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Abstract

We previously reported that streptozotocin (STZ)-induced diabetic mice exhibited depressive-like behavior in the tail suspension test. In this
study, we examined the involvement of benzodiazepine receptor functions in this diabetes-induced depressive-like behavior in mice. STZ-induced
diabetes significantly increased the duration of immobility without affecting spontaneous locomotor activity. This increase was dose-dependently
and significantly suppressed by a benzodiazepine receptor antagonist, flumazenil (0.1—1 mg/kg, i.v.). However, flumazenil (0.1—-1 mg/kg, i.v.) did
not affect the duration of immobility in non-diabetic mice. Furthermore, flumazenil (1 mg/kg, i.v.) had no significant effect on spontaneous
locomotor activity in either non-diabetic or diabetic mice. The benzodiazepine receptor inverse agonist methyl p-carboline-3-carboxylate (-
CCM; 0.03-0.3 mg/kg, i.v.) dose-dependently and significantly increased the duration of immobility in non-diabetic mice, but not in diabetic
mice. p-CCM (0.3 mg/kg, i.v.) significantly suppressed spontaneous locomotor activity in non-diabetic mice, but not in diabetic mice. These
results indicate that diabetic mice may have enhanced negative allosteric modulation by benzodiazepine receptor ligands, such as diazepam
binding inhibitors, under stressful conditions, but not free-moving conditions, and this abnormal function of benzodiazepine receptors may cause,

at least in part, the expression of depressive-like behavior in diabetic mice.

© 2005 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
(Berlin et al., 1997; Peyrot and Rubin, 1997; Anderson et al.,
2001; Petrak et al., 2003). Diabetic patients with depression
also show poor glycemic control (Lustman, 1988; Lin et al.,
2004). In addition, psychological troubles are regarded as risk
factors for the future development of diabetes-related compli-
cations (Lustman et al., 2000; de Groot et al., 2001). However,
little information is available to resolve this problem. In
animal studies, streptozotocin (STZ)-treated rodents are often
used as an animal model of type 1 diabetes because STZ
induces pancreatic B-cell death and hyperglycemia associated
with the decreased insulin secretion (Arison et al., 1967;
Hohenegger and Rudas, 1971; Tarui et al., 1987). STZ-
induced diabetic rodents show changes in the central nervous
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system as indicated by neurochemical, electrophysiological,
morphological and behavioral studies (Hilakivi-Clarke et al.,
1990; McCall, 1992; Biessels et al., 1996; Magarinos and
McEwen, 2000). We previously reported that STZ-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,
depressive-like behavior was not observed in mice in the early
stage of STZ-induced diabetes or in hyperglycemic mice
induced by glucose injection (Kamei et al., 2003). Since STZ
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 STZ-
induced diabetic mice is induced by the diabetic state rather
than by STZ itself.

We previously reported that psychological stress-induced
analgesia was greater in STZ-induced diabetic mice than in
non-diabetic mice (Kamei and Ohsawa, 2000). In addition, the
anxiety-like state in an unfamiliar environment was enhanced
in STZ-induced diabetic mice compared with non-diabetic
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mice (Kamei et al., 2001). Interestingly, these diabetes-induced
behavioral changes were transiently normalized by acute
injection of flumazenil, a selective benzodiazepine receptor
antagonist (Kamei and Ohsawa, 2000; Kamei et al., 2001).
Furthermore, benzodiazepine receptor inverse agonist-treated
non-diabetic mice showed behavioral changes similar to those
observed in STZ-induced diabetic mice (Kamei and Ohsawa,
2000; Kamei et al., 2001). Therefore, we have suggested that
the endogenous negative modulation of benzodiazepine recep-
tors may be enhanced in the STZ-induced diabetic state, and
this alteration may contribute, at least in part, to the behavioral
changes observed in STZ-induced diabetic mice.

