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Abstract Taurine, 2-aminoethylsulfonic acid, is one of
the most abundant amino acids in the brain. It has various
important physiological functions as a neuromodulator and
antioxidant. Taurine is expected to be involved in depres-
sion; however, knowledge regarding its function in relation
to depression is limited. In this study, we attempted to
elucidate the effects of oral taurine administration on
antidepressant-like behaviors in rats and depression-related
signal transduction in the hippocampus. In behavioral tests,
rats fed a high taurine (HT: 45.0 mmol/kg taurine) diet for
4 weeks (HT4w) showed decreased immobility in the
forced swim test (FS) compared to controls. However, rats
fed a low taurine (LT: 22.5 mmol/kg taurine) diet for
4 weeks or an HT diet for 2 weeks (HT2w) did not show a
significant difference in FS compared to controls. In bio-
chemical analyses, the expression of glutamic acid decar-
boxylase (GAD) 65 and GAD67 in the hippocampus was
not affected by taurine administration. However, the
phosphorylation levels of extracellular signal-regulated
kinasel/2 (ERKI1/2), protein kinase B (Akt), glycogen
synthase kinase3 beta (GSK3f) and cAMP response ele-
ment-binding protein (CREB) were increased in the hip-
pocampus of HT4w and HT2w rats. Phospho-calcium/
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calmodulin-dependent protein kinase II (CaMKII) was
increased in the hippocampus of HT4w rats only. More-
over, no significant changes in these molecules were
observed in the hippocampus of rats fed an HT diet for
1 day. In conclusion, our findings suggest that taurine has
an antidepressant-like effect and an ability to change
depression-related signaling cascades in the hippocampus.

Keywords Taurine - Antidepressant - Behavior -
CaMKII - Rat

Introduction

Depression is a serious mental disorder that affects
approximately 20 % of the population in the world (Berton
and Nestler 2006). To treat depressive disorders, antide-
pressants such as selective serotonin reuptake inhibitors
(SSRIs) have been widely used in developed countries. It is
thought that SSRIs mediate their antidepressant effects by
acting on serotonergic systems in the brain; however, the
functions and effects of SSRIs on the central nervous
system (CNS) are largely unknown. It has been reported
that SSRIs have several harmful side effects including
nausea, anorexia and headache (Vaswani et al. 2003).
Recently, Kobayashi et al. reported that chronic adminis-
tration of fluoxetine, one of the major SSRIs, induced
dentate gyrus neurons in mouse hippocampus to become
more immature. Dentate gyrus immaturity has been shown
to be related to abnormal physiological properties in the
hippocampus and to psychiatric disorder-like behaviors
(Kobayashi et al. 2010; Kobayashi et al. 2011). Therefore,
antidepressants without any severe side effects should be
developed to improve quality of life for depressive patients.
Diet may be one candidate for the prevention and treatment
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of depressive disorders. Dietary nutrients should be widely
screened for antidepressant-like activity. However, the
antidepressant-like effects of nutrients have not yet been
clarified. The identification of such nutrients may raise the
possibility of treating or preventing depression through
dietary regimens.

Taurine, 2-aminoethylsulfonic acid, is one of the most
abundant amino acids in the CNS (Hussy et al. 2000).
Taurine transporter (TAUT) is ubiquitously expressed in
tissues, including those of the blood-brain barrier (Tamai
et al. 1995). Taurine is synthesized from cysteine, and is
known to have various important physiological functions
such as membrane stabilization, osmoregulation and neu-
roprotection (Hussy et al. 2000; Timbrell et al. 1995; Tan-
abe et al. 2010). Furthermore, taurine acts as an agonist for
glycine and gamma-aminobutyric acid (GABA) receptors
(Albrecht and Schousboe 2005; del Olmo et al. 2000a). In
addition, taurine modulates intracellular calcium and cal-
cium signaling molecules in the CNS (Wu and Prentice
2010). Taurine also plays a key role in development. Mice
whose mother was infected with human influenza virus
during the gestational period suffer from brain atrophy and
show a decreased concentration of taurine in the brain
(Fatemi et al. 2008). Down syndrome patients have an
abnormal concentration of amino acids including taurine
and monoamines in the frontal cortex (Whittle et al. 2007).

