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Abstract

We previously reported that streptozotocin-induced diabetic mice showed depressive-like behavior in the tail suspension test. It is well known
that the central histaminergic system regulates many physiological functions including emotional behaviors. In this study, we examined the role of
the central histaminergic system in the diabetes-induced depressive-like behavior in the mouse tail suspension test. The histamine contents in the
hypothalamus were significantly higher in diabetic mice than in non-diabetic mice. The histamine H; receptor antagonist chlorpheniramine
(1-10mg/kg, s.c.) dose-dependently and significantly reduced the duration of immobility in both non-diabetic and diabetic mice. In contrast, the
selective histamine H, receptor antagonists epinastine (0.03—0.3 pg/mouse, i.c.v.) and cetirizine (0.01-0.1 pg/mouse, i.c.v.) dose-dependently and
significantly suppressed the duration of immobility in diabetic mice, but not in non-diabetic mice. Spontaneous locomotor activity was not affected
by histamine H, receptor antagonists in either non-diabetic or diabetic mice. In addition, the number and affinity of histamine H,; receptors in the
frontal cortex were not affected by diabetes. In conclusion, we suggest that the altered neuronal system mediated by the activation of histamine H;

receptors is involved, at least in part, in the depressive-like behavior seen in diabetic mice.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

It has been recognized that patients with diabetes have a
higher prevalence of depression than the general population
(Anderson et al., 2001). Diabetic patients with depression also
show poor glycemic control (Lin et al., 2004). In addition,
psychological troubles are considered to be risk factors for the
future development of diabetes-related complications (de Groot
et al., 2001). However, little information is available to resolve
this problem. In animal studies, streptozotocin-treated rodents
are often used as an animal model of type 1 diabetes because
streptozotocin induces pancreatic 3-cell death and hyperglyce-
mia associated with decreased insulin secretion (Arison et al.,
1967; Hohenegger and Rudas, 1971; Tarui et al.,, 1987).
Streptozotocin-induced diabetic rodents show changes in the
central nervous system (CNS) as indicated by neurochemical,
electrophysiological, morphological and behavioral studies
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(Hilakivi-Clarke et al., 1990; McCall, 1992; Biessels et al.,
1994; Magarinos and McEwen, 2000). We also reported that
streptozotocin-induced diabetic mice exhibited depressive-like
behavior in the tail suspension test (Kamei et al., 2003), which
is often used to screen putative antidepressants (Steru et al.,
1985). However, such depressive-like behavior was not
observed in mice in the early stage of streptozotocin-induced
diabetes or in mice with hyperglycemia induced by glucose
injection (Kamei et al., 2003). Since streptozotocin does not
cross the blood—brain barrier and has an early excretion rate
(Schein, 1969; Karunanayake et al., 1974), we have suggested
that the depressive-like behavior in streptozotocin-induced
diabetic mice is induced by the diabetic state rather than by
streptozotocin itself.

Histamine is regarded as a neurotransmitter in the CNS and
regulates neuroendocrine and cardiovascular systems, arousal,
circadian rhythms, feeding and drinking behavior, and emo-
tional behaviors (Schwartz et al., 1991; Onodera et al., 1994;
Lin et al., 1996). Cell bodies of histaminergic neurons are
localized in the tuberomammillary nucleus in the posterior
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hypothalamus and their fibers are widely distributed throughout
the brain, such as in the cerebral cortex and hippocampus
(Watanabe et al., 1984; Onodera et al., 1994). It is well known
that histaminergic activities are enhanced under stressful
conditions. For example, histamine contents in the hypothala-
mus are increased by a variety of stressors such as restraint (Ito
et al., 1999), air blast (Mazurkiewicz-Kwilecki, 1980) and
isolation stress (Bugajski et al., 1994). In addition, histamine
release and metabolism are also facilitated by stress treatment
(Yoshitomi et al., 1986a,b; Westerink et al., 2002). In behavioral
studies, it has been suggested that the activation of histamine H;
receptors induces the anxiety-like behavior in mice (Yuzurihara
et al., 2000). In contrast, histamine H; receptor-deficient mice
show less of a fearful state and decreased aggressive behavior
(Yanai et al., 1998a,b). In addition, the histamine H; receptor
antagonist chlorpheniramine suppresses muricide, which is
used for the pharmacological analysis of antidepressants
(Onodera, 1987). Based on these findings, it is well accepted
that enhancement of histaminergic neurotransmission mediated
by histamine H; receptors may be associated with psychological
problems such as depression.