It is well established that y-aminobutyric acid (GABA) and
benzodiazepine receptors play important roles in the patho-
genesis and therapeutics of depression (Petty et al., 1995; Shiah
and Yatham, 1998; Brambilla et al., 2003; Tunnicliff and
Malatynska, 2003). Clinical studies have demonstrated that
plasma and brain GABA levels in depressive subjects are
decreased (Petty et al., 1992; Sanacora et al., 1999). In
addition, GABA synthesizing enzyme glutamate decarboxylase
activity is significantly decreased in the postmortem brain of
patients with depression (Perry et al., 1977). It has also been
reported that the levels of diazepam binding inhibitor (DBI), an
endogenous substance that shows inverse agonistic properties
toward benzodiazepine receptors (Guidotti et al., 1978, 1983),
are increased in cerebrospinal fluid in patients with depression
(Barbaccia et al., 1986; Roy, 1991). These reports indicate that
GABAergic dysfunction may be closely related to the
pathogenesis of depression. Since the benzodiazepine anxio-
lytic alprazolam has therapeutic properties toward depression
(Petty et al., 1995), it has also been suggested that normali-
zation of GABAergic dysfunction and/or enhancement of
GABAergic neurotransmission may lead to the amelioration
of depressive symptoms.

Based on these reports, it is possible that the depressive-like
behavior in STZ-induced diabetic mice may be attributed to
GABAergic dysfunction associated with the abnormal function
of benzodiazepine receptors. To clarify this hypothesis, we
examined the involvement of benzodiazepine receptor function
in diabetes-induced depressive-like behavior in mice.

2. Materials and methods
2.1. 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 24+ 1 °C and 55+5% humidity
with a 12-h light—dark cycle (light on at 08:00 h, light off at
20:00 h). Animals were rendered diabetic by an injection of
streptozotocin (200 mg/kg, i.v.) dissolved in 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). Six-
week-old mice (i.e. 14 days after the induction of diabetes)

with hyperglycemia (plasma glucose levels>400 mg/dl) were
defined as diabetic. 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 (Sigma
Chemical Co., St. Louis, MO, USA), flumazenil solution
(Anexate®; Yamanouchi Pharmaceutical Co., Tokyo, Japan),
and methyl p-carboline-3-carboxylate (R-CCM; Sigma). Flu-
mazenil was diluted with saline. p-CCM was dissolved in a
small volume of 0.1 M HCI, and then diluted with saline, and
the pH was adjusted to 4.0 with NaOH just prior to use. Each
drug was administered at a volume of 0.1 ml/10 g of body
weight.

2.3. Experimental procedures

2.3.1. 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 (30 x 30 x 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 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 movements of the mice were 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.
Flumazenil and p-CCM were injected i.v. 5 min before
testing. In the combination study, flumazenil was injected i.v.
just before i.v. treatment with 3-CCM.

2.3.2. Spontaneous locomotor activity

Spontaneous locomotor activity of mice was measured by a
digital counter with an infrared sensor (NS-ASO1, Neurosci-
ence Inc., Tokyo, Japan). The apparatus detects the movement
of animals based on released infrared rays associated with their
temperature, and records a digital count. A mouse was placed
in a transparent plastic cage (27 x 17 x 13 ecm’), 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, and then recording was started. Total
activity counts were automatically recorded for 10 min, which
was the same as the measurement period in the tail suspension
test. Flumazenil and p-CCM were injected i.v. 5 min before
testing. In the combination study, flumazenil was injected i.v.
just before i.v. treatment with B-CCM.
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2.4. Statistics

The data were expressed as mean+S.E.M. Significant
differences were determined by one-way and two-way analysis
of variance (ANOVA) for factorial comparisons and Dunnett’s
test for multiple comparisons. Student’s ¢-test or Aspin—
Welch’s t-test was used to evaluate differences between two
groups. P-values less than 0.05 were considered significant.

