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Several lines of evidence have indicated that the prevalence of depression in diabetic subjects is higher than that in the general

population, however, little information is available on the effects of antidepressants in diabetes. In the present study, the antidepressant-

like effect mediated by the activation of 5-HT1A receptors was examined using the tail suspension test in streptozotocin-induced diabetic

mice. Long-lasting increases in 5-HT turnover rates were observed in the diabetic mouse midbrain and frontal cortex, but not in the

hippocampus. Duration of immobility was significantly longer in diabetic than in nondiabetic mice in the tail suspension test. The 5-HT1A

receptor agonist (7 )-8-hydroxy-2-(di-n-propylamino) tetralin (8-OH-DPAT) (3–30mg/kg, i.p.) reduced the duration of immobility in

nondiabetic mice, and this effect was completely antagonized by pretreatment with N-[2-[4-(2-methoxyphenil)-1-piperazinyl]ethyl]-N-2-

pyridinylcyclohexanecarboxamide (WAY-100635) (30 mg/kg, s.c.), a selective 5-HT1A receptor antagonist. In contrast, 8-OH-DPAT

(3 mg/kg–3 mg/kg, i.p.) was ineffective in diabetic mice. The selective 5-HT reuptake inhibitor fluoxetine (3–56 mg/kg, i.p.) reduced the

duration of immobility in both nondiabetic and diabetic mice. However, fluoxetine was less effective in diabetic mice than in nondiabetic

mice. WAY-100635 (30 mg/kg, s.c.) reversed the suppression of the duration of immobility by fluoxetine (30 mg/kg, i.p.) in nondiabetic

mice. On the other hand, the anti-immobility effect of fluoxetine (56 mg/kg, i.p.) was not antagonized by WAY-100635 (30 mg/kg, s.c.) in

diabetic mice. The selective 5-HT2 receptor antagonist 6-methyl-1-(1-methylethyl)-ergoline-8b-carboxylic acid 2-hydroxy-1-

methylpropyl ester (LY53,857) (30 mg/kg, s.c.) reversed the anti-immobility effect of fluoxetine in both nondiabetic and diabetic mice.

Spontaneous locomotor activity in diabetic mice was not different from that in nondiabetic mice. 8-OH-DPAT (30 mg/kg, i.p.), but not

fluoxetine, increased the spontaneous locomotor activity in both nondiabetic and diabetic mice. The number of 5-HT1A receptors in the

mouse frontal cortex was unaffected by diabetes. Plasma corticosterone levels in diabetic mice were significantly higher than that in

nondiabetic mice. These results suggest that the antidepressant-like effect mediated by 5-HT1A receptors may be attenuated by diabetes.
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INTRODUCTION

The pathogenesis of depression is closely related to the
monoaminergic system, and particularly involves seroto-
nergic mechanisms (Maes and Meltzer, 1995). Selective
inhibitors of serotonin (5-HT) uptake, such as fluoxetine
and sertraline, have been shown to be as effective in the
treatment of depression as established antidepressant drugs
in double-blind clinical trials (Chouinard, 1985; Feighner

and Cohn, 1985; Reimherr et al, 1988). In addition,
buspirone and gepirone, 5-HT1A receptor agonists, have
therapeutic value as antidepressant drugs (Goldberg and
Finnerty, 1979; Schweizer et al, 1986; Amsterdam et al,
1987).

Several animal models, such as forced swimming test and
learned helplessness test, have been developed to evaluate
putative antidepressants (Porsolt et al, 1978; Willner, 1990).
Among these, the tail suspension test proposed by Steru et al
(1985, 1987) is a convenient model in which many
antidepressants reduce duration of immobility, indicating
that this is an index of antidepressant activity (Teste et al,
1993). Selective 5-HT reuptake inhibitors (SSRIs) and 5-
HT1A receptor agonists show antidepressant-like effects in
these models (Wieland and Lucki, 1990; Teste et al, 1993).