Previous reports demonstrated that the concentration of
taurine in the plasma of depressive patients is increased,
while its concentration in the cerebrospinal fluid of
schizophrenic patients is decreased (Altamura et al. 1995;
Do et al. 1995). Perry et al. reported that families that
suffer from a hereditary taurine deficiency have a tendency
to develop depression (Perry et al. 1975). These phenom-
ena indicate the possibility that taurine is related to
depression and other mental disorders. Moreover, exposure
to acute stress with forced swim increased the plasma
concentration of taurine in mice (Murakami et al. 2009).
Furthermore, taurine administration showed anxiolytic-like
effects in mice and rats (Chen et al. 2004; Kong et al.
2006). Recently, Murakami et al. reported that ICR mice
fed a taurine-supplemented diet for 4 weeks showed anti-
depressant-like behaviors (Murakami and Furuse 2010).
However, Whirley et al. presented inconsistent results that
daily intraperitoneal injections of taurine for 3 or 8 days in
C57BL/6 mice had neither antidepressant-like nor anxio-
lytic-like effects (Whirley and Einat 2008). Therefore,
precise studies about the relation between taurine and
depression are needed.

Depression is linked to various molecular changes in the
CNS. Amino acids are thought to be related to depression.
Tryptophan and arginine were reported to have an antide-
pressant effect on the forced swim test (FS) (Inan et al.
2004; Wong and Ong 2001). In addition, neurotrophic
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factors have been linked to depression. Brain-derived
neurotrophic factor (BDNF) has been implicated in the
pathophysiology of stress-related mood disorders, and
BDNF expression decreases after exposure to stress,
including social-defeat stress (Krishnan and Nestler 2008).
Conversely, infusion of BDNF into the hippocampus has
shown antidepressant effects (Shirayama et al. 2002).
Murakami et al. reported that hippocampal BDNF
expression is not influenced by chronic taurine adminis-
tration (Murakami and Furuse 2010); however, the cas-
cades downstream of BDNF and other extracellular signals
related to depression have not been characterized.
Depression is related to various molecules in the CNS
including extracellular signal-regulated kinasel/2 (ERK1/
2), protein kinase B (Akt), glycogen synthase kinase3 beta
(GSK3p), calcium/calmodulin-dependent protein kinase II
(CaMKII) and cAMP response element-binding protein
(CREB) (Barbiero et al. 2007; Tio et al. 2011; Karege et al.
2007; Krishnan and Nestler 2008). These molecules play
pivotal roles in depression and other psychiatric disorders.

Mice with a mutation in the ubiquitin-specific peptidase
46 (Usp46) gene showed prolonged mobility in FS (To-
mida et al. 2009). An association between the Usp46 gene
and major depressive disorder was observed in a haplotype
analysis of the Japanese population (Fukuo et al. 2011).
Because the 67-kDa isoform of glutamic acid decarboxyl-
ase (GAD)67 was decreased in the hippocampus of the
Usp46 mutant mice, hippocampal GADG67 is thought to be
involved in behavioral despair and antidepressant-like
behaviors in FS.

In this study, we observed the effects of oral taurine
administration on body weight, food intake, behavioral
tests, and the expression and phosphorylation of depres-
sion-related proteins in the hippocampus.

Materials and methods
Animals

Five-week-old male Wistar rats were purchased from
Charles River (Yokohama, Japan) and housed individually
at room temperature (22 + 1 °C), with lights on from 6:00
to 18:00 with ad libitum access to food and water. After
arrival, they were handled daily for 1 week to habituate
them to the environment. All experimental procedures
followed the Guidelines of the Animal Care and Use
Committee of Ibaraki University.

Experimental design and drugs

After acclimation, animals were divided into six groups:
control, HT4w, HT2w, HT1d, LT4w, and LT2w. The
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control group was fed a normal powder diet (MF; Oriental
Yeast, Tokyo, Japan). The HT4w group was fed a high
taurine (HT) diet (45.0 mmol taurine/kg diet) for 4 weeks.
The HT2w and HT1d groups were fed an HT diet for
2 weeks and 1 day, respectively. The LT4w group was fed
a low taurine (LT) diet (22.5 mmol taurine/kg diet) for
4 weeks, and the LT2w group was fed an LT diet for
2 weeks.

Behavioral tests

All behavioral tests in this study were performed between
13:00 and 17:00 at a room temperature of 22 + 1 °C and a
light intensity of 70 Ix.

Open field test (OF)

The method for OF was described previously (Ilio et al.
2011). Each subject was placed in the same corner of the
open field apparatus. The total distance travelled (in cm),
time spent in the center area (in sec) and average speed (in
cm/sec) during the 10-min session were recorded, and the
results were analyzed on a Windows computer using Image
J XX (O’Hara & Co., Ltd.), a modified software program
based on the public domain Image J program.

