C, whereas the addition of 1 mM theanine did not markedly affect [3H]glutamate accumulation throughout the incubation (Fig. 2B). In contrast,
[3H]theanine was highly accumulated in a temperaturedependent manner in synaptosomal fractions (Fig. 2C).
[3H]Theanine accumulation was linearly increased with
incubation time up to 30 min, with a plateau within 120
min at 308C in synaptosomal fractions. Saturation isotherms revealed that the [3H]theanine accumulation consisted of at least two different components with Km values of 42.3 lM and 1,88 mM, and Vmax values of 3.92
and 104.2 nmol/hr/mg protein, respectively (Fig. 2D).
Therefore, theanine could be incorporated into rat brain

synaptosomes through a mechanism not related to glutamate transporters.
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Pharmacological Proﬁles
Actually, [3H]theanine accumulation was markedly
inhibited by the addition of the other structural analog,
Gln, in a concentration-dependent manner in a concentration range of 10 nM to 1 mM, which occurred to a
greater extent than did the inhibition by theanine itself
(IC50 values: Gln, 329.2 6 59.5 lM; theanine, >1,000
lM; Fig. 3A, left panel). However, glutamate was rather
ineffective at markedly inhibiting [3H]theanine accumulation at the concentrations used, whereas asparagine
markedly inhibited [3H]theanine accumulation in synaptosomal fractions, with aspartate being ineffective, at a
concentration range of 10 nM to 1 mM (IC50 value 5
577.2 6 88.1 lM; Fig. 3A, right panel).
To examine the possible inhibition by theanine of
[3H]Gln accumulation, synaptosomal fractions were
incubated with 1 lM [3H]Gln in either the presence or
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Fig. 3. Effects of structural analogs on accumulations of [3H]theanine and [3H]Gln in synaptosomal
fractions. Synaptosomal fractions were incubated with 1 lM [3H]theanine (A) or [3H]Gln (B) at
308C for 20 min in either the absence or the presence of L-theanine, L-Gln, D-Gln, glutamate
(Glu), aspartate (Asp), and asparagine (Asn) at different concentrations from 10 nM to 1 mM. Values are the mean 6 SE in four to six independent sets of experiments done in triplicate.

the absence of theanine analogs at different concentrations. In synaptosomal fractions, [3H]Gln was highly
accumulated in a temperature-dependent and saturable
manner, with a plateau within 60 min at 308C (data not
shown). The addition of theanine markedly inhibited
[3H]Gln accumulation in a concentration-dependent
fashion at concentrations of 10 nM to 1 mM, whereas
L-Gln was more efﬁcient than theanine at inhibiting
[3H]Gln accumulation, with less inhibition by D-Gln
[IC50 values (lM): L-Gln 85.1 6 11.8; theanine 479.8
6 132.2; D-Gln, >1,000; Fig. 3B, left panel]. Similarly,
asparagine was more effective at inhibiting the accumulation of [3H]Gln than glutamate or aspartate [IC50 values
(lM): asparagine 719.1 6 75.3; glutamate, >1,000;
aspartate, >1,000; Fig. 3B, right panel].
In addition to the theanine analogs described above,
a variety of amino acids markedly inhibited the temperature-dependent accumulation of [3H]theanine (Fig. 4A) as
well as [3H]Gln (Fig. 4B) in synaptosomal fractions at
1 mM. These included tyrosine, methionine, tryptophan,
phenylalanine, isoleucine, leucine, and cysteine for
[3H]theanine accumulation and Gln for [3H]Gln accumulation. Moderate inhibition was seen with theanine, histidine, lysine, threonine, serine, Gln, asparagine, glycine,
proline, valine, and alanine for [3H]theanine accumulation
and with theanine, histidine, and cysteine for [3H]Gln
accumulation. Rather weak inhibition was found with
GABA, arginine, glutamate, and aspartate for [3H]theanine