It has been reported that there is a 35% increase in histamine
content of whole brain in diabetic rats compared with control
rats (Gill et al., 1988). In addition, it has been reported that
histamine levels increase in the brain, excluding the hypothal-
amus and the cerebellum, of diabetic mice (Nishibori et al.,
1989). Furthermore, Nishibori et al. (1989) indicated that
diabetic mice showed higher the levels of fele-methylhistamine,
a major metabolite of brain histamine, in the hypothalamus and
the rest of the brain. These reports suggested that the function of
central histaminergic neurons might be altered by diabetes.
Therefore, we can speculate that an increased function of the
central histaminergic system may contribute to changes in
emotional behaviors in diabetic mice. In the present study, we
examined the involvement of histamine H; receptor-mediated
neurotransmission in the diabetes-induced depressive-like
behavior in the mouse tail suspension test.

2. Materials and methods
2.1. Animals

Male ICR mice (Tokyo Laboratory Animals Science Co.,
Ltd., Tokyo), 4weeks of age and weighing approximately 20g
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 244 1°C and 55+5% humidity
with a 12-h light—dark cycle (light on at 8:00, light off at
20:00). Animals were rendered diabetic by an injection of
streptozotocin (200mg/kg, i.v.) prepared in citrate buffer at
pH 4.5. Age-matched control mice were injected with the ve-
hicle alone. Six-week-old mice (i.e., 14 days after the induction
of diabetes) with blood glucose levels above 4000 mg/l were
used as diabetic mice. Blood glucose levels were determined
using a glucose analyzer (ANTSENSE II, Sankyo Co. Ltd.,
Tokyo, Japan). All behavioral observations were performed
between 11:00 and 17:00 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.

2.2. Drugs

The drugs used in this study were streptozotocin and the
histamine H; receptor antagonists (£)-chlorpheniramine male-
ate, epinastine hydrochloride and cetirizine dihydrochloride.
While chlorpheniramine readily penetrates the blood—brain
barrier (Nicholson et al., 1991), epinastine and cetirizine
penetrate into the brain rather poorly (Chishty et al., 2001).
Streptozotocin and chlorpheniramine were purchased from
Sigma Chemical Co. (St. Louis, MO, USA). Epinastine and
cetirizine were gifts from Boehringer Ingelheim KG (Ingelheim/
Rhein, Germany) and UCB Japan (Tokyo, Japan), respectively.
Chlorpheniramine, epinastine and cetirizine were dissolved in
saline. All drug doses were calculated as the salt weight.
Systemic treatments with drugs were given in a volume of
10ml/kg body weight. I.c.v. treatments with drugs were given in
a volume of 5 ul/mouse.

2.3. Histamine contents in the mouse hypothalamus

Diabetic and non-diabetic mice were killed by decapitation
under ether anesthesia. Trunk blood was used to measure blood
glucose levels. The brains were dissected into the hypothalamus
and the frontal cortex on an ice-cold alumina plate. The frontal
cortex tissues were used in a [*H]-pyrilamine binding assay.
Dissected tissues were stored at —80°C until homogenization.
Hypothalamic tissues were homogenized in 600pul of phos-
phate-buffered saline using a Polytron homogenizer (Kinema-
tica, Lucerne, Switzerland). The homogenates were centrifuged
at 10,000 xg for 30min at 4°C. The supernatants were
lyophilized, and then, the lyophilized powders were dissolved
in 70pul of distilled water, and these were used as ELISA
samples. Histamine concentrations were determined by a
commercially available histamine ELISA kit (Neogen Co.,
USA) following the manufacturer’s directions.