It has been reported that changes in the 5-HT systems
occur in some areas of diabetic human and animal brain. In
the post-mortem study, 5-HT concentration was increased
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in the hypothalamus of diabetic subjects (Lackovic et al,
1990). In addition, a recent positron emission tomography
(PET) study, significantly greater 5-HT1A receptor binding
was detected in mesial temporal cortex in type 2 diabetic
subjects (Price et al, 2002). Streptozotocin-induced hyper-
glycemic state has been used as an animal model for
diabetes mellitus (Tarui et al, 1987; McCall, 1992).
Streptozotocin selectively destroys pancreatic islet beta-
cells and causes hypoinsulinemia, leading to hyperglycemia
(Arison et al, 1967; Hohenegger and Rudas, 1971).
Streptozotocin itself does not enter the brain (Bhuyan
et al, 1974). It has been reported that streptozotocin-
induced diabetic rats showed changed concentration of
5-HT and its major metabolite 5-hydroxyindoleacetic acid
(5-HIAA) in the brain (Bitar et al, 1985; Lackovic et al, 1990;
Bellush et al, 1991; Ohtani et al, 1997; Sandrini et al, 1997).
In addition, receptor binding studies suggested that
streptozotocin-induced diabetes increased or unaffected
the 5-HT1A receptor number in rat brain (Sandrini et al,
1997; Sumiyoshi et al, 1997). These changes may contribute
greater vulnerability to psychiatric disorders, such as
depression, in the diabetic patients. In fact, it is well
established that the prevalence of depression in diabetic
patients is higher than that in the general population, and
this higher prevalence is unrelated to the type of diabetes
(insulin-dependent or noninsulin-dependent diabetes mel-
litus) (Anderson et al, 2001). Several antidepressants, such
as SSRIs and tricyclic antidepressants, were effective in the
treatment of depression in diabetic patients (Lustman et al,
1997, 2000b). However, tricyclic antidepressants, but not
SSRIs, produced to worsen glycemic control whereas
depression improvement (Lustman et al, 1997). Therefore,
SSRIs were useful agents to reduce the severity of
depression in diabetic patients. We previously reported
that the efficacy of some antidepressants, such as fluoxetine,
fluvoxamine, and desipramine, were decreased by diabetes
in the mouse tail suspension test (Kamei et al, 2003). In
addition, it has also been reported that 5-HT1A receptor
agonist-induced head-weaving behavior was attenuated by
diabetes in mice (Fujii et al, 1991). These reports led us to
speculate that the efficacy of antidepressants might be
attenuated by diabetes.

In the present study, we examined the effects of the 5-
HT1A receptor agonist (7 )-8-hydroxy-2-(di-n-propylami-
no) tetralin (8-OH-DPAT) and fluoxetine on the duration of
immobility in the tail suspension test in diabetic mice.

MATERIALS AND METHODS

Animals

Male ICR mice (Tokyo Laboratory Animals Science Co., Ltd,
Tokyo), 4 weeks of age and weighing approximately 20 g at
the beginning of the experiments, were used. They were
housed 10 per cage and had free access to food and water.
The animal room was maintained at 247 11C and 557 5%
humidity with a 12-h light–dark cycle (light on at 0800, light
off at 2000). Animals were rendered diabetic by an injection
of streptozotocin (200 mg/kg, i.v.) dissolved in 0.1 N citrate
buffer at pH 4.5. Age-matched control mice were injected
with the vehicle alone. Blood glucose levels were determined
using a glucose analyzer (ANTSENSE II, Sankyo Co., Ltd,

Tokyo, Japan). In the behavioral test, 6-week-old mice (ie 14
days after the induction of diabetes) with hyperglycemia
(blood glucose levels 4400 mg/dl) were defined as diabetic.
All behavioral observations were performed between 1100
and 1500 each day. The animals were used only once. This
study was carried out in accordance with the Guide for the
Care and Use of Laboratory Animals as adopted by the
Committee on the Care and Use of Laboratory Animals of
Hoshi University, which is accredited by the Ministry of
Education, Science, Sports, and Culture.

Pilot Study

The temporal effects of diabetes on body weight, blood
glucose levels, and 5-HT turnover rates were determined.
Body weight and blood glucose level were measured 0, 2, 4,
7, 14, 28, and 56 days after the injection of streptozotocin
(diabetic group) or vehicle (nondiabetic group). Diabetic
and nondiabetic mice at 7, 14, 28, and 56 days after
induction were killed by decapitation and the brain, which
was used to determine 5-HT turnover rates, was quickly
removed.

5-HT Concentration

The concentration of 5-HT and 5-HIAA were determined by
high-performance liquid chromatography (HPLC). The
brain was dissected into the midbrain, frontal cortex, and
hippocampus on an ice-cold glass plate. Dissected brain
tissues were stored at �801C until homogenized. The
tissues were homogenized in solution containing 300 ml of
0.2 M perchloric acid with 100 mM EDTA (2Na) and 100 ml of
1 mg/l isoproterenol as an internal standard (total volume of
400 ml). To remove the proteins completely, the homo-
genates were placed in ice-cold water for 30 min. The
homogenates were then centrifuged at 20 000 g for 15 min at
0–41C, and the supernatants were removed to other tubes.
Then, the solution was maintained at pH 3.0 using 1 M
sodium acetate, and stored at �801C until assayed. Solution
samples of 20 ml were analyzed by HPLC (EP-300, Eicom,
Co., Kyoto, Japan) with electrochemical detection. The
electrochemical detector (EC-300, Eicom Co.) included a
graphite electrode (WE-3G, Eicom Co.), which was used at a
voltage setting of 0.7 V vs a Ag/AgCl reference electrode.
The mobile phase consisted of sodium acetate (0.1 M)/citric
acid (0.1 M) buffer, pH 3.5, containing 15% (v/v) methanol,
sodium 1-octanesulfonate, and EDTA (2Na). The flow rate
was set to 0.5 ml/min with a column temperature of 251C. 5-
HT turnover rates were calculated as 5-HIAA/5-HT ratio.