accumulation and with GABA, arginine, lysine, glutamate,
aspartate, tyrosine, threonine, serine, asparagine, glycine,
methionine, proline, tryptophan, phenylalanine, isoleucine, leucine, valine, and alanine for [3H]Gln accumulation. Accordingly, [3H]theanine accumulation shows
pharmacological proﬁles similar to those of [3H]Gln accumulation in rat brain synaptosomal fractions.
Distribution Proﬁles
To evaluate the requirement for sodium ions,
NaCl was replaced with choline chloride in KRB for
the incubation with [3H]Gln and [3H]theanine. Removal
of sodium ions led to a signiﬁcant decrease in [3H]Gln
accumulation by 50% (Fig. 5A, left columns) and in
[3H]theanine accumulation by 30% (Fig. 5A, right columns) in synaptosomal fractions.
To analyze the distribution proﬁle in the brain, discrete brain regions were excised from rat brains, followed by the preparation of P2 fractions and subsequent
determination of the accumulation of [3H]Gln and
[3H]theanine. [3H]Gln was highly accumulated in synaptosomal fractions of telencephalic structures, including
CX, hippocampus, and corpus striatum, with progressively less potent activities in midbrain, hypothalamus,
medulla-pons, and cerebellum (Fig. 5B, left panel;
[3H]Gln accumulation (pmol/mg protein/20 min): hippocampus, 541.9 6 23.2; striatum, 477.2 6 9.9; CX,
448.0 6 21.4; hypothalamus, 222.5 6 10.9; midbrain,
Journal of Neuroscience Research
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Fig. 4. Pharmacological evaluation of accumulations of [3H]theanine and [3H]Gln in synaptosomal
fractions. Synaptosomal fractions were incubated with 1 lM [3H]theanine (A) or [3H]Gln (B) at
308C for 20 min in either the presence or absence of different amino acids at 1 mM. Alan, alanine;
Arg, arginine; Asn, asparagine, Asp, aspartate; Cys, cysteine; Glu, glutamate; Gly, glycine; His, histidine; Ile, isoleucine; Leu, leucine; Lys, lysine; Met, methionine; Phe, phenylalanine; Pro, proline;
Ser, serine; The, theanine; Thr, threonine; Trp, tryptophan; Tyr, tyrosine; Val, valine.

286.0 6 10.4; medulla-pons, 128.7 6 5.0; cerebellum,
69.9 6 8.6). Similarly, high [3H]theanine accumulation
was seen in synaptosomal fractions of telencephalic structures followed by medulla-pons, midbrain, hypothalamus, and cerebellum in order of decreasing activity (Fig.
5B, right panel; [3H]theanine accumulation (pmol/mg
protein/20 min): striatum, 41.8 6 1.5; CX, 36.0 6 1.7;
hippocampus, 34.3 6 0.85; medulla-pons, 30.9 6 2.2;
midbrain, 28.7 6 2.3; hypothalamus, 27.1 6 1.1, cerebellum, 14.8 6 0.85). Thus, [3H]theanine accumulation
shows distribution proﬁles similar to those of [3H]Gln
accumulation in discrete rat brain structures.
Accumulation in Primary Cultured Cells
We next investigated the accumulation of [3H]Gln
3
and [ H]theanine in primary cultured neurons and astrocytes prepared from rat cerebral cortex, in place of synaptosomal fractions. Cultured cells were incubated with
either [3H]Gln or [3H]theanine at 1 lM for different
periods at 308C. [3H]Gln accumulation increased almost
linearly with incubation time up to 20 min and reached
a plateau within 60 min in primary cultured neurons,
Journal of Neuroscience Research