Forced swim test (FS)

The method for FS was described previously (lio et al.
2011). Each rat was placed into an acrylic cylinder filled
with water (24 & 1 °C) to a height of 18 cm. After 15 min,
the animal was transferred to a 35 °C environment for
another 15 min (pre-test). Twenty-four hours later, the
subject was placed into the cylinder again for 5 min (test).

Table 1 The antibodies used for western blotting in this study

Prior to each test, the cylinder was cleaned and filled with
fresh water.

Body weight and food intake

Body weight and food intake were measured at the end of
the acclimation phase (baseline) and at weekly intervals
during taurine administration. Body weight gain was cal-
culated by subtracting baseline body weight from weight at
the end of each week.

Protein preparation and western blotting

After behavioral tests, all animals were subjected to bio-
chemical analyzes. On killing, the rat’s brains were rapidly
removed and chilled on ice and the hippocampi were dis-
sected out. The tissue was homogenized in ice-cold RIPA
buffer [S0 mM Tris—HCI pH 7.4, 150 mM NaCl, 1 % NP-
40, 0.75 % sodium deoxycholate, | mM EDTA, 100 mM
NaF, 2 mM Na3;VO, and a protease inhibitor mix (GE
Healthcare)] with a Polytron homogenizer. The homoge-
nate was centrifuged at 800x g for 15 min at 4 °C and the
supernatant was collected. Protein concentration was
determined using the BCA method (Thermo). The method
of western blotting followed the protocols of the ECL plus
western blotting detection reagents (GE Healthcare),
except for the incubation time of the primary antibody. We
changed the incubation time of the primary antibody from
1 h to overnight. Detection was performed using the ECL
plus western blotting detection reagents and LAS-3000
mini (FUJIFILM). Antibodies are shown in Table 1. The
results of western blotting were quantitatively analyzed
using Image J.

Antibody Company Cat. No. Blocking reagent Dilution
ERK1/2 Invitrogen 136200 5 % Skim milk/TBST 1:2,500
pERK1/2 (Thr202/Thr202) Cell Signaling #9101 5 % BSA/TBST 1:2,000
Akt Milli Pore #05-591 5 % Skim milk/TBST 1:2,500
pAkt (Thr308) Cell Signaling #2965 5 % BSA/TBST 1:2,500
GSK3p BD Transduction Laboratories 610202 5 % Skim milk/TBST 1:2,000
pGSK3p (Ser9) Cell Signaling #9336 5 % BSA/TBST 1:1,000
CaMKIll Cell Signaling MAB8699 5 % Skim milk/TBST 1:2,000
pCaMKII (Thr286) Thermo MA1-047 5 % BSA/TBST 1:1,000
CREB Milli Pore #05-757 5 % Skim milk/TBST 1:1,000
pCREB (Ser133) Cell Signaling #9191 5 % BSA/TBST 1:1,000
GAD65&67 Milli Pore ABI1511 5 % Skim milk/TBST 1:5,000
GAPDH Santa Cruz sc-32233 5 % Skim milk/TBST 1:5,000
Goat Anti-Mouse IgG (H + L) Jackson ImmunoResearch 115-035-003 1:5,000
Goat Anti-Rabbit IgG (H + L) Jackson ImmunoResearch 111-035-003 1:5,000
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Statistical analysis

Data were analyzed using Excel Toukei 2006 for Windows
(Social Survey Research Information Co., Ltd. Tokyo,
Japan). The Western blotting data were analyzed using
Student’s 7 tests. The behavioral tests were analyzed using
one-way ANOVAs and Bonferroni post hoc analysis. Body
weight gain and food intake were analyzed using two-way
repeated measures ANOVAs.

Results

The effects of chronic taurine administration on body
weight gain and food intake

Our results showed that chronic taurine administration does
not affect body weight gain (Fig. la). Before taurine
administration, the body weights of both HT4w and control
rats were similar (1750 £19¢g vs. 171.0 £ 2.1 g,
P =0.1780). A two-way repeated measures ANOVA
revealed that taurine administration (F (1, 72) = 0.026,
P = 0.8748) and taurine administration X time interaction
(F (4, 72) = 0.042, P = 0.9966) had no significant effect
on body weight gain. Furthermore, taurine supplementation
did not affect food intake (Fig. 1b). A two-way repeated
measures ANOVA revealed that taurine administration
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Fig. 2 The effects of 4 weeks of taurine administration on behavior.

a Total distance, b total center time and ¢ average speed during a
10-min test in OF. d Immobility time during 5-min test in FS. Data
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(F (1, 72) = 0.023, P = 0.8805) and taurine administra-
tion x time interaction (F (4, 72) = 1.283, P = 0.2846)
had no significant effect on food intake. HT4w rats were
fed taurine at 462.8 £ 12.0 mg/kg body weight/day during
this study (Fig. 1c).