Drugs

The drugs used in this study were streptozotocin (Sigma
Chemical Co., St Louis, MO), (7 )-8-hydroxy-2-(di-n-
propylamino)tetralin hydrbromide (8-OH-DPAT) (Sigma
Chemical Co.), N-[2-[4-(2-methoxyphenil)-1-piperazinyl]
ethyl]-N-2-pyridinylcyclohexanecarboxamide (WAY-100635)
(Sigma Chemical Co.), 6-methyl-1-(1-methylethyl)-ergoline-
8b-carboxylic acid 2-hydroxy-1-methylpropyl ester (LY53,
857) (Sigma Chemical Co.), and fluoxetine hydrochloride
(Tocris Cookson, Ltd, UK). 8-OH-DPAT, WAY-100635, and
LY53,857 were dissolved in saline and administered in a
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volume of 0.1 ml/10 g of body weight. Fluoxetine was
dissolved in saline and administered in a volume of
0.19 ml/10 g of body weight because the solubility of
fluoxetine in saline was limited to 10 mM (about 35 mg/kg
at a volume of 0.1 ml/10 g).

Tail Suspension Test

The tail suspension apparatus consisted of a white
translucent plastic box (30� 30� 30 cm) with a hook in
the middle of the ceiling from which to suspend the mouse.
Mice were suspended by the tail using adhesive Scotch tape
affixed to the hook, which was connected to a strain gauge
(TAIL SUSPENSION AMP, Neuroscience Inc., Tokyo,
Japan) that picked up all movements of the mouse and
transmitted them to a central processing unit that calculated
the total duration of immobility and the strength of
movements during the 10 min of the test. Each mouse was
suspended individually. The movements of the mice were
measured for 10 min and digitized and processed by Super
Scope II (GWI; Somerville, MA, USA). The threshold level
was set so as to exclude respiration movement. The
duration of immobility was defined as the total amount of
time that the animal showed no movement. 8-OH-DPAT
and fluoxetine were injected i.p. 30 min before the
measurement of duration of immobility. WAY-100635 and
LY53,857 were injected s.c. 30 min before treatment with 8-
OH-DPAT and fluoxetine.

Locomotor Activity

Spontaneous locomotor activity of mice was measured by a
digital counter with an infrared sensor (NS-AS01, Neu-
roscience Inc., Tokyo, Japan). A mouse was placed in a
transparent plastic cage (27� 17� 13 cm), a transparent
plastic ceiling was installed, and an infrared sensor was
placed at the center of the ceiling. Mice were placed in the
measurement cage for a habituation period of 60 min, and
then each drug was injected. Total activity counts were
automatically recorded for 10 min. 8-OH-DPAT and fluox-
etine were injected i.p. 30 min before the measurement of
locomotor activity.

Measurement of [3H]WAY-100635 Binding

Diabetic and nondiabetic mice 14 days after the injection of
streptozotocin or the vehicle were killed by decapitation.
The brain was dissected into the frontal cortex on an ice-
cold glass plate. Dissected brain tissues were stored at
�801C until homogenized. The 5-HT1A receptor binding
was assayed as described by Khawaja et al (1995) with a
minor modification. In brief, the frontal cortex was
homogenized in 50 volumes (w/v) of 50 mM Tris-HCl buffer
(pH 7.4) using a Polytron homogenizer (setting of 5, 30 s;
Kinematica, Lucerne, Switzerland). The homogenates were
centrifuged twice at 27 000 g for 20 min at 41C. The
membrane pellets were resuspended in Tris-HCl buffer
and incubated at 371C for 20 min, before a final centrifuga-
tion step (27 000 g� 20 min at 41C). The final pellets were
stored at �801C until assayed. The membrane preparation
(150 mg of protein per tube) was suspended in the same
buffer and incubated with 0.1�5 nM [3H]WAY-100635

(77.0 Ci/mmol; Amersham, Buckinghamshire, UK) in the
absence (for measuring total binding) or the presence (for
measuring nonspecific binding) of unlabeled 1mM 5-HT
(Sigma Chemical Co.). The reaction mixture (total volume,
500 ml) was incubated at 371C for 60 min. Following
incubation, membrane-bound radioligand was separated
from free radioligand by rapid vacuum filtration over
presoaked (0.5% polyethylenimine) Whatman GF/B glass
microfiber filter (Whatman, Maidstone, UK) and washed
through with three 5 ml volumes of ice-cold 50 mM Tris-HCl
(pH 7.4). Filter-bound radioactivity was transferred to
scintillation vials containing 4 ml of Aquasol-2 scintillation
cocktail and counted by liquid scintillation counter. Specific
binding was calculated as the difference between total and
nonspecific binding. Protein content was determined by the
Bio-Rad method (Bio-Rad Laboratories Ltd, Hemel Hemp-
stead, Hertfordshire, UK) using bovine g-globulin as the
standard. Assays of [3H]WAY-100635 binding were per-
formed in duplicate.