2.4. [PH]-pyrilamine binding assay

Diabetic and non-diabetic mice were killed by decapitation
under ether anesthesia. The brains were dissected into the frontal
cortex on an ice-cold alumina plate. Dissected tissues were
stored at —80°C until homogenization. Histamine H,; receptor
binding was assayed as described by Tran et al. (1978). In brief,
the frontal cortex tissues were homogenized in 30volumes of
assay buffer (S0mM Na'/K" phosphate buffer, pH 7.5) using a
Polytron homogenizer (Kinematica). The homogenates were
centrifuged at 50,000 xg for 20min at 4°C. The membrane
pellets were resuspended in the assay buffer and centrifuged at
50,000 xg for 20min at 4°C. The final pellets were stored at
—80°C until assay. The membrane preparation was resuspended
in the same buffer and incubated with 0.2-10nM [*H]-
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pyrilamine (33.0 Ci/mM; Amersham Biosciences, Tokyo, Japan)
in the absence (to measure total binding) or the presence (to
measure non-specific binding) of unlabeled 1M triprolidine
(Sigma Chemical Co). The reaction mixture (total volume,
500 pl) was incubated at 25 °C for 20 min. Following incubation,
membrane-bound radioligand was separated from free radi-
oligand by rapid vacuum filtration over a Whatman GF/B glass
microfiber filter (Whatman, Maidstone, UK) presoaked with the
assay buffer and washed through with three 4-ml volumes of ice-
cold assay buffer. Filter-bound radioactivity was transferred to
scintillation vials containing 10ml Aquasol-2 scintillation
cocktail and counted by a liquid scintillation counter. Specific
binding was calculated as the difference between total and non-
specific binding. Protein content was determined by the Bio-Rad
method (Bio-Rad Laboratories Ltd, Hemel Hempstead, Hert-
fordshire, UK). Assays of [*H]-pyrilamine binding were
performed in duplicate. The number of binding sites (Bax)
and the binding affinity (K4) were calculated separately for each
sample using a Scatchard analysis.

2.5. Tail suspension test

The procedure was according to our previous report (Kamei
et al., 2003). The tail suspension apparatus consisted of a white
translucent plastic box (30x30x30cm) 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 which calculated the total duration of
immobility and the strength of movements during the 10 min of
the test. Each mouse was suspended individually. The move-
ments of the mice were digitized and processed by a Super Scope
II (GWI; Somerville, MA, USA). The threshold level was set to
exclude respiration movement. The duration of immobility was
defined as the total amount of time that the animal showed
no movement. Chlorpheniramine was injected subcutaneously
(s.c.) 60min before testing. Epinastine and cetirizine were
injected i.c.v. 30min before testing. The dose ranges of chlor-
pheniramine, epinastine and cetirizine were based on our pre-
vious reports (Onodera, 1987; Kamei et al., 2005).

2.6. Locomotor activity

Spontaneous locomotor activity of mice was measured by a
digital counter with an infrared sensor (NS-ASO1, Neuroscience

Table 1
Effects of diabetes on body weight, blood glucose level and histamine content in
the hypothalamus in mice

Non-diabetic mice Diabetic mice

Body weights (g) 353+1.0 24.34+0.8%**
Blood glucose levels (mg/1) 1672.2+74.1 7665.0+209.0%**
Histamine levels (ng/mg tissue) 1.087+0.057 1.270+£0.061%*

Data represent the mean+SE of 9 mice. *p<0.05 and ***p<0.001 vs.
respective values in non-diabetic mice (Student’s #-test or Aspin—Welch’s #-test).

Table 2
Effect of diabetes on the specific binding of [*H]-pyrilamine to mouse frontal
cortex membranes

Ky (pM) Biax (fmol/mg protein)
Non-diabetic mice 680.9+117.9 19+0.4
Diabetic mice 723.4+£98.6 25+2.0

The maximal number of binding sites (B,.x) and the binding affinity constant
(Ky4) were calculated separately for each sample by a Scatchard analysis. Each
value represents the mean+SE of 3—4 samples.

Inc., Tokyo, Japan). Mice were placed individually in a
transparent plastic cage (27 x17% 13 cm), a transparent plastic
ceiling was installed, and an infrared sensor was placed at the
center of the ceiling. Total activity counts were automatically
recorded for 10 min according to the measurement period in the
tail suspension test. Chlorpheniramine was injected s.c. 60 min
before testing. Epinastine and cetirizine were injected i.c.v.
30min before testing.