whereas considerably high [3H]Gln accumulation was
also seen in primary cultured astrocytes (Fig. 6A). Similarly, [3H]theanine was highly accumulated, with a plateau within 60 min at 308C in primary cultured neurons
and astrocytes (Fig. 6B). Therefore, both [3H]Gln and
[3H]theanine would be actively incorporated into astrocytes in addition to neurons.
To analyze the inhibition of [3H]Gln accumulation
by theanine, cultured neurons and astrocytes were incubated with [3H]Gln in either the absence or the presence
of theanine at a concentration range of 0.1–10 mM. In
both cell cultures, the addition of theanine induced a
signiﬁcant decrease in [3H]Gln accumulation in a concentration-dependent manner at the concentrations used
(Fig. 7A). Because the incorporation of Gln is required
for the Gln/glutamate cycle to fuel the neurotransmitter
pool of glutamate at glutamatergic synapses, neurons
were cultured in either the presence or the absence of
10 mM theanine for 3 days, followed by the collection
of culture medium and subsequent determination of endogenous glutamate released during culture. As shown
in Figure 7B, sustained exposure to theanine led to a
slight but statistically signiﬁcant decrease in the extracel-
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Fig. 5. Comparison between accumulations of [3H]Gln and
[3H]theanine. A: Synaptosomal fractions were incubated with 1 lM
[3H]Gln or [3H]theanine at 308C for 20 min in KRB containing sodium chloride (NaCl) or choline chloride (ChoCl) at 130 mM. *P <
0.05, **P < 0.01, signiﬁcantly different from each control value
obtained in the presence of 130 mM NaCl. B: Each brain structure

was dissected for preparation of synaptosomal fractions, followed by
incubation with 1 lM [3H]Gln or [3H]theanine for 20 min at 308C.
Values are the mean 6 SE in six independent sets of experiments
done in triplicate. CL, cerebellum; HC, hippocampus; HT, hypothalamus; MB, midbrain; MP, medulla-pons; ST, striatum.

lular glutamate level in the cultured neurons (1.0 6 0.03
lM vs. 0.88 6 0.04 lM; P < 0.05). These results suggest that theanine could suppress the exocytotic release
of glutamate derived from the Gln/glutamate cycle
through the inhibition of Gln incorporation in glutamatergic neurons in a particular situation (Fig. 8).

as N-methyl-D-aspartate (NMDA) and DL-a-amino-3hydroxy-5-methylisoxazole-4-propionate (AMPA) receptors (Lodge and Collingridge, 1991). In our previous
study on receptor binding, however, theanine has a very
low afﬁnity for either the NMDA or the AMPA receptor subtype in cortical membranes (Kakuda et al., 2002).
By contrast, the present ﬁndings give rise to the idea
that theanine would elicit its neuroprotective action
through a mechanism relevant to Gln transporters rather
than receptors and transporters for glutamate. To our
knowledge, this is the ﬁrst direct demonstration of
temperature- and sodium-dependent and saturable
[3H]theanine accumulation in rat brain synaptosomal
fractions and cultured rat cortical neurons. High-quality
green tea leaves have been shown to contain more than
2% theanine (Goto et al., 1996), and Japanese people
have been ingesting about 20 mg of theanine per day
according to an estimate on the use of 1 g of powdered
green tea (Matcha) for the traditional tea ceremony for
years. Theanine is also shown to reach the brain through
the blood–brain barrier (Yokogoshi et al., 1998) and to
prevent of psychological and physiological stress responses (Kimura et al., 2007).
In fact, Gln is actively incorporated into intracellular spaces in rat brain slices (Balcar and Johnston, 1975),

DISCUSSION
The essential importance of the present ﬁndings is
that the green tea ingredient theanine markedly inhibited
[3H]Gln accumulation in rat brain synaptosomal fractions
and cultured rat neocortical neurons, without affecting
[3H]glutamate accumulation. Furthermore, [3H]theanine
binding sites were not detectable in synaptic membranes
at all, although [3H]theanine was highly accumulated in
a temperature- and sodium-dependent manner with a
saturable proﬁle in synaptosomal fractions. Because the
chemical structure of theanine is analogous to the neuronal excitotoxin glutamate, we ﬁrst thought that the neuroprotection by theanine (Kakuda et al., 2000) would be
mediated by an antagonistic proﬁle of this green tea
ingredient against particular glutamate receptor subtypes
responsible for delayed neuronal cell death after ischemia.
These include ionotropic glutamate receptor subtypes such
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Fig. 6. Accumulations of [3H]Gln and [3H]theanine in cultured astrocytes and neurons. Cultured
CX astrocytes and neurons were incubated with 1 lM [3H]Gln (A) or [3H]theanine (B) for 1–60
min at 308C. Values are the mean 6 SE from three or four independent sets of experiments done
in triplicate.