Plasma Corticosterone Determination

Mice were killed by decapitation, and then trunk blood was
collected in heparinized tubes. Blood was centrifuged at
10 000 g for 15 min, and plasma was removed and stored at
�801C until analysis. Blood was collected between 1100 and
1115. Plasma corticosterone concentrations were deter-
mined using commercially available EIA kit (DSL, Inc.,
USA) following the manufacturer’s directions.

Statistics

The data were expressed as means with SEM. Significant
differences were determined by two-way analysis of
variance (ANOVA) for factorial comparisons and the
Bonferroni test for multiple comparisons. Student’s t-test
or Aspin–Welch’s t-test was used to evaluate differences
between two groups. P-values less than 0.05 were considered
significant.

RESULTS

Effects of Diabetes on Body Weight Gain and Blood
Glucose Levels in Mice

Body weight gain and blood glucose levels in both diabetic
and nondiabetic mice are shown in Figure 1. The mean
body weights on the first day in nondiabetic and diabetic
group were 19.67 0.16 and 19.27 0.15, respectively (not
significant). Two-way ANOVA revealed that diabetes
significantly reduced body weight (F(1, 108)¼ 294.237,
Po0.0001) and increased blood glucose levels
(F(1, 126)¼ 1904.11, Po0.0001).

Effects of Diabetes on 5-HT Turnover Rates in Mice

In the midbrain, 5-HT turnover rates (5-HIAA/5-HT ratio)
were significantly increased at 14, 28, and 56 days after the
induction of diabetes (Table 1A). In addition, 5-HIAA
concentration was significantly increased at 14 and 28 days
after the induction of diabetes (Table 1A). 5-HT concentra-
tion was not significant deference between nondiabetic and
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diabetic mouse midbrain (Table 1A). In the frontal cortex,
the diabetic mice showed significant increases in 5-HT
turnover rates at 14, 28, and 56 days after injection and
significant decreases in 5-HT turnover rates at 7 days after
injection (Table 1B). 5-HIAA concentration in the frontal
cortex was significantly increased at 14, 28, and 56 days
after the induction of diabetes (Table 1B). Furthermore,
5-HT concentration was significantly increased at 28 days
after the induction of diabetes in mouse frontal cortex
(Table 1B). In the hippocampus, 5-HT turnover rates were
markedly increased 14 days after the induction of diabetes
(Table 1C). 5-HIAA concentration in the hippocampus was
significantly increased at 14 and 28 days after the induction
of diabetes (Table 1C). In addition, 5-HT concentration was
significantly increased at 7 days after the induction of
diabetes in mouse hippocampus (Table 1C). It is well known
that 5-HT neuronal activities are altered by diabetes (Bitar
et al, 1985; Lackovic et al, 1990; Bellush et al, 1991; Ohtani

et al, 1997; Sandrini et al, 1997). We previously proposed
that 14 days after the injection of streptozotocin (200 mg/kg,
i.v.), mice exhibited diabetic neuropathy (Kamei et al,
1991). Therefore, in the subsequent behavioral test, mice 14
days after the induction of diabetes, with hyperglycemia,
were considered diabetic.

Effects of 8-OH-DPAT on the Duration of Immobility in
the Tail Suspension Test in Nondiabetic and Diabetic
Mice

The duration of immobility in diabetic mice was longer than
that in nondiabetic mice in the tail suspension test
(Figure 2a). 8-OH-DPAT (3–30 mg/kg, i.p.), a 5-HT1A

receptor agonist, significantly and dose-dependently
reduced the duration of immobility in nondiabetic mice
(Figure 2a). However, 8-OH-DPAT (3–30 mg/kg, i.p.) did not
affect the duration of immobility in diabetic mice
(Figure 2a). The 8-OH-DPAT (30 mg/kg, i.p.)-induced
reduction in the duration of immobility in nondiabetic
mice was completely antagonized by pretreatment with
WAY-100635 (30 mg/kg, s.c.), a 5-HT1A receptor selective
antagonist (Figure 2b). In diabetic mice, 8-OH-DPAT was
also ineffective at high doses of 0.1–3 mg/kg (Figure 2c).

Effects of Fluoxetine on the Duration of Immobility in
Nondiabetic and Diabetic Mice

Fluoxetine (3–56 mg/kg, i.p.) dose-dependently and signifi-
cantly decreased the duration of immobility in both
nondiabetic and diabetic mice (Figure 3). The reduction
in the duration of immobility in nondiabetic mice was
statistically significant at doses of 30 and 56 mg/kg.
However, the effect of fluoxetine in diabetic mice was less
than that in nondiabetic mice, since the reduction in the
duration of immobility in diabetic mice was significant at a
dose of 56 mg/kg.