2.7. Lc.v. injection

One day before beginning i.c.v. injections, mice were
anesthetized with ether and a 3-mm double-needle (tip:
28gaugex3mm and base: 22gauge x Smm; Natsume Seisa-
kusho Co., Ltd., Tokyo, Japan) attached to a 25-pl Hamilton
microsyringe was advanced to a unilateral injection site to make
a hole. The unilateral injection site was 2mm from either side of
the midline between the anterior roots of the ears. On the day for
i.c.v. injection, the head of the mouse was held against a V-
shaped holder without any anesthetics, and the drugs were
injected into the hole. The site of administration was checked by
injecting dye solution in preliminary experiments. The
placement of the injection was confirmed by the injection of
dye solution after all experiments. This procedure was described
previously (Aoki et al., 2003; Kamei et al., 2005).

2.8. Statistics

Data were expressed as the means with SE. The statistical
significance of differences between groups was assessed by
one-way and two-way analysis of variance (ANOVA) for
factorial comparisons and by the Bonferroni test for multiple
comparisons. Student’s #-test or Aspin—Welch’s #-test was used
to evaluate differences between two groups. Significance was
accepted at p<0.05.

3. Results

3.1. Effects of diabetes on body weight, blood glucose level and
histamine content in the hypothalamus in mice

As shown in Table 1, body weights were significantly
decreased in diabetic mice compared to non-diabetic mice.
Blood glucose levels were significantly increased in diabetic
mice. The histamine levels in the hypothalamus were
significantly higher in diabetic mice than in non-diabetic
mice.
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Fig. 1. Effect of chlorpheniramine on the duration of immobility in the tail
suspension test in non-diabetic and diabetic mice. Each column represents the
mean+SE of 9-10mice. *p<0.05 vs. saline-treated non-diabetic mice
(Student’s #-test). “p<0.05 and ™p<0.01 vs. respective saline-treated mice
(Bonferroni test). A two-way ANOVA revealed that the duration of immobility
was significantly affected by diabetes [F (1,70)=5.387, p<0.05] and drugs
[£(3,70)=7.826,p<0.001], but not their interaction [/ (3,70)=1.665, p=0.1824].

3.2. Effect of diabetes on the specific binding of
[P HJ-pyrilamine to mouse frontal cortex membranes

As shown in Table 2, diabetes had no significant effect on
Bpax values or Ky values of [3H]—pyrilamine binding in the
mouse frontal cortex.

3.3. Effects of chlorpheniramine on the duration of immobility
in the tail suspension test and spontaneous locomotor activity
in non-diabetic and diabetic mice

Diabetic mice showed a marked prolongation of immobility
compared to non-diabetic mice (Fig. 1) without any difference
in spontaneous locomotor activity (Table 3). Chlorpheniramine
(1-10mg/kg, s.c.) dose-dependently and significantly reduced
the duration of immobility in both non-diabetic and diabetic
mice (Fig. 1). The reduction in the duration of immobility in
diabetic mice was statistically significant at doses of 3 and
10mg/kg. However, the reduction in the duration of immobility
in non-diabetic mice was only significant at a dose of 10mg/kg.

Table 3
Effects of histamine H; receptor antagonists on spontaneous locomotor activity
in non-diabetic and diabetic mice

Drugs Total activity (counts/10min)

Non-diabetic mice Diabetic mice

Saline (s.c.) 359.5+16.3 374.0+£22.2
Chlorpheniramine
(3mg/kg, s.c.) - 391.8+£18.2
(10mg/kg, s.c.) 362.5£13.7 -
Saline (i.c.v.) 338.4+33.7 326.2+19.7
Epinastine (0.3 pg/mouse, i.c.v.) 321.4+18.5 312.6+23.7
Cetirizine (0.1 pg/mouse, i.c.v.) 3543+11.8 323.6+£26.3

Data represent the mean locomotor activity counts+SE of 10mice. Each drug
was administered at the effective or maximal doses using the tail suspension test.
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Fig. 2. Effect of epinastine on the duration of immobility in non-diabetic and
diabetic mice. Each column represents the mean+SE of 9—10 mice. *p<0.05 vs.
saline-treated non-diabetic mice (Student’s #-test). “p<0.05 vs. respective saline-
treated mice (Bonferroni test). A two-way ANOVA revealed that the duration of
immobility was significantly affected by diabetes [F (1,69)=4.445, p<0.05],
but not drugs [F'(3,69)=1.338, p=0.2690] or their interaction [F'(3,69)=2.502,
p=0.0665].