The effects of chronic taurine administration
on behavior

We observed a concentration-dependent effect of taurine
administration on rat behavior. HT4w rats showed
decreased immobility in FS compared to controls (Fig. 2d,
P = 0.0430). However, LT4w rats did not show any sig-
nificant differences in FS compared to control or HT4w
rats (Fig. 2d, control vs. LT4w; P = 1.0000, LT4w vs.
HT4w; P = 0.2441). Furthermore, different taurine con-
centrations in the diet did not affect activity in any of these
parameters of OF: total distance travelled (Fig. 2a, control
vs. LT4w; P = 1.0000, control vs. HT4w; P = 0.4966,
LT4w vs. HT4w; P = 1.0000), time spent in the center
area (Fig. 2b, control vs. LT4w; P = 1.0000, control vs.
HT4w; P = 0.1728, LT4w vs. HT4w; P = 0.2994), and
average speed (Fig. 2c, control vs. LT4w; P = 1.0000,
control vs. HT4w; P = 0.5172, LT4w vs. HT4w;
P = 0.9981). Then, we observed the effect of 2 weeks of
taurine administration on rat behavior. Rats in all groups
did not show any significant difference in immobility in FS

C D

T 8- 250 ——
§ 7 ol —
E ¢l 2 200 |+ i
L )

- 51 £ 150

3 a4 z

S 31 £ 100

8) 21 -8 50

© 4l IS

S o £ o

<C

Cont LT4w HT4w Cont LT4w HT4w

represent the mean + SEM (n = 5/group); *P < 0.05 (Bonferroni
post hoc test). Cont control group, LT4w group fed a low taurine diet
for 4 weeks, HT4w group fed a high taurine diet for 4 weeks
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Fig. 3 The effects of 2 weeks of taurine administration on behavior.
a Total distance, b total center time and ¢ average speed during a
10-min test in OF. d Immobility time during 5-min test in FS. Data

(Fig. 3d, control vs. LT2w; P = 1.0000, control vs. HT2w;
P = 1.0000, LT2w vs. HT2w; P = 1.0000). Furthermore,
2 weeks of taurine administration had no significant effect
on these parameters of OF: total distance travelled (Fig. 3a,
control vs. LT2w; P = 0.6185, control vs. HT2w; P =
1.0000, LT2w vs. HT2w; P = 0.6946), time spent in the
center area (Fig. 3b, control vs. LT2w; P = 1.0000, control
vs. HT2w; P = 1.0000, LT2w vs. HT2w; P = 1.0000), and
average speed (Fig. 3c, control vs. LT2w; P = 0.6416, con-
trol vs. HT2w; P = 1.0000, LT2w vs. HT2w; P = 0.6736).

The effects of chronic and acute taurine administration
on hippocampal protein expression
and phosphorylation

We assessed the effect of taurine administration on the
expression of both GAD65 and GAD67 in the hippocam-
pus. We defined HT1d, HT2w, and HT4w rats as acute-,
subchronic-, and chronic-administrated rats, respectively.
In our results, taurine administration did not affect the
expression of either GAD65 or GAD67 in the hippocampus
(Fig. 4, 4 weeks GADG65; P = 0.3506, GAD67; P =
0.9759, 2 weeks GADG65; P = 0.9434, GAD67; P = 0.7155,
1 day GAD65; P = 0.8896, GAD67; P = 0.1817). We then
observed the effects of taurine administration on the expres-
sion and phosphorylation of important depression-related
molecules in the hippocampus. First, we examined the
expression and phosphorylation of ERK1/2 and CREB. The
mitogen-activated protein kinase (MAPK)-CREB cascade
plays a pivotal role in depression (Berton and Nestler 2006; lio
etal. 2011). In our results, the ratios of phospho-ERK1/ERK1,
phospho-ERK2/ERK2, and phospho-CREB/CREB were
increased in the hippocampus of HT4w rats compared to
controls (Fig. 5c, phospho-ERK1/ERK1; P = 0.0032, phos-
pho-ERK2/ERK?2; P = 0.0066, phospho-CREB/CREB; P =
0.0008). Similar results were obtained in the hippocampus of
HT2w rats (Fig. 5Sb phospho-ERK1/ERK1; P = 0.0343,
phospho-ERK2/ERK?2; P = 0.0168, phospho-CREB/CREB;
P = 0.0002). However, the MAPK—-CREB cascade was not
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taurine diet for 2 weeks