Effects of WAY-100635 and LY53,857 on Fluoxetine-
Induced Reduction in the Duration of Immobility in
Nondiabetic and Diabetic Mice

In nondiabetic mice, the reduction in the duration of
immobility by fluoxetine (30 mg/kg, i.p.) was significantly
antagonized by pretreatment with WAY-100635 (30 mg/kg,
s.c.) (Figure 4). In contrast, WAY-100635 (30 mg/kg, s.c.) did
not antagonize the suppression of the duration of im-
mobility by fluoxetine (56 mg/kg, i.p.) in diabetic mice
(Figure 4). Pretreatment with LY53,857 (30 mg/kg, s.c.),
a 5-HT2 receptor selective antagonist, significantly reversed
the decrease in the duration of immobility by fluoxetine in
both nondiabetic and diabetic mice (Figure 4). Duration of
immobility was not significantly affected by WAY-100635
(30 mg/kg, s.c.) and LY53,857 (30 mg/kg, s.c.) given alone in
both nondiabetic and diabetic mice (data not shown).

Effects of Fluoxetine and 8-OH-DPAT on Spontaneous
Locomotor Activity in Nondiabetic and Diabetic Mice

It is possible that drugs increasing locomotor activity
reduce the duration of immobility in tail suspension
test. Therefore, we determined the effects of fluoxetine

Figure 1 Temporal effects of diabetes on body weight gain (a) and
blood glucose levels (b) in mice. Body weight gain was expressed as
follows: body weight gain (%)¼ (body weight on the test day/on the first
day). Each column and circle represents the mean7 SEM of 10 mice.

Antidepressant-like effect and diabetes
S Miyata et al

464

Neuropsychopharmacology



and 8-OH-DPAT on spontaneous locomotor activity
in nondiabetic and diabetic mice. Fluoxetine, at a dose
that was effective in the tail suspension test, produced
a slight but not significant reduction in spontaneous
locomotor activity for 10 min in nondiabetic and
diabetic mice (Figure 5). On the other hand, 8-OH-DPAT
(30 mg/kg, i.p.) significantly increased spontaneous
locomotor activity in both nondiabetic and diabetic mice
(Figure 5).

Effect of Diabetes on the Number of 5-HT1A Receptors
in the Mouse Frontal Cortex

The Bmax of [3H]WAY-100635 binding in the frontal cortex
was not affected by diabetes in mice (Table 2). In addition,
there was no significant difference in the Kd value of
[3H]WAY-100635 binding in the frontal cortex between
nondiabetic and diabetic mice (Table 2).

Effects of Diabetes on Plasma Corticosterone Levels in
Mice

Plasma corticosterone levels were significantly greater in
diabetic mice than in nondiabetic mice (Table 3).

Temporal Effect of Diabetes on Duration of Immobility
in the Tail Suspension Test in Mice

Duration of immobility in the tail suspension test in mice 28
and 56 days after the treatment with streptozotocin (200 mg/
kg, i.v.) was shown in Figure 6. Duration of immobility was
significantly longer in both streptozotocin-treated groups
than in respective vehicle-treated groups.

DISCUSSION

It has been recognized that patients with either type 1 or
type 2 diabetes have a higher prevalence of major

Table 1 Temporal Effects of Diabetes on 5-HT Turnover Rates, 5-HIAA and 5-HT Levels in Mouse Midbrain (A), Frontal Cortex (B), and
Hippocampus (C)

5-HIAA/5-HT ratio 5-HIAA (ng/mg tissue) 5-HT (ng/mg tissue)

Days Nondiabetic mice Diabetic mice Nondiabetic mice Diabetic mice Nondiabetic mice Diabetic mice

(A) Midbrain

7 0.80377 0.0312 0.89707 0.0407 0.32317 0.0131 0.37027 0.0201 0.40287 0.0102 0.41347 0.0125

14 0.76257 0.0191 0.91757 0.0440* 0.29247 0.0103 0.38777 0.0235* 0.38397 0.0116 0.42247 0.0163

28 0.68617 0.0349 0.88157 0.0347* 0.29557 0.0166 0.34977 0.0164* 0.43487 0.0223 0.39717 0.0123

56 0.79147 0.0304 0.95117 0.0420* 0.35057 0.0107 0.39967 0.0248 0.44577 0.0135 0.42057 0.0170

Two-way ANOVA values Diabetes: F(1, 72)¼ 36.239, Po0.0001 Diabetes: F(1, 72)¼ 24.000, Po0.0001 Diabetes: F(1, 72)¼ 0.108, NS

Days: F(3, 72)¼ 2.223, NS Days: F(3, 72)¼ 3.030, Po0.05 Days: F(3, 72)¼ 1.542, NS