Chlorpheniramine had no significant effect on spontaneous
locomotor activity in either non-diabetic or diabetic mice
(Table 3).

3.4. Effects of epinastine and cetirizine on the duration of
immobility in the tail suspension test and spontaneous
locomotor activity in non-diabetic and diabetic mice

Epinastine (0.03—0.3 pg/mouse, i.c.v.) and cetirizine (0.01—
0.1 pg/mouse, i.c.v.) had no significant effect on the duration of
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Fig. 3. Effect of cetirizine on the duration of immobility in non-diabetic and
diabetic mice. Each column represents the mean+SE of 8—10 mice. *p<0.05 vs.
saline-treated non-diabetic mice (Student’s #-test). *p<0.05 vs. respective saline-
treated mice (Bonferroni test). A two-way ANOVA revealed that the duration of
immobility was significantly affected by diabetes [F (1,66)=5.107, p<0.05],
but not drugs [F'(3,66)=0.885, p=0.4535] or their interaction [F'(3,66)=1.845,
p=0.1477].
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immobility in non-diabetic mice (Figs. 2 and 3). In contrast,
epinastine (0.03—0.3 pg/mouse, i.c.v.) and cetirizine (0.01—
0.1pg/mouse, i.c.v.) dose-dependently and significantly de-
creased the duration of immobility in diabetic mice to the same
levels as in non-diabetic mice (Figs. 2 and 3).

Epinastine (0.3 pug/mouse, i.c.v.) and cetirizine (0.1pg/
mouse, i.c.v.) had no significant effect on spontanecous
locomotor activity in non-diabetic mice (Table 3).

4. Discussion

Histamine H,; receptor-mediated neurotransmission partici-
pates in the regulation of emotional behaviors (Onodera, 1987;
Yuzurihara et al., 2000). We previously reported that diabetic
mice showed the prolonged immobility in the tail suspension
test without any change in spontaneous locomotor activity
(Kamei et al., 2003; Miyata et al., 2004). In addition, we also
reported that there is no correlation between the duration of
immobility and body weight (Kamei et al., 2003). In this study,
the prolongation of immobility in diabetic mice was suppressed
by the selective histamine H; receptor antagonists epinastine
and cetirizine. On the other hand, these drugs had no significant
effect on the duration of immobility in non-diabetic mice.
Therefore, we suggest that histamine H; receptor-mediated
neurotransmission may play an important role in depressive-like
behavior seen in diabetic mice in the tail suspension test. In
contrast, chlorpheniramine had an anti-immobility effect in both
non-diabetic and diabetic mice, although a high dose of
chlorpheniramine was required to reduce the duration of
immobility in non-diabetic mice. It has been reported that
chlorpheniramine also inhibits the reuptake of dopamine,
noradrenaline and serotonin (Lidbrink et al., 1971; Shishido et
al., 1991; Tatsumi et al., 1997; Suzuki et al., 1999). Therefore,
we can speculate that the antidepressant-like effect of
chlorpheniramine in the tail suspension test may be partly
related to its inhibitory effect on monoamine reuptake sites. On
the other hand, it has been reported that epinastine has no
inhibitory effects on monoamine reuptake sites (Fugner et al.,
1988). Furthermore, cetirizine shows selective affinity to
histamine H,; receptors (Kato et al., 1997). These reports
strongly support our idea that the anti-immobility effects of
epinastine and cetirizine in diabetic mice were induced by the
selective inhibition of histamine H; receptors.