changed in the hippocampus of HT1d rats (Fig. 5a, phospho-
ERKI1/ERK1; P = 0.7448, phospho-ERK2/ERK2; P =
0.9737, phospho-CREB/CREB; P = 0.9938). Next, we
observed the expression and phosphorylation of Akt and
GSK3f in the hippocampus. The phosphatidylinositol
3-kinase (PI3K)-Akt-CREB cascade in the hippocampus is
also affected by mood disorders (Karege et al. 2007). In our
results, the ratios of phospho-Akt/Akt and phospho-GSK3p/
GSK3f were increased in the hippocampus of HT4w rats
compared to controls (Fig. 5c, phospho-Akt/Akt; P = 0.0010,
phospho-GSK3/GSK3p; P = 0.0093). Similar results were
obtained in the hippocampus of HT2w rats (Fig. 5b, phospho-
Akt/Akt; P = 0.0187, phospho-GSK3/GSK3f; P =0.0123).
However, the PI3K-Akt cascade was not changed in the
hippocampus of HT1d rats compared to controls (Fig. 5a,
phospho-Akt/Akt; P = 0.5117, phospho-GSK3p/GSK3p;
P = 0.6296). In addition, we assessed the expression and
phosphorylation of CaMKII, which is affected by antidepres-
sant treatment (Barbiero et al. 2007). In our results, the ratio of
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Fig. 4 The effects of taurine administration on the expression of
GADG65 and GADG67 in the hippocampus. Data revealed the ratio of
each molecule compared to the control group. Data represent the
mean £ SEM. Cont control group, HT groups fed a high taurine diet
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phospho-CaMKII/CaMKII was increased in the hippocampus
of HT4w rats compared to controls (Fig. 5c, phospho-CaMKII/
CaMKII; P = 0.0052). However, the ratio of phospho-CaM-
KII/CaMKII was not changed in the hippocampus of HT2w or
HT1d rats compared to controls (Fig. 5a, b, 2 weeks phospho-
CaMKII/CaMKII; P = 0.8850, 1 day phospho-CaMKII/
CaMKII; P = 0.6176). The protein expression levels of the
aforementioned molecules were not changed between control
and taurine-supplemented rats (Fig. Sa—c).

Discussion

We investigated the function of oral taurine administration
on behaviors and signal transduction in the rat hippocam-
pus. Specifically, we focused on characterizing the anti-
depressant-like effects of taurine using behavioral and
biochemical approaches. A previous report showed that
taurine has an antidepressant-like effect because mice fed a
taurine-supplemented diet for 4 weeks displayed decreased
immobility in FS (Murakami and Furuse 2010). However,
another report indicated that mice given short-term taurine
injections did not show antidepressant-like behaviors
(Whirley and Einat 2008). These studies were carried out
using different experimental methods; therefore, the
inconsistency of the results was dependent on differences
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in experimental animal strains, methods and durations of
taurine administration, among other factors. In this study,
we confirmed an antidepressant-like effect of taurine using
our original experimental methods with Wistar rats that
were reared individually. Murakami et al. mentioned that
mice were reared in pairs to observe an antidepressant-like
effect of taurine because housing mice individually
decreased antidepressant sensitivity in FS (Murakami and
Furuse 2010). However, in our study, we observed an
antidepressant-like effect of a taurine-containing diet
(45 mmol taurine/kg diet for 4 weeks) in FS with Wistar
rats (Fig. 2d). Taurine intake at 22 mmol/kg diet by ICR
mice was nearly equaled to its intake at 45 mmol/kg by
Wistar rats (Fig. 1c). Therefore, the duration of taurine
administration and taurine concentration in the diet may be
essential for revealing an antidepressant-like effect of
taurine in FS. We observed the effects of chronic taurine
administration on body weight gain and food intake in rats
for the following reasons. If rats dislike eating taurine-
containing diets and their food intake is decreased, the total
calories that rats take from foodstuff are decreased. Pre-
vious reports described that calorie-restricted mice show
antidepressant-like behaviors (Lutter et al. 2008), and that
this antidepressant-like effect of caloric restriction was
dependent on neuropeptides related to feeding behaviors,
such as orexin and ghrelin (Berton and Nestler 2006; Lutter
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et al. 2008). The taurine-containing diet (45.0 mmol tau-
rine/kg diet) did not affect body weight gain or food intake
in rats (Fig. la, b); thus, the results indicate that our
behavioral and biochemical studies using taurine-fed rats
are not influenced by the antidepressant-like effects of
caloric restriction.