Interaction: F(3, 72)¼ 0.716, NS Interaction: F(3, 72)¼ 0.826, NS Interaction: F(3, 72)¼ 2.697, NS

(B) Frontal cortex

7 0.75327 0.0389 0.63707 0.0228* 0.16207 0.0048 0.15227 0.0094 0.21767 0.0068 0.24067 0.0158

14 0.57737 0.0355 0.71697 0.0340* 0.13277 0.0142 0.17707 0.0097* 0.22417 0.0142 0.24717 0.0077

28 0.47837 0.0296 0.60327 0.0350* 0.11447 0.0098 0.17197 0.0114* 0.23607 0.0114 0.28497 0.0107*

56 0.48307 0.0195 0.68117 0.0362* 0.16217 0.0111 0.21017 0.0137* 0.33347 0.0150 0.31407 0.0214

Two-way ANOVA values Diabetes: F(1, 72)¼ 14.552, Po0.001 Diabetes: F(1, 72)¼ 20.663, Po0.0001 Diabetes: F(1, 72)¼ 3.839, NS

Days: F(3, 72)¼ 9.088, Po0.0001 Days: F(3, 72)¼ 5.630, Po0.01 Days: F(3, 72)¼ 20.058, Po0.0001

Interaction: F(3, 72)¼ 9.354, Po0.0001 Interaction: F(3, 72)¼ 3.905, Po0.05 Interaction: F(3, 72)¼ 2.161, NS

(C) Hippocampus

7 1.70127 0.0909 1.45067 0.1097 0.25027 0.0212 0.25697 0.0219 0.14527 0.0073 0.17947 0.0129*

14 1.52167 0.0743 1.94637 0.1047* 0.27417 0.0139 0.36097 0.0192* 0.18187 0.0095 0.18727 0.0082

28 1.25137 0.0776 1.39317 0.0902 0.26777 0.0157 0.32927 0.0219* 0.21717 0.0108 0.23977 0.0140

56 1.31257 0.0478 1.12307 0.0867 0.30907 0.0128 0.25497 0.0313 0.23667 0.0091 0.22077 0.0160

Two-way ANOVA values Diabetes: F(1, 72)¼ 0.263, NS Diabetes: F(1, 72)¼ 3.026, NS Diabetes: F(1, 72)¼ 2.070, NS

Days: F(3, 72)¼ 14.590, Po0.0001 Days: F(3, 72)¼ 3.492, Po0.05 Days: F(3, 72)¼ 16.997, Po0.0001

Interaction: F(3, 72)¼ 6.480, Po0.001 Interaction: F(3, 72)¼ 4.650, Po0.01 Interaction: F(3, 72)¼ 1.849, NS

5-HT turnover rates, 5-HIAA, and 5-HT levels were measured 7, 14, 28, and 56 days after the injection of streptozotocin (ie induction of diabetes). 5-HT turnover
rates were determined as a 5-HIAA/5-HT ratio. 5-HIAA and 5-HT levels are expressed as nanograms per milligram of tissue. Each value represents the mean7 SEM
of 10 mice.*Po0.05 vs respective nondiabetic mice (Student’s t-test or Aspin–Welch’s t-test). NS, not significant.
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depression and depressive symptoms than the general
population (Anderson et al, 2001). Psychological troubles,
including depression, are likely to adversely affect glycemic
control, and may be regarded as risk factors for the
development of diabetes-related complications (Lustman
et al, 2000a; de Groot et al, 2001).

It is well known that 5-HT systems in brain play a major
role in the pathogenesis and treatment of depression (Maes
and Meltzer, 1995). The dorsal and median raphe nuclei

Figure 2 (a) Effects of 8-OH-DPAT (3–30 mg/kg, i.p.) on the duration of
immobility in the tail suspension test in nondiabetic and diabetic mice. (b)
Effect of WAY-100635 (30 mg/kg, s.c.) on 8-OH-DPAT-induced reduction
in the duration of immobility in nondiabetic mice. (c) Effect of 8-OH-DPAT
(0.1–3 mg/kg, i.p.) on the duration of immobility in diabetic mice. 8-OH-
DPAT was injected i.p. 30 min before the test. WAY-100635 was injected
s.c. 30 min before treatment with 8-OH-DPAT. Each column represents
the mean7 SEM of 8–10 mice. *Po0.05 statistically significant difference
between saline-treated nondiabetic mice and saline-treated diabetic mice
(Student’s t-test). #Po0.05 vs respective saline-treated group (Bonferroni
test). $Po0.05 vs 8-OH-DPAT alone-treated group (Bonferroni test).

Figure 3 Effect of fluoxetine on the duration of immobility in
nondiabetic and diabetic mice. Fluoxetine was injected i.p. 30 min before
the test. Each square represents the mean7 SEM of 8–10 mice. *Po0.05
statistically significant difference between saline-treated nondiabetic mice
and saline-treated diabetic mice (Student’s t-test). #Po0.05 vs respective
saline-treated group (Bonferroni test).