3. Results

3.1. Effect of flumazenil on the duration of immobility in the
tail suspension test in non-diabetic and diabetic mice

The duration of immobility was significantly longer in
diabetic than in non-diabetic mice (Fig. 1). Flumazenil (0.1-1
mg/kg, 1.v.) dose-dependently and significantly suppressed the
prolonged duration of immobility in diabetic mice to the same
levels as observed in non-diabetic mice [F(3,32)=5.375,
p<0.01] (Fig. 1). However, flumazenil (0.1-1 mg/kg, i.v.)
had no significant effect on the duration of immobility in non-
diabetic mice [ F(3,30)=0.143, p=0.9332] (Fig. 1). Two-way
ANOVA revealed that the duration of immobility was
significantly affected by diabetes [ F(1,62)=7.080, p<0.01]
and diabetes x drug interaction [ F(3,62)=2.958, p<0.05].

3.2. Effect of f-CCM on the duration of immobility in the tail

suspension test in non-diabetic and diabetic mice

p-CCM (0.03-0.3 mg/kg, i.v.) dose-dependently and
significantly increased the duration of immobility in non-
diabetic mice to the same levels as observed in diabetic mice
[ F(3,34)=3.382, p<0.05] (Fig. 2). However, B-CCM (0.03—
0.3 mg/kg, i.v.) had no significant effect on the duration of
immobility in diabetic mice [ F(3,32)=0.948, p=0.4292] (Fig.
2). Two-way ANOVA revealed that the duration of immobility
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Fig. 1. Effect of flumazenil on the duration of immobility in the tail suspension
test in non-diabetic and diabetic mice. Each column represents the mean-
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Fig. 2. Effect of -CCM on the duration of immobility in the tail suspension
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diabetic mice (Student’s #-test). “p <0.05 vs. respective vehicle-treated group
(Dunnett’s test). Each column represents the mean+S.E.M. of 8—10 mice.

was significantly affected by diabetes [F(1,66)=10.116,
p<0.01], but not diabetes x drug interaction [ F(3,66)=1.209,
p=0.313].

The p-CCM (0.3 mg/kg, i.v.)-induced marked prolongation
of immobility time in non-diabetic mice was dose-dependently
and significantly antagonized by the pretreatment with fluma-
zenil (0.03-0.3 mg/kg, i.v.) [ F(3,33)=5.470, p<0.01] (Fig. 3).

3.3. Effects of flumazenil and [-CCM on spontaneous
locomotor activity in non-diabetic and diabetic mice

There was no significant difference in the spontaneous
locomotor activity for 10 min between non-diabetic and
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Fig. 3. Effect of flumazenil on the B-CCM-induced prolongation of immobility
in non-diabetic mice. **p<0.01 vs. saline plus vehicle-treated non-diabetic
mice (Student’s r-test). *p<0.01 vs. saline plus B-CCM-treated non-diabetic
mice (Dunnett’s test). Each column represents the mean+S.E.M. of 8— 10 mice.
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Table 1
Effects of flumazenil and B-CCM on spontaneous locomotor activity in non-
diabetic and diabetic mice

Non-diabetic mice Diabetic mice

Saline (i.v.) 374.4+18.7 358.4+24.7
Flumazenil (1 mg/kg, i.v.) 413.6+12.4 373.8£13.8
Vehicle (i.v.) 373.5422.7 331.3429.8
p-CCM (0.3 mg/kg, i.v.) 165.9+52.4” 265.8+32.7

Flumazenil (0.3 mg/kg, i.v.)+ 372.5+13.0" Not determined

B-CCM (0.3 mg/kg, i.v.)