and several independent lines of evidence indicate the
involvement of different amino acid transporters in
active transmembrane trafﬁcking of Gln in the brain. For
example, Gln transport is mediated by at least three
sodium-dependent transport systems in the brain. These
include system A (Reimer et al., 2000; Sugawara et al.,
2000; Varoqui et al., 2000), system ASC (UtsunomiyaTate et al., 1996; Broer et al., 1999), and system N
(Chaudhry et al., 1999; Broer et al., 2002). In addition,
Gln is also transported through the sodium-independent
system L composed of heteromeric assemblies of different subunits (Chillaron et al., 2001; Wagner et al., 2001;
Broer, 2002). Among these different transporters capable
of transporting Gln across plasma membranes, only the
glutamine transporter (GlnT; 5 ATA1/SAT1/SNAT1)
belonging to the system A family is believed to be
exclusively expressed by neurons with high and selective
afﬁnity for Gln in the brain (Nagaraja and Brookes,
1996; Albers et al., 2001; Chaudhry et al., 2002). Nevertheless, pharmacological evaluation as well as the sodium
dependence is suggestive of the participation of diverse
isoforms of membrane transporters with afﬁnity for Gln
in the accumulations of [3H]theanine and [3H]Gln in
this study. This assumption could account for the differential pharmacological and distribution proﬁles between
[3H]Gln and [3H]theanine accumulations. Theanine
Journal of Neuroscience Research

could have afﬁnities different from Gln for particular isoforms of membrane transporters capable of transporting
Gln.
The prevailing view is that Gln exported to extracellular spaces is taken up through GlnT expressed by
neurons to fuel the glutamate/Gln cycle required for the
neurotransmitter pool of glutamate at nerve terminals in
glutamatergic neurons. The present inhibition supports
the assumption that theanine could at least in part alter
extracellular Gln levels under the delicate control
through GlnT expressed by astrocytes adjacent to glutamatergic synapses in a particular pathological situation
such as brain ischemia. Indeed, a higher level of Gln is
shown in the cerebrospinal ﬂuid of patients with Alzheimer’s disease than in normal subjects (D’Aniello et al.,
2005). Theanine markedly inhibited the incorporation of
extracellular Gln, so a decrease would be induced in the
amount of intracellular glutamate required for the condensation into synaptic vesicles as a neurotransmitter responsible for the subsequent exocytotic release upon
stimuli in CX neurons cultured with theanine. The absence of depolarizing stimuli could thus account for the
slight but statistically signiﬁcant decrease in the extracellular level of glutamate accumulated during the culture
of neurons with theanine at a relatively high concentration in this study. It is conceivable that theanine is rather
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Fig. 7. Effects of theanine on [3H]Gln accumulation and glutamate efﬂux. A: CX neurons and
astrocytes were incubated with 1 lM [3H]Gln for 20 min at 308C in the presence of theanine at a
concentration range of 0.1–10 mM. B: CX neurons were cultured for 3 days in either the presence
or the absence of 10 mM theanine, followed by the collection of culture medium for the determination of glutamate. Values are the mean 6 SE from the separate measurements indicated. *P < 0.05,
**P < 0.01, signiﬁcantly different from each control value obtained in the absence of theanine.

Fig. 8. Schematic representation. Theanine could inhibit the incorporation of extracellular Gln into neurons, which in turn suppresses
the conversion by glutaminase of Gln to glutamate required for condensation into synaptic vesicles as a neurotransmitter pool responsible
for subsequent exocytotic release upon stimuli. Extracellular glutamate would be incorporated into adjacent astroglia through excitatory amino acid transporters (EAATs), whereas the glutamine transporter (GlnT) would mediate the import of extracellular Gln derived
from the synthesis by glutamine synthetase enriched in astrocytes into
neighboring neurons.