Figure 4 Effects of WAY-100635 and LY53,857 on the fluoxetine-
induced reduction of the duration of immobility in nondiabetic and diabetic
mice. Fluoxetine was injected i.p. 30 min before the test. WAY-100635
(WAY: 30mg/kg, s.c.) and LY53,857 (LY: 30 mg/kg, s.c.) were injected
30 min before the injection of fluoxetine. Each column represents the
mean7 SEM of 8–10 mice. *Po0.05 statistically significant difference
between saline-treated nondiabetic mice and saline-treated diabetic mice
(Student’s t-test). #Po0.05 vs respective saline-treated group (Bonferroni
test). $Po0.05 vs respective fluoxetine-treated group (Bonferroni test).
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(DRN and MRN, respectively) of the midbrain are the main
source of serotonergic innervation. The frontal cortex
mainly receives a 5-HT projection from the DRN, and the
hippocampus predominantly receives MRN innervation
(McQuade and Sharp, 1997). Therefore, we examined the
effect of diabetes on serotonergic neuronal activity, and its
regional distribution. In the present study, 5-HT turnover
rates were altered by diabetes in mouse brain, depending on
the duration of the diabetic condition. In particular, long-
term increases in 5-HT turnover rates were observed in the
diabetic mouse midbrain and frontal cortex, but not in the
hippocampus. Therefore, it is possible that the activity of 5-
HT neurons may be affected by diabetes, region-specifically,
and projection areas from the DRN may be vulnerable by
diabetes. In contrast to the present observations, 5-HT
turnover rates have been reported to be decreased in
diabetic rat brain (Bitar et al, 1985; Bellush et al, 1991). This
discrepancy may be due to the differences between species

and the duration of the diabetic condition. Further studies
are required to elucidate the moderating and causal factors
related to the effect of diabetes on 5-HT systems. In the
present behavioral study, diabetic mice showed a prolonged
duration of immobility in the tail suspension test. Similarly,
the duration of immobility in diabetic mice has also been
reported to be greater than that in nondiabetic mice in the
forced swimming test (Hilakivi-Clarke et al, 1990) and the
tail-suspension test (Kamei et al, 2003). In addition, diabetic
mice at 28 and 56 days after the induction of diabetes also
showed prolonged duration of immobility in the tail
suspension test in the present results. Thus, the long-lasting
behavioral changes in diabetic mice are likely to be related
to, at least in part, the changes in 5-HT systems, such as 5-
HT neuronal activities and 5-HT receptor responses, caused
by diabetes.

5-HT1A receptor agonists, such as buspirone and
gepirone, have been shown to possess antidepressive
properties in the clinical and animal studies (Goldberg
and Finnerty, 1979; Schweizer et al, 1986; Amsterdam et al,
1987; Wieland and Lucki, 1990). Since head-weaving
behavior induced by 5-HT1A receptor agonists was attenu-
ated in diabetic mice (Fujii et al, 1991), we speculated that
the effects of antidepressants mediated by 5-HT1A receptor
would be altered in diabetes. In the present results, 8-OH-
DPAT decreased the duration of immobility in nondiabetic
mice in the tail suspension test. On the other hand, 8-OH-
DPAT did not affect the duration of immobility in diabetic
mice, despite the high doses used. However, spontaneous
locomotor activity was increased by treatment with 8-OH-
DPAT in both nondiabetic and diabetic mice. It has been
reported that the activation of postsynaptic 5-HT1A receptor
produced an antidepressant-like effect and hyperlocomo-
tion (Tricklebank et al, 1985; Mayorga et al, 2001). These
observations suggest that anti-immobility effect-mediated
5-HT1A receptor was specifically attenuated by diabetes in
the tail suspension test. However, we cannot exclude
another possibility because 8-OH-DPAT also has an
agonistic property for 5-HT7 receptors, not only 5-HT1A

Figure 5 Effects of fluoxetine and 8-OH-DPAT on spontaneous
locomotor activity in nondiabetic and diabetic mice. Locomotor activity
was measured for 10 min. Fluoxetine and 8-OH-DPAT were injected i.p.
30 min before the test. Each column represents the mean7 SEM of 8–10
mice. *Po0.05 vs respective saline-treated group (Bonferroni test).

Table 2 Effect of Diabetes on the Specific Binding of [3H]WAY-
100635 to Mouse Frontal Cortex Membranes

Bmax Kd

Nondiabetic mice 94.37 16.1 506.17 114.3

Diabetic mice 103.57 40.8 478.97 123.2

The number of binding sites, Bmax (mean7 SEM), and the binding affinity
constrant, Kd (mean7 SEM), were calculated separately for each mice by
Scatchard analysis. There was no significant difference between nondiabetic and
diabetic mice.