Each value represents the mean+S.E.M. of 10 mice.
** p<0.01 vs. respective vehicle-treated mice (Aspin—Welch’s z-test).
# p<0.01 vs. p-CCM-treated non-diabetic mice (Aspin—Welch’s r-test).

diabetic mice (Table 1). Flumazenil (1 mg/kg, i.v.) had no
significant effect on spontaneous locomotor activity in both
non-diabetic and diabetic mice (Table 1). 3-CCM (0.3 mg/kg,
i.v.) significantly reduced spontaneous locomotor activity in
non-diabetic mice, but not in diabetic mice (Table 1). Two-way
ANOVA revealed that spontaneous locomotor activity was
significantly affected by p-CCM [ F(1,36)=14.299, p<0.001],
but not by diabetes [ F(1,36)=0.638, p =0.4296] or diabetes X -
drug interaction [F(1,36)=3.871, p=0.0569]. Pretreatment
with flumazenil (0.3 mg/kg, i.v.) completely antagonized the
p-CCM (0.3 mg/kg, i.v.)-induced reduction in locomotor
activity in non-diabetic mice (Table 1).

4. Discussion

In the present study, diabetic mice showed a prolonged
duration of immobility without any difference in spontaneous
locomotor activity. This result is consistent with our previous
reports (Kamei et al., 2003; Miyata et al., 2004) and this altered
behavior was termed depressive-like behavior. We also
reported that several antidepressants such as fluoxetine,
fluvoxamine and desipramine were less active in diabetic mice
in the tail suspension test (Kamei et al., 2003; Miyata et al.,
2004). However, the mechanism(s) was still unclear why
diabetic mice exhibited the depressive-like behavior. In this
study, the depressive-like behavior in diabetic mice was
suppressed by treatment with flumazenil. However, this
treatment did not affect the duration of immobility in non-
diabetic mice. We previously reported that the doses of
flumazenil used in this study did not affect the exploratory
behavior in non-diabetic mice in the hole-board test (Kamei et
al., 2001). Therefore, it is likely that flumazenil at this dose
range has the antagonistic property. We also demonstrated that
B-CCM produced depressive-like behavior in non-diabetic
mice, and this effect was antagonized by flumazenil. Therefore,
we can speculate that the endogenous negative modulation of
benzodiazepine receptors may be enhanced in diabetic mice
and this alteration may elevate the depressive-like state in mice
in the tail suspension test. This idea is supported by the
previous report indicating that the GABA 4 receptor antagonist
bicuculline-induced seizure was sensitized by diabetes (Tutka
et al., 1998). Therefore, it is likely that flumazenil blocked the
enhanced negative allosteric modulation of benzodiazepine
receptors and reduced the duration of immobility in diabetic

mice. We previously observed that the benzodiazepine receptor
agonist diazepam also suppressed depressive-like behavior in
diabetic mice (Kamei et al., 2003). Therefore, it can be
speculated that diazepam counterbalanced the enhanced neg-
ative allosteric modulation of benzodiazepine receptors and
reduced the duration of immobility in diabetic mice. Based on
these findings, it is possible that the attenuation of negative
allosteric modulation of benzodiazepine receptors causes the
reduction of immobility in diabetic mice.