Next, we observed the effects of chronic taurine
administration on rat behavior. The taurine-containing diet
did not influence behaviors in OF (Fig. 2a, b, ¢). HT4w rats
showed antidepressant-like behavior in FS (Fig. 2d), while
HT2w rats did not (Fig. 3d). These results indicate that the
antidepressant-like effects of taurine are not revealed after
two successive weeks of administration, but that four
successive weeks of administration are needed to reveal an
antidepressant-like effect of taurine. Moreover, because
LT4w rats did not show antidepressant-like behavior in FS
(Fig. 2d), four successive weeks of taurine administration
are insufficient to reveal antidepressant-like activity in rats.
An HT diet may be necessary to obtain antidepressant-like
effects of taurine in rats because the HT diet contained
taurine at 45.0 mmol taurine/kg diet. Taurine supplemen-
tation is known to increase exercise performance. Rats fed
with taurine at 100 mg taurine/kg body weight/day for
2 weeks increased exercise performance on a treadmill
(Miyazaki et al. 2004; Yatabe et al. 2003). In our study, the
rats fed with taurine at approximately 400-500 mg taurine/
kg body weight/day for 4 weeks did not change their
locomotor activity or average speed in OF (Figs. Ic, 2a, c).
Therefore, OF was not influenced by the ability of taurine
to improve physical endurance. Our FS data were also not
influenced by this ability of taurine because taurine
improves physical endurance with a dose less than that of a
taurine-supplemented diet (Miyazaki et al. 2004; Yatabe
et al. 2003). Therefore, we think that chronic taurine
administration shows antidepressant-like effects in rats.
The dose of taurine and duration of its administration are
critical to reveal the antidepressant-like effects of taurine.
Similarly, chronic exposure to antidepressants is required
for clinical utility in depressive patients, while acute
exposure is insufficient for recovery from depression. The
action mechanisms of antidepressants are not yet com-
pletely understood. A previous report described that
chronic imipramine (a tricyclic antidepressant) modifies
the chromatin structure of the BDNF gene promoter,
enhances BDNF expression in the hippocampus, and
reverses depression-like behaviors in socially defeated
mice (Tsankova et al. 2006).

Because TAUT is highly expressed in hippocampal
CA3, taurine is implicated in significant functions in the
hippocampus (Sergeeva et al. 2003). The antidepressant
actions of chronic taurine may be based on long-term
modifications in neurotransmitters and/or signal transduc-
tion in the hippocampus. Due to these estimations, we

focused on signal transduction and enzymes related to
depression in the hippocampus.

We observed the effects of chronic taurine administra-
tion on the GABAergic system in the hippocampus. Tau-
rine acts as a neuromodulator and functions as an agonist
for glycine and GABA receptors (Albrecht and Schousboe
2005; del Olmo et al. 2000a). Tomida et al. reported that
Usp46 mutant mice show negligible immobility in FS and
the tail suspension test. These anti-immobile behaviors in
Usp46 mutant mice were dependent on the decreased
expression of GADG67 in the hippocampus (Tomida et al.
2009). Furthermore, the Usp46 gene is implicated in major
depression (Fukuo et al. 2011). Because immobility in FS
has been linked to the regulation of GABA action in the
hippocampus, we observed the expression of both GAD65
and GAD67 in the hippocampus of rats that were chroni-
cally administered taurine. Chronic taurine administration
did not affect the expression of either GAD65 or GAD67 in
the hippocampus (Fig. 4). Thus, the antidepressant-like
effects of taurine are not based on the downregulation of
GADG65 and GADG67 in the hippocampus.

