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INTRODUCTION
Stimulation of the brain cholinoceptive neurons
has been reported to produce hyperglycemia
(Iguchi et al. 1988,1990). Evidence from previous studies of our laboratory have indicated that
microinjection of neostigmine, an acetylcholinesterase inhibitor, into the dorsal hippocampus,
which should increase extracellular acetylcholine

levels, produced marked hyperglycemia associated with the secretion of plasma epinephrine and
norepinephrine in anesthetized rats (Uemura et al.
1989; Iguchi et al. 1991a,1992). We recently demonstrated that the activation of the cholinergic system
in the hippocampus induces stress-like responses
in free moving rats. Injection of the neostigmine
into the rat hippocampus elicits an elevation of
adrenocorticotropic hormone (ACTH) levels in
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A R T I C L E

OBJECTIVE: In our previous study, a lesion in the lateral bed nucleus of the stria
terminalis (BNSTL) was found to significantly attenuate the elevation of adrenocorticotropic hormone (ACTH) in plasma during microinjectin of neostigmine,
an inhibitor of acetylcholine esterase, into the rat hippocampus. The current study
was designed to examine the role of the BNSTL in regulation of blood glucose
elevation induced by hippocampal neostigmine injection.
MATERIALS AND METHODS: Ibotenic acid (15 µg/µl) was stereotaxically bilaterally injected into the BNSTL of rats. Two weeks after the injections, neostigmine
methylsulfate (sigma, 5×10–8 mol) was microinjected into the rat hippocampus
in a volume of 1 μl for 1 min using a CMA/100 microinjection pump. Plasma
ACTH and glucose concentrations were examined using radioimmunoassay and
immobilized enzyme casing/H2O2 method techniques, respectively.
RESULTS : Compared with sham-operated control rats, rats with BNSTL lesions
produced by ibotenic acid showed significantly attenuated the elevations of plasma
ACTH evoked by the microinjection of neostigmine into the hippocampus. However, no significant difference of blood glucose in response to the injection was
observed between the BNSTL-lesioned rats and controls.
CONCLUSION: The results of the present study indicate that the BNSTL plays a role
in ACTH regulation and not in blood glucose regulation when the hippocampal
cholinergic system is activated.
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plasma and activation of sympathetic nervous system
(zhu et al. 2001a). In this animal model the lateral bed
nucleus of the stria terminalis (BNSTL) relays signals
of hippocampal cholinergic system-mediated activation of the HPA axis. Lesions in this area by ibotenic
acid significantly attenuated expression of Fos-ir in the
PVN and elevation of plasma ACTH levels caused by
hippocampal microinjection of neostigmine (zhu et
al. 2001b). However, the relationship of blood glucose
level and activation of hippocampal cholinergic system
as well as the relative contribution of BNSTL to the net
hyperglycemic response in free moving rats remains
unknown. In this study, we investigated the importance
of the BNSTL in generating HPA axis responses and
glucoregulatory functions after stimulation of the hippocampal cholinergic system in free moving rats.