Several B-carboline derivatives have anxiogenic-like prop-
erties in the Vogel punished drinking test (Corda et al., 1983),
the potentiated startle test (Hijzen and Slangen, 1989), the
light—dark test (Belzung et al., 1987), the elevated plus-maze
test (Pellow and File, 1986) and the hole-board test (File et al.,
1985; Kamei et al., 2001) in rodents. In addition, B-carbolines
reduce social interactive and aggressive behaviors but increase
avoidance behavior in rodents tested in pairs (File et al., 1985;
Beck and Cooper, 1986). In this study, we observed that
treatment with B-CCM increased the duration of immobility
and decreased spontaneous locomotor activity in non-diabetic
mice. p-CCM at this dose range does not elicit convulsion in
either non-diabetic or diabetic mice (Ohsawa and Kamei,
1999). However, we observed in this study that some non-
diabetic mice demonstrated slight freezing behavior after the
injection of B-CCM (0.3 mg/kg, i.v.) (data not shown). It has
been reported that pB-carbolines elicit fear-related freezing in
primates at a dose higher than that which elicits the suppression
of exploratory behavior (Kalin et al., 1992). Therefore, B-
CCM-induced depressive-like behavior in non-diabetic mice is
partly associated with hypolocomotion including fear-related
freezing behavior. In contrast to the result in non-diabetic mice,
-CCM had less of an effect on the duration of immobility and
spontaneous locomotor activity in diabetic mice. We previously
reported that a higher dose of B-CCM was needed to induce
convulsion in diabetic than in non-diabetic mice (Ohsawa and
Kamei, 1999). Furthermore, the anxiogenic-like effect of -
CCM is also less in diabetic than in non-diabetic mice (Kamei
et al., 2001). Therefore, the enhanced endogenous negative
modulation of benzodiazepine receptors in diabetic mice may
be independent of the sensitivity of benzodiazepine receptors.
Interestingly, flumazenil had no effect on spontaneous loco-
motor activity in both non-diabetic and diabetic mice. This
result strongly indicates that the enhanced endogenous negative
modulation of benzodiazepine receptors is not expressed under
free-moving conditions in diabetic mice. In our previous
studies, a similar abnormal function of benzodiazepine
receptors in diabetic mice was detected after psychological
stress treatment and in an unfamiliar environment (Kamei and
Ohsawa, 2000; Kamei et al., 2001). Based on these findings,
we suggest that the enhanced endogenous negative modulation
of benzodiazepine receptors in diabetic mice may be induced
by exposure to stress.

Diazepam binding inhibitor (DBI), an 86-amino-acid
polypeptide, is an endogenous substance that shows inverse
agonistic properties toward benzodiazepine receptors in the
human and rat brain (Guidotti et al., 1978, 1983). Proteolytic
cleavage of DBI generates several biologically active frag-
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ments that also show inverse agonistic properties toward
benzodiazepine receptors (Ferrero et al., 1986; De Mateos-
Verchere et al., 1998). It has been reported that the release of
DBI is stimulated by exposure to stress (Ferrarese et al., 1991).
Therefore, it can be speculated that the secretion or cleavage of
DBI under stressful conditions may be increased in diabetic
mice. This speculation may explain our present and previous
findings (Kamei and Ohsawa, 2000; Kamei et al., 2001). It has
been reported that octadecaneuropeptide, the active fragment of
DBI, displaces p-CCM (Ferrero et al., 1986). Therefore, it is
possible that p-CCM did not induce further increase in duration
of immobility in diabetic mice since increased endogenous
ligands such as DBI and its active fragments under stressful
condition may competitively block the effect of B-CCM in
diabetic mice.

It is well established that GABAergic dysfunction including
elevated DBI levels is an important factor in the pathogenesis
of depression (Barbaccia et al., 1986; Roy, 1991; Petty et al.,
1995; Shiah and Yatham, 1998; Brambilla et al., 2003;
Tunnicliff and Malatynska, 2003). We have demonstrated that
the hypnotic activities of ethanol and pentobarbital were
markedly attenuated in diabetic mice (Ohsawa and Kamei,
1997; Kamei et al., 2005). Since pentobarbital and ethanol
exert their hypnotic actions by interacting with GABA,
receptors (Schulz and Macdonald, 1981; Hunt, 1983), we
speculated that GABAergic function may be attenuated by
diabetes. Dong et al. (1999) reported that DBI and its active
fragment octadecaneuropeptide decreased the hypnotic effect
of pentobarbital. Therefore, diabetic mice may have GABAer-
gic dysfunction associated with the abnormal function of
benzodiazepine receptors and this alteration may cause, at least
in part, the expression of behavioral changes such as
depressive-like behavior. Although further studies are required
to clarify the relationship between GABAergic dysfunction and
the pathophysiology of depression in diabetes, it is possible
that the abnormal function of benzodiazepine receptors may be
partly involved in the higher incidence of depression in
diabetes.