Table 3 Effect of Diabetes on Plasma Corticosterone Levels in
Mice

Plasma corticosterone levels (ng/ml)

Nondiabetic mice 54.07 3.8

Diabetic mice 146.37 16.9*

Each value represents the mean7 SEM of eight mice. *Po0.05 vs nondiabetic
mice (Aspin–Welch’s t-test).

Figure 6 Temporal effects of diabetes on duration of immobility in
nondiabetic (Non-DM) and diabetic (DM) mice. Each column represents
the mean7 SEM of 10 mice. *Po0.05 vs respective vehicle-treated mice
(Student’s t-test).
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receptors (Ruat et al, 1993). 5-HT7 receptors are widely
distributed in thalamic, limbic, and cortical regions, which
suggest a role for these receptors in affective behaviors (To
et al, 1995; Gustafson et al, 1996). Further studies are
needed to elucidate this problem.

Lustman et al (2000b) reported that fluoxetine improved
symptoms of depression in diabetic patients. Our present
data support this clinical observation because fluoxetine
significantly suppressed the duration of immobility in both
nondiabetic and diabetic mice. However, a higher dose of
fluoxetine was required to reduce the duration of immobi-
lity in diabetic mice. Interestingly, WAY-100635 antago-
nized the effect of fluoxetine in nondiabetic, but not
diabetic, mice. These results suggest that the antidepressive
effects of serotonergic antidepressants, such as SSRIs and 5-
HT1A receptor agonists, may be attenuated by diabetes as a
result of the dysfunction of 5-HT1A receptors. In this study,
LY53,857 reversed the anti-immobility effect of fluoxetine in
both nondiabetic and diabetic mice. Since 5-HT2C receptor
agonists possess antidepressant-like activity (Cryan and
Lucki, 2000), our present data suggest that the antidepres-
sant effect of SSRIs in diabetes may be due, at least in part,
to the activation of 5-HT2C receptor.

Several possibilities should be considered regarding the
hyposensitivity of 5-HT1A receptors in diabetic mice. First,
the response of 5-HT1A receptors may be downregulated by
increased 5-HT turnover in diabetic mice. However, present
result and previous report suggest that the number of 5-
HT1A receptors was unaffected by diabetes in the frontal
cortex and hippocampus (Sumiyoshi et al, 1997). Thus, it is
possible that 5-HT1A receptor-coupled G protein activities
and intracellular signaling pathway may be disturbed in
diabetes. Second, the changes in endocrine systems caused
by diabetes may affect the function of 5-HT1A receptors.
Type 1 and type 2 diabetes cause hyperactivation of the
hypothalamic–pituitary–adrenal (HPA) axis in humans
(Cameron et al, 1984; Roy et al, 1990, 1993) and animals
(Scribner et al, 1991; Takao et al, 2000). In consistent with
these previous reports, diabetic mice showed the increases
in plasma corticosterone levels in our present result. Long-
term corticosterone treatment induced dysfunction of
5-HT1A receptors to 8-OH-DPAT in behavioral and electro-
physiological studies (Haleem, 1992; Czyrak et al, 2002).
Therefore, it is possible that the dysfunction of 5-HT1A

receptors may be due to the chronic high corticosterone
levels in diabetic mice. Finally, the rate of penetration into
the brain and the metabolic rate of fluoxetine and 8-OH-
DPAT may be affected by diabetes. These possibilities
suggest that the efficacy of antidepressants mediated by the
activation of 5-HT1A receptor may be decreased by diabetes.
Further studies are necessary before these issues can be
resolved unequivocally.

It has been reported that SSRIs and tricyclic antidepres-
sants improved depression in diabetic patients (Goodnick
et al, 1997; Lustman et al, 1997, 2000b). However, tricyclic
antidepressants produced to worsen glycemic control
whereas depression improvement (Lustman et al, 1997).
In contrast, fluoxetine improved both glycemic control and
depressive state in diabetic patients (Lustman et al, 2000b).
Therefore, SSRIs are useful agents to reduce the severity of
depression in diabetic patients. We previously reported that
the antidepressant-like effect of fluoxetine and fluvoxamine,

SSRIs, and desipramine, a selective norepinephrine reup-
take inhibitor, were less in diabetic than in nondiabetic
mice in the tail suspension test (Kamei et al, 2003). In
addition, the present results suggest that attenuated efficacy
of fluoxetine in diabetic mice may be due to reduced
response of 5-HT1A receptors, which have anti-immobility
effect and therapeutic properties as antidepressant
drugs (Goldberg and Finnerty, 1979; Schweizer et al, 1986;
Amsterdam et al, 1987). Therefore, our present results
suggest a possibility that efficacy of antidepressants
mediated by 5-HT1A receptors may be attenuated in
depressive patients with diabetes.

In conclusion, our present results suggest that antide-
pressant-like effects mediated by 5-HT1A receptor may be
attenuated by diabetes.
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