MATERIALS AND METHODS
Subjects
All experiments were conducted on adult male Wistar
rats (250–300g), with the animals housed individually
under standard laboratory conditions in temperaturecontrolled rooms (25°C). The rats were maintained on
a 12h light/dark cycle (light on at 06.00) with food pellets and water available ad libitum. The rat studies were
approved by the Animal Care and Use Committee of
Nagoya University. The rats were randomly separated
into the following four groups. Group 1, which hippocampal microinjected with saline, was used as the
control (n=4). Groups 2 to 4 were microinjected with
neostigmine at concentrations of 5×10–8mol without
BNSTL injection (n=5), BNSTL injected with saline
(n=4), and BNSTL injected with ibotenic acid (n=6),
respectively.
Surgery
Rats, which in group 4, were anaesthetized with an
intraperitoneal injection of a mixture of ketamine (40
mg/kg) and xylazine (20 mg/kg). The rats were positioned in a stereotaxic apparatus (Narishige Scientific
Instrument Laboratory, Tokyo, Japan), and guided into
the BNSTL. Ibotenic acid was injected through a stainless steel needle (outside tip diameter 28μm), which
was connected to a 1.0μl syringe via a tubing. The coordinates for the BNSTL were calculated relative to the
bregma with the incisor bar set at –3.3mm. The coordinates used were AP –0.3mm, ML ±1.7mm, and DV
6.4mm from the skull surface in accordance with the
Paxinos and Watson atlas (Paxinos and Watson,1986).
The BNSTL lesions were produced by pressure-injecting 0.1μl of ibotenic acid (15μg/μl in 0.9% NaCl with
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Trypan Blue 0.2%, Sigma Chemical Co., St. Louis, Mo)
bilaterally during a 5 min period. The tip was allowed
to remain in the brain for 5 min after the injection in
order to minimize the dorsal diffusion of the drug along
the needle. Sham-operated rats, which in group 3, were
treated in an identical manner to the ibotenic acidlesioned rats but were injected with the same volume
of 0.9% NaCl with 0.2% Trypan Blue without ibotenic
acid. After a recovery period of approximately seven
days, the rats were anaesthetized once again in order to
stereotaxically implant a guide cannula (BAS, TOKYO,
Japan) into the left dorsal hippocampus at the following
coordinates: AP –2.0mm, ML 1.5mm, and DV 3.5mm
in accordance with the Paxinos and Watson atlas 1 week
before the experiments. Rats, which in groups 1 and 2,
were hippocampally cannulated in an identical manner
to the groups 3 and 4. The day before the experiments,
each hippocampally cannulated rats were anaesthetized
with diethyl ether (Kanto Chemical Co. Inc, Tokyo,
Japan) and the jugular vein cannula for repeated blood
sampling was inserted. A 2-cm longitudinal incision
was made in the neck directly over the trachea. The
underlying muscles were separated using blunt dissection and the right jugular vein was catheterized with
Silastic tubing (Shiniest Polymer, Nagoya, Japan) filled
with heparinized saline (10U/ml). The catheter was
threaded through the vein for a distance of 2.5-cm,
which allowed the tip of the cannula to rest in or near
the atrium. The free end of the catheter was plugged
with a knot, exteriorized and secured at the back of the
neck with a special cap. Rats were kept in individual
cages with free access to water and food.
Procedures
On the day of the experiment, saline or saline containing neostigmine methylsulfate (Sigma, 5×10–8 mol)
was microinjected in a volume of 1μl for 1 min using
a CMA/100 Microinjection Pump (BSA, Tokyo, Japan)
through the guide cannula into the hippocampus of
the free moving rats. In order to determine plasma
ACTH levels, blood was sampled (0.8 ml) intermittently, starting at time 0, just prior to microinjection,
and at 10, 30, 60, and 120 min after the microinjection.
To minimize the effect of volume loss, an equal volume
of heparinized saline was returned to the general circulation at each sampling. Blood sampled were kept on
ice, centrifuged, and plasma was taken and then stored
at –20°C in aliquots of approximately 400 μl for subsequent determination of ACTH by radioimmunoassay
(sensitivity > 5pg/ml, intra-assay variation coefficient
4.3%) (Pignatelli et al. 1996). Plasma glucose concentrations were determined by the immobilized enzyme
casing/H2O2 method with a compact glucose analyzer
Antsense II (Bayer Medical Co.Ltd, Tokyo, Japan)
(Tabata et al. 1998). All experiments were completed
between 10.00–13.00 to minimize variability resulting
from circadian rhythm differences.
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FIG. 1. Changes of plasma ACTH concentration in four groups after
intrahippocampal microinjection. Group 1, saline injection,
-0-, n=4; Group 2, neostigmine injection, - -, n=5; Group 3,
neostigmine injection, BNSTL injected with saline, -∆-, n=4;
Group 4, neostigmine injection, BNSTL lesioned with ibotenic
acid - -, n=6. Results are expressed as means±S.E. Plasma ACTH
levels are expressed as change from basal values. Δ, change;
p < 0.01 in four groups by ANOVA, and p < 0.01 between group
1 and group 2, or group 2 and group 4 by Fisher’s PLSD.

FIG. 2. Blood glucose concentration in four groups after
intrahippocampal microinjection. Group 1, saline injection,
-0-, n=4; Group 2, neostigmine injection, - -, n=5; Group 3,
neostigmine injection, BNSTL injected with saline, -∆-, n=4;
Group 4, neostigmine injection, BNSTL lesioned with ibotenic
acid - -, n=6. Results are expressed as means±S.E; Repeated
ANOVA showed no significant difference between group 2 and
group 4, while group 2 had significantly higher concentration
of blood glucose than group 1 (p < 0.01).

Statistical analysis
Plasma ACTH and glucose concentrations were
expressed as mean ± S.D. Data were analyzed by repeated-measure one-factor ANOVA. A level of p<0.01 was
accepted as statistically significant.

showed that intrahippocampal injection of neostigmine
induced significantly more blood glucose secretions
than saline (group 1 vs group 2, p<0.0001), although
no significant difference between group 2 and bilateral
BNSTL injected with or without Ibotenic acid (group 2
vs group 3, p=0.84; group 2 vs group 4, p=0.74).