Chronic taurine administration affected the phosphory-
lation of several key molecules related to depression in the
hippocampus. In both HT4w and HT2w rats, increased
phosphorylation of ERK1/2, Akt (Thr-308), GSK3p (Ser-
9), and CREB (Ser-133) was observed in the hippocampus
compared to control rats (Fig. Sb, c). Moreover, phos-
phorylation of CaMKII (Thr-286) was increased in HT4w
rats (Fig. 5¢c). However, no significant change in the
phosphorylation of these molecules was observed in HT1d
rats (Fig. 5a). Acute oral administration of taurine could
not induce profound effects on signal transduction in the
hippocampus, but the long-term administration of taurine
induced several profound changes in depression-related
signal transduction. CREB, which is one of the molecules
downstream of MAPK, serotonin (5-HT) and BDNF, plays
a pivotal role in depression (Tsankova et al. 2006). Phos-
pho-ERK1/2 and phospho-CREB were increased in the
hippocampus after 2 weeks of taurine administration
(Fig. 5b, ¢). A previous report showed that hippocampal
ERK1/2 and CREB are activated by treatment with an
antidepressant (Qi et al. 2006). Also, the expression of
BDNF in the hippocampus is upregulated with antide-
pressant treatment, as described above (Tsankova et al.
2006). Furthermore, acute infusion of BDNF in the hip-
pocampus induced antidepressant effects in a behavioral
model of depression (Shirayama et al. 2002). BDNF also
facilitates the PI3K-Akt cascade in the hippocampus
(Zheng and Quirion 2004). Akt is activated by PI3K with
its phosphorylation of Thr-308 and Ser-473, and then
phospho-Akt phosphorylates the Ser-133 of CREB and the
Ser-9 of GSK3p (Du and Montminy 1998). Phospho-
CREB (Ser-133) is an active transcriptional form.
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Phospho-GSK3f (Ser-9) is an inactive form of the kinase,
and dephosphorylated-GSK3 phosphorylates the Ser-129
of CREB. Finally, phospho-CREB (Ser-129) has an
attenuated DNA-binding activity, and its transcriptional
activity is decreased (Grimes and Jope 2001). In our
observations, both phospho-Akt (Thr-308) and phospho-
GSK3p (Ser-9) were increased in the hippocampus of rats
administered taurine for 2 weeks (Fig. 5b, c). Phospho-Akt
(Ser-473) was also increased in the hippocampus with
2 weeks of taurine administration (data not shown). How-
ever, these molecules might not play an essential role in the
antidepressant-like effect of taurine, because the phos-
phorylation of Akt, GSK3f, and CREB with taurine
administration was observed in HT2w rats, which did not
show any significant change in antidepressant-like behavior
compared to controls (Fig. 5b). Moreover, Murakami et al.
reported that the expression of the BDNF protein in the
hippocampus of mice fed a taurine-containing diet for
4 weeks was not altered (Murakami and Furuse 2010).
Taurine could possibly activate MAPK and PI3K cascades
via a BDNF-independent pathway in the hippocampus,
although these cascades may be not necessary to reveal an
antidepressant-like effect of taurine.

CaMKII is an abundant serine/threonine protein kinase in
the brain. The kinase is activated by the binding of the cal-
cium/calmodulin complex that generates calcium-dependent
enzymatic activity. CaMKII plays pivotal roles in synaptic
plasticity, the process underlying learning and memory in the
hippocampus (Silva et al. 1992a, b). In this study, we found
that phospho-CaMKII was increased only in HT4w rats that
revealed an antidepressant-like behavior in FS (Fig. 2d),
while it was not observed in other groups of rats fed a taurine-
supplemented diet. Therefore, the increase in phospho-
CaMKII in the hippocampus may be critical to the antide-
pressant-like effect of taurine. CaMKII is also implicated in
the pathophysiology and pharmacology of psychiatric dis-
orders, because post-mortem brain studies of patients with
bipolar or unipolar depression indicate significantly reduced
CaMKII mRNA levels in certain brain regions (Xing et al.
2002). a-CaMKII-deficient mice exhibit abnormal behaviors
resembling schizophrenia and other human psychiatric dis-
orders (Yamasaki et al. 2008). Thus, CaMKII has been found
to be one of the target molecules for antidepressants. Chronic
treatment with antidepressants increased CaMKII activity in
the hippocampus, but acute treatments did not induce any
change in the kinase (Barbiero et al. 2007; Tiraboschi et al.
2004). Also, chronic treatment with antidepressants
increased the phosphorylation of CaMKII (Thr286) in neu-
ronal cell bodies in the hippocampus (Tiraboschi et al. 2004).
However, chronic treatment with antidepressants downreg-
ulated the phosphorylation of CaMKII (Thr286) in synaptic
terminals and synaptic membranes in the hippocampus. The
decrease in CaMKII phosphorylation reduced its interaction
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with syntaxin-1, thereby changing protein—protein interac-
tions at glutamatergic presynaptic terminals and reducing
depolarization-evoked glutamate release (Barbiero et al.
2007; Bonanno et al. 2005). However, a previous report
indicated that short-term treatment with taurine inhibited
CaMKII activity in the hippocampus (Junyent et al. 2010).
Therefore, there may be some different physiological
mechanisms between the short- and long-term applications
of taurine. Recently, Han et al. reported that chronic treat-
ment with nefiracetam, a prototype cognitive enhancer,
significantly improved depression-like behaviors in olfac-
tory bulbectomized (OBX) mice, one of the popular animal
models of depression. The improvement of depression-like
behaviors was associated with activation of CaM kinases,
including CaMKII, in the hippocampus, amygdala and pre-
frontal cortex. In addition to CaMKII autophosphorylation,
CaMKI and CaMKIV may be required to counteract
depressive behaviors through CREB phosphorylation in
OBX mice (Han et al. 2009). Furthermore, CaMKIV
knockout mice and calcineurin knockout mice showed
symptoms like mood disorders (Miyakawa et al. 2003; Takao
et al. 2010). Taurine plays a crucial role in cellular calcium
homeostasis (Junyent et al. 2010), and chronic taurine
administration may have antidepressant-like activities due to
activation of CaMKII in the hippocampus.