In conclusion, we suggest that the depressive-like behavior
in the tail suspension test in STZ-induced diabetic mice may be
associated, at least in part, with the abnormal function of
benzodiazepine receptors.

Acknowledgement

We thank Ms. T. Iwasaki for her excellent technical
assistance.

References

Anderson RJ, Freedland KE, Clouse RE, Lustman PJ. The prevalence of
comorbid depression in adults with diabetes A meta-analysis. Diabetes Care
2001;24:1069-78.

Arison RN, Ciaccio El, Glitzer MS, Cassaro JA, Pruss MP. Light and electron
microscopy of lesions in rats rendered diabetic with streptozotocin.
Diabetes 1967;16:51-6.

Barbaccia ML, Costa E, Ferrero P, Guidotti A, Roy A, Sunderland T, et al.
Diazepam-binding inhibitor A brain neuropeptide present in human spinal

fluid: studies in depression, schizophrenia, and Alzheimer’s disease. Arch
Gen Psychiatry 1986;43:1143—7.

Beck CH, Cooper SJ. p-Carboline FG 7142-reduced aggression in male rats:
reversed by the benzodiazepine receptor antagonist, Ro15-1788. Pharmacol
Biochem Behav 1986;24:1645-9.

Belzung C, Misslin R, Vogel E, Dodd RH, Chapouthier G. Anxiogenic effects
of methyl-beta-carboline-3-carboxylate in a light/dark choice situation.
Pharmacol Biochem Behav 1987;28:29-33.

Berlin I, Bisserbe JC, Eiber R, Balssa N, Sachon C, Bosquet F, et al. Phobic
symptoms, particularly the fear of blood and injury, are associated with poor
glycemic control in type I diabetic adults. Diabetes Care 1997;20:176—38.

Biessels GJ, Kamal A, Ramakers GM, Urban 1J, Spruijt BM, Erkelens DW,
et al. Place learning and hippocampal synaptic plasticity in streptozoto-
cin-induced diabetic rats. Diabetes 1996;45:1259—66.

Brambilla P, Perez J, Barale F, Schettini G, Soares JC. GABAergic dysfunction
in mood disorders. Mol Psychiatry 2003;8:721-37.

Corda MG, Blaker WD, Mendelson WB, Guidotti A, Costa E. 3-Carbolines
enhance shock-induced suppression of drinking in rats. Proc Natl Acad Sci
U S A 1983;80:2072-6.

de Groot M, Anderson RJ, Freedland KE, Clouse RE, Lustman PJ. Association
of depression and diabetes complications: a meta-analysis. Psychosom Med
2001;63:619-30.

De Mateos-Verchere JG, Leprince J, Tonon MC, Vaudry H, Costentin J. The
octadecaneuropeptide ODN induces anxiety in rodents: possible involve-
ment of a shorter biologically active fragment. Peptides 1998;19:841-8.

Dong E, Matsumoto K, Tohda M, Watanabe H. Involvement of diazepam
binding inhibitor and its fragment octadecaneuropeptide in social isolation
stress-induced decrease in pentobarbital sleep in mice. Life Sci 1999;64:
1779-84.

Ferrarese C, Mennini T, Pecora N, Pierpaoli C, Frigo M, Marzorati C, et al.
Diazepam binding inhibitor (DBI) increases after acute stress in rat.
Neuropharmacology 1991;30:1445—-52.

Ferrero P, Santi MR, Conti-Tronconi B, Costa E, Guidotti A. Study of an
octadecaneuropeptide derived from diazepam binding inhibitor (DBI):
biological activity and presence in rat brain. Proc Natl Acad Sci U S A
1986;83:827-31.

File SE, Pellow S, Braestrup C. Effects of the p-carboline, FG 7142, in the
social interaction test of anxiety and the hole board: correlations between
behaviour and plasma concentrations. Pharmacol Biochem Behav 1985;
22:941-4.