RESULTS
Figure 1 shows changes of plasma ACTH concentration
in all experimented rats after hippocampal microinjection. Plasma ACTH concentration (ΔACTH) increased
10 min after neostigmine injection and continued to
increase for 120 min. The baseline levels of ACTH,
which expressed by the mean ± S.D. in groups 1 to 4,
are 93 ± 21, 128 ± 15, 55 ± 18, and 91 ± 42, respectively.
There was no significant difference in four groups
(p=0.4633). Repeated-measures one-factor ANOVA
indicated a significant difference on the changes of
ΔACTH in four groups (p=0.0008). In post hocs,
Fisher’s Protected Least Significant Difference (Fisher’s
PLSD) showed that intrahippocampal injection of neostigmine induced significantly more ACTH secretions
than saline (group 1 vs group 2, p=0.0005). Increased
ACTH secretion was significantly suppressed by bilateral BNSTL lesion with Ibotenic acid (group 2 vs group
4, P=0.0014). No significant difference between bilateral BNSTL injected with saline (group 3) and group 2
(p=0.6437).
Figure 2 shows blood glucose concentration in all
experimented rats after hippocampal microinjection.
Blood glucose concentration increased 10 min after
neostigmine injection and remained elevated for 120
min above that seen in control-treated rats. Repeatedmeasures one-factor ANOVA indicated a significant
difference on the concentration of blood glucose in
four groups (p=0.0002). In post hocs, Fisher’s PLSD

DISCUSSION
The bed nucleus of the stria terminalis (BNST) is
located in the rostral forebrain, ventral and adjacent
to the septum. A lateral and medial BNST have been
described that they contain many cytoarchitecturally
distinct subdivisions (Moga et al. 1989). The BNST
receives inputs directly from the ventral hippocampal/subiculum area (Cullinan et al. 1993). The lateral
BNST (BNSTL) sends a heavy axonal projection into
neuroendocrine cell regions of the hypothalamic paraventricular nucleus (PVN) (Sawchenko and Swanson,
1983). The BNST occupies a central position in pathways regulating hypothalamo-pituitary-adrenocortical
(HPA) stress regulation (Herman and Cullinan, 1997;
Choi et al. 2007). The BNSTL is believed to be involved
in mediating the endocrine, autonomic, and behavioral
effects in response to stress (Cecchi et al. 2002; Casada
and Dafny, 1991). Stimulation of the BNSTL alters
plasma corticosterone secretion and causes stress-like
behaviors in rats. Lesions in the BNSTL reduce expression of corticotropin-releasing hormone (CRH) mRNA
across the rostrocaudal extent of the medial parvocellular PVN (Herman et al. 1994), and inhibit increases in
plasma adrenocorticotropic hormone (ACTH) secretion caused by conditioned stress (Gray et al. 1993).
We previously demonstrated that microinjection
of neostigmine, an acetylcholinesterase inhibitor, into
the hippocampus caused an elevation of plasma ACTH
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and expression of c-Fos in the PVN in rats (zhu et al.
2001a). We also found that the BNSTL is involved in the
regulation of ACTH release in response to hippocampal
neostigmine injection (Zhu et al. 2001b). In the current
study, we have discovered that the BNSTL is involved
in the regulation of stress-like responses induced by
hippocampal neostigmine injection. The lesions in this
area significantly attenuated the ACTH elevation but
did not affect blood glucose secretion.
Microinjections of neostigmine into the hippocampus produce hyperglycemia associated with the
secretion of plasma cathecholamines, which showed
similarities to stress responses. Regarding the mechanism responsible for the neostigmine-induced elevation of plasma glucose, at least four pathways had been
hypothesized: (1) secreted epinephrine may directly
act on the hepatic release of glucose; (2) epinephrine
may induce the release of glucagons; (3) direct neuronal
control in the pancreas causes glucagon secretion; (4)
direct innervation in the liver induces glucose release
(Iguchi et al. 1991b). We previously found that the entorhinal cortex is involved in the regulation of stress-like
responses induced by hippocampal neostigmine injection (Shadi et al. 2005). Lesions in this area significantly
attenuated the blood glucose elevation but did not
affect ACTH secretion. And we have reported that the
entorhinal cortex is involved in the stress response to
immobilization but not to insulin-induced hypoglycaemia (Umegaki et al. 2003). Lesions in this area