inefﬁcient at affecting the spontaneous efﬂux of intracellular glutamate condensed into the neurotransmitter pool
in neurons. Furthermore, extracellular glutamate could
be not only derived from the spontaneous and evoked
release from the neurotransmitter pool but also originated in energy production, protein synthesis, and/or
amino acid metabolism pools. From this point of view,
the exocytotic release of endogenous glutamate from
neurons cultured with theanine in response to depolarization remains to be elucidated in future studies. Taken
together, theanine would suppress glutamatergic neurotransmission through the inhibition of Gln incorporation
across plasma membranes into neurons toward subsequent neuroprotection against delayed neuronal death
after ischemia. Although the present study employed
embryonic rat CX for preparation of primary neuronal and
astroglial cultures toward the evaluation of mechanisms
underlying the protection by theanine of hippocampal
CA1 pyramidal neurons in ischemic gerbils (Kakuda
et al., 2000), it is rather unrealistic to prepare primary
cultures of CA1 pyramidal neurons from the gerbil hippocampus because of a variety of experimental limitations. Moreover, the ischemic damage has been selectively seen in the vulnerable CA1 pyramidal neurons,
Journal of Neuroscience Research
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but not in the resistant dentate granule neurons (Kakuda
et al., 2000). Even in cultured gerbil hippocampal neurons, accordingly, the number of vulnerable CA1 pyramidal neurons would be quite limited compared with
those of CA3 pyramidal and dentate granule neurons resistant to ischemic insults. The possible species and structural differences in the pharmacological action of theanine, however, have not been completely ruled out so
far.
One of the interesting ﬁndings obtained in this
study is that [3H]Gln was also accumulated in cultured
rat cortical astrocytes in a manner similar to that of neurons. For instance, GlnT is the ﬁrst member of the system A neutral amino acid transporter superfamily identiﬁed at the molecular level. Among the different transporters cloned to date, GlnT has the highest afﬁnity for Gln
(Km 5 0.3–0.5 mM) with a sodium-amino acid cotransport mechanism (Mackenzie et al., 2003). Another typical
feature of GlnT is the selective inhibition by the amino acid
analog N-methylaminoisobutyric acid (MeAIB; Christensen, 1990; McGivan and Pastor-Anglada, 1994). On
reverse transcription polymerase chain reaction analysis,
constitutive expression is not detected at all for GlnT
mRNA in primary cultured mouse neocortical and cerebellar astrocytes, with marked expression in cultured
neocortical neurons and cerebellar granular cells
(Dolinska et al., 2004). Moreover, in these cultured
astrocytes, [3H]Gln accumulation is insensitive to several
excess system A substrates, including MeAIB, proline,
and glycine. In neurons, therefore, the system A transporter isoform GlnT is believed primarily to mediate
transmembrane Gln transport. By contrast, recent studies
have shown marked expression of GlnT mRNA in primary cultured astrocytes prepared from rat whole brain
with [3H]Gln uptake and efﬂux activities insensitive to
MeAIB (Heckel et al., 2003; Deitmer et al., 2003).
Double-labeling immunohistochemistry has also demonstrated the colocalization of immunoreactivities for GlnT
and the glial marker protein glial ﬁbrillary acidic protein
in the cerebral cortex of adult rat and human brains
(Melone et al., 2004). More recently, we have shown
the constitutive expression of GlnT mRNA with
MeAIB-sensitive [3H]Gln accumulation in cultured rat
neocortical astrocytes (Ogura et al., 2006), whereas overexpression of GlnT leads to the exacerbation of vulnerability to the oxidative cytotoxicity in cultured astrocytes
(Ogura et al., 2007). The present and previous ﬁndings
thus argue in favor of the idea that transmembrane Gln
transport would at least in part be mediated by GlnT
belonging to the system A superfamily, in addition to
the system ASC, system N, and system L transporter
families capable of transporting Gln across plasma membranes, even in astrocytes. Astrocytes might play a role
in mechanisms relevant to regulation of the extracellular
concentration of Gln for the glutamate/Gln cycle in glutamatergic neurons.
It therefore appears that the green tea ingredient
theanine is an inhibitor of different transporters capable
of transporting Gln across plasma membranes in neurons
Journal of Neuroscience Research
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and astroglia. Daily intake of theanine could thus be
beneﬁcial for the prophylaxis of a variety of neurodegenerative and/or neuropsychiatric disorders relevant to
overactivation of glutamatergic neurotransmission and
neurotoxicity in the brain.
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