Guidotti A, Toffano G, Costa E. An endogenous protein modulates the
affinity of GABA and benzodiazepine receptors in rat brain. Nature 1978;
275:553-5.

Guidotti A, Forchetti CM, Corda MG, Konkel D, Bennett CD, Costa E.
Isolation, characterization, and purification to homogeneity of an endoge-
nous polypeptide with agonistic action on benzodiazepine receptors. Proc
Natl Acad Sci U S A 1983;80:3531-5.

Hijzen TH, Slangen JL. Effects of midazolam, DMCM and lindane on
potentiated startle in the rat. Psychopharmacology 1989;99:362—5.

Hilakivi-Clarke LA, Wozniak KM, Durcan MJ, Linnoila M. Behavior of
streptozotocin-diabetic mice in tests of exploration, locomotion, anxiety,
depression and aggression. Physiol Behav 1990;48:429—33.

Hohenegger M, Rudas B. Kidney function in experimental diabetic ketosis.
Diabetologia 1971;7:334-8.

Hunt WA. The effect of ethanol on GABAergic transmission. Neurosci
Biobehav Rev 1983;7:87-95.

Kalin NH, Shelton SE, Turner JG. Effects of pB-carboline on fear-related
behavioral and neurohormonal responses in infant rhesus monkeys. Biol
Psychiatry 1992;31:1008—19.

Kamei J, Ohsawa M. Socio-psychological stress-induced antinociception in
diabetic mice. Psychopharmacology 2000;149:397—400.

Kamei J, Ohsawa M, Tsuji M, Takeda H, Matsumiya T. Modification of the
effects of benzodiazepines on the exploratory behaviors of mice on a hole-
board by diabetes. Jpn J Pharmacol 2001;86:47—54.

Kamei J, Miyata S, Morita K, Saitoh A, Takeda H. Effects of selective serotonin
reuptake inhibitors on immobility time in the tail suspension test in
streptozotocin-induced diabetic mice. Pharmacol Biochem Behav 2003;75:
247-54.



620 S. Miyata et al. / Pharmacology, Biochemistry and Behavior 82 (2005) 615—620

Kamei J, Hirano S, Miyata S, Saitoh A, Onodera K. Effects of first- and second-
generation histamine-H,-receptor antagonists on the pentobarbital-induced
loss of the righting reflex in streptozotocin-induced diabetic mice. J
Pharmacol Sci 2005;97:266—72.

Karunanayake EH, Hearse DJ, Mellows G. The synthesis of ['C]
streptozotocin and its distribution and excretion in the rat. Biochem J
1974;142:673-83.

Lin EH, Katon W, Von Korff M, Rutter C, Simon GE, Oliver M, et al.
Relationship of depression and diabetes self-care, medication adherence,
and preventive care. Diabetes Care 2004;27:2154-60.

Lustman PJ. Anxiety disorders in adults with diabetes mellitus. Psychiatr Clin
North Am 1988;11:419-32.

Lustman PJ, Anderson RJ, Freedland KE, de Groot M, Carney RM, Clouse RE.
Depression and poor glycemic control: a meta-analytic review of the
literature. Diabetes Care 2000;23:934—-42.

Magarinos AM, McEwen BS. Experimental diabetes in rats causes hippocam-
pal dendritic and synaptic reorganization and increased glucocorticoid
reactivity to stress. Proc Natl Acad Sci U S A 2000;97:11056—61.

McCall AL. The impact of diabetes on the CNS. Diabetes 1992;41:557—70.

Miyata S, Hirano S, Kamei J. Diabetes attenuates the antidepressant-like effect
mediated by the activation of 5-HT 5 receptor in the mouse tail suspension
test. Neuropsychopharmacology 2004;29:461-9.

Ohsawa M, Kamei J. Pretreatment with the protein kinase C activator phorbol
12,13-dibutyrate attenuates the ethanol-induced loss of the righting reflex in
mice: modification by diabetes. Brain Res 1997;764:244—8.

Ohsawa M, Kamei J. Modification of the effect of diazepam on the propofol-
induced loss of the righting reflex in mice by diabetes. Brain Res 1999;
833:282-5.

Pellow S, File SE. Anxiolytic and anxiogenic drug effects on exploratory
activity in an elevated plus-maze: a novel test of anxiety in the rat.
Pharmacol Biochem Behav 1986;24:525-9.

Perry EK, Gibson PH, Blessed G, Perry RH, Tomlinson BE. Neurotransmitter
enzyme abnormalities in senile dementia Choline acetyltransferase and
glutamic acid decarboxylase activities in necropsy brain tissue. J Neurol Sci
1977;34:247-65.

Petrak F, Hardt J, Wittchen HU, Kulzer B, Hirsch A, Hentzelt F, et al.
Prevalence of psychiatric disorders in an onset cohort of adults with type 1
diabetes. Diabetes Metab Res Rev 2003;19:216—-22.

Petty F, Kramer GL, Gullion CM, Rush AJ. Low plasma gamma-
aminobutyric acid levels in male patients with depression. Biol Psychiatry
1992;32:354—-63.

Petty F, Trivedi MH, Fulton M, Rush AJ. Benzodiazepines as antidepressants:
does GABA play a role in depression? Biol Psychiatry 1995;38:578—91.

Peyrot M, Rubin RR. Levels and risks of depression and anxiety symptom-
atology among diabetic adults. Diabetes Care 1997;20:585-90.

Roy A. Cerebrospinal fluid diazepam binding inhibitor in depressed patients
and normal controls. Neuropharmacology 1991;30:1441—4.

Sanacora G, Mason GF, Rothman DL, Behar KL, Hyder F, Petroff OA, et al.
Reduced cortical gamma-aminobutyric acid levels in depressed patients
determined by proton magnetic resonance spectroscopy. Arch Gen
Psychiatry 1999;56:1043 7.

Schein PS. 1-methyl-1-nitrosourea depression of brain nicotinamide adenine
dinucleotide in the production of neurologic toxicity. Proc Soc Exp Biol
Med 1969;131:517-20.

Schulz DW, Macdonald RL. Barbiturate enhancement of GABA-mediated
inhibition and activation of chloride ion conductance: correlation with
anticonvulsant and anesthetic actions. Brain Res 1981;209:177—88.

Shiah IS, Yatham LN. GABA function in mood disorders: an update and critical
review. Life Sci 1998;63:1289—-303.

Steru L, Chermat R, Thierry B, Simon P. The tail suspension test: a new
method for screening antidepressants in mice. Psychopharmacology 1985;
85:367-70.

Tarui S, Yamada K, Hanafusa T. Animal models utilized in the research of
diabetes mellitus — with special reference in insulitis-associated diabetes.
Prog Clin Biol Res 1987;229:211-23.

Tunnicliff G, Malatynska E. Central GABAergic systems and depressive
illness. Neurochem Res 2003;28:965—76.

Tutka P, Sawiniec J, Kleinrok Z. Experimental diabetes sensitizes mice to
electrical- and bicuculline-induced convulsions. Pol J Pharmacol 1998;
50:92-3.



	Abnormal benzodiazepine receptor function in the depressive-like behavior of diabetic mice
	Introduction
	Materials and methods
	Animals
	Drugs
	Experimental procedures
	Tail suspension test
	Spontaneous locomotor activity

	Statistics

	Results
	Effect of flumazenil on the duration of immobility in the tail suspension test in non-diabetic and diabetic mice
	Effect of beta-CCM on the duration of immobility in the tail suspension test in non-diabetic and diabetic mice
	Effects of flumazenil and beta-CCM on spontaneous locomotor activity in non-diabetic and diabetic mice

	Discussion
	Acknowledgement
	References