We found that chronic taurine administration has a strong
ability to induce modifications in various signaling cascades in
the hippocampus, as described above, although the precise
mechanisms remain unclear. Because taurine acts as an ago-
nist for glycine and GABA receptors, neuronal activities in the
hippocampus and in other brain regions may be changed by
oral taurine administration (del Olmo et al. 2000a). Taurine
also induces a long-lasting potentiation of excitatory synaptic
potentials in hippocampal slices, which is related to the
intracellular accumulation of taurine (del Olmo et al. 2000b,
2003; Galarreta et al. 1996). Taurine-induced synaptic
potentiation requires calcium influx and shares some common
mechanisms with tetanus-induced long-term potentiation (del
Olmo et al. 2000b). Taurine potentiates presynaptic NMDA
receptors in hippocampal Schaffer collateral axons (Suarez
and Solis 2006). Chronic taurine administration may induce
the intracellular accumulation of taurine in hippocampal
neurons and modify intracellular calcium concentration and
activate CaMKII. Because chronic, but not acute, taurine
application was needed to facilitate the phosphorylation of
ERK1/2, Akt, GSK3f, CREB, and CaMKII in the hippo-
campus, intracellular and/or extracellular accumulation of
taurine in the brain may be essential to reveal antidepressant-
like actions. In addition, some reports have indicated that
taurine acts as a trophic factor in neuronal tissues and non-
neuronal tissues (Hernandez-Benitez et al. 2010; Jeon et al.
2007; Lima and Cubillos 1998). However, the precise func-
tion of taurine as a trophic factor in the brain remains to be
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elucidated. In future studies, we need to investigate the rela-
tionship between taurine supplementation and the expression
of neurotrophic factors in the brain, such as nerve growth
factor, BDNF and neurotophin 3, and especially we should
focus on the transcriptional regulation and epigenetics of these
genes. Moreover, there is a possibility that intracellular taurine
uptaken by the taurine transporter modifies signal transduction
in the hippocampus. Oral taurine administration induces an
increase in taurine concentration in various tissues including
cerebral cortex and hypothalamus (Miyazaki et al. 2004;
Murakami and Furuse 2010). However, hippocampal taurine
concentration of taurine-fed rats has not been analyzed in this
study. And oral taurine administration did not affect the
concentration of serotonin in cerebral cortex and hypothala-
mus, but the serotonin synthesis and release in the hippo-
campus were not elucidated (Murakami and Furuse 2010).
Thus, the effects of oral taurine administration on hippo-
campal taurine metabolism and serotonergic system should be
investigated in the future studies. Intracellular taurine accu-
mulation may be essential for inducing the modification of
signal transduction in the hippocampus, although the precise
mechanism should be investigated.

In conclusion, we found that chronic taurine adminis-
tration at 45 mmol taurine/kg diet for 4 weeks induces
antidepressant-like effects in rats. The beneficial effects of
chronic taurine administration in rats might be mediated by
phosphorylation of CaMKII in the hippocampus. In addi-
tion to CaMKII phosphorylation, the increase in hippo-
campal phospho-ERK1/2, phospho-Akt, phospho-GSK3p,
and phospho-CREB may be required to reveal the antide-
pressant-like activities of taurine. Although taurine has
various physiological effects on human health, its antide-
pressant action may be useful for combating depression.
Further clinical study is required to evaluate the application
of these findings for human health.
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