There are several lines of evidence which indicate that
diabetes affects central histaminergic activities. Gill et al.
(1988) and Nishibori et al. (1989) suggested that the contents
of histamine and its metabolite are increased in the brains of
diabetic rodents. Consistent with these reports, we also found
that histamine levels in the hypothalamus, which is the major
region for the synthesis of histamine in the central nervous
system, were significantly higher in diabetic mice than in non-
diabetic mice (Watanabe et al., 1984; Onodera et al., 1994).
Although histamine levels were increased in diabetic mice,
there was no significant change in the number or affinity of
histamine H; receptors in the frontal cortex, which is a
terminal region of histamine neurons (Watanabe et al., 1984;
Onodera et al., 1994) and is rich in histamine H; receptors

(Martinez-Mir et al., 1990; Yanai et al., 1992). It is still unclear
whether our results are consistent with the condition in diabetic
patients, since there is no clinical report on the effect of
diabetes on central histaminergic systems. In patients with
depression, it has been reported that the densities of histamine
H; receptors were decreased in the frontal and cingulate
cortices. In addition, these binding potential values are
negatively correlated with the severity of disease (Kano et
al., 2004). In that report, Kano and co-researchers suggested
that prolonged histamine release and histamine turnover under
repetitive stress conditions may lead to the down-regulation of
histamine H,; receptors. In this study, we detected that the
blockade of histamine H; receptors suppressed the depressive-
like behavior of diabetic mice. Therefore, we can speculate that
diabetes alters the neuronal activities triggered by the
activation of histamine H; receptors, and this alteration may
underlie, at least in part, the depressive-like behavior of
diabetic mice in the tail suspension test. Further studies are
necessary to resolve whether this altered neuronal system is
related to the hyperactivation of histamine neurons.

There are several reports investigating the role of histamine
H; receptors on the behavioral despair in the forced swimming
test. Noguchi et al. (1992) revealed that the histamine H;
receptor antagonists levoprotiline and mepyramine had the
antidepressant-like effect in the mouse forced swimming test
when mice were repeatedly treated with these drugs (twice a day
for 7days). In contrast, Lamberti et al. (1998) reported that the
histamine H; receptor agonist had the antidepressant-like effect
in the mouse forced swimming test. Yanai et al. (1998b)
suggested that histamine H; receptor deficiency did not affect
significantly the duration of immobility in the mouse forced
swimming test. This discrepancy may be related to the
differences in the experimental procedures or used drugs. In
this study, we observed that epinastine and cetirizine had no
significant effect in non-diabetic (normal) mice. Therefore, our
findings were consistent with Yanai’s suggestion (1998b)
because epinastine and cetirizine are the highly selective
histamine H; receptor antagonists (Fugner et al., 1988; Kato et
al., 1997).

Several lines of evidence indicate that central histaminergic
activity is regulated by monoaminergic system such as
serotonin, noradrenaline and dopamine. Local perfusion of
serotonin increases histamine release from the hypothalamus
(Laitinen et al., 1995). In addition, the activation of «5
adrenoceptors significantly suppresses histamine release from
the cortex (Hill and Straw, 1988; Gulat-Marnay et al., 1989) and
hypothalamus (Prast et al., 1991). Furthermore, the dopaminer-
gic stimulation in the hypothalamus enhances histamine release
via dopamine D, receptors but suppresses via dopamine D3
receptors (Prast et al., 1993). It is well known that these
monoaminergic activities are altered by diabetes. In the
microdialysis studies, the extracellular levels of serotonin and
noradrenaline in the hypothalamus are decreased in streptozo-
tocin-induced diabetic rats (Shimizu, 1991; Ohtani et al., 1997).
In addition, the extracellular dopamine levels are unaltered or
increased in streptozotocin-induced diabetic rats (Shimizu,
1991; Ohtani et al.,, 1997). Therefore, these alterations of
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monoaminergic system may affect the histaminergic neuronal
activity and histamine-related behaviors. Further studies are
needed to elucidate this problem.

In conclusion, we suggest that the alteration of neuronal
system mediated by the activation of histamine H; receptors
may be involved in the depressive-like behavior seen in diabetic
mice in the tail suspension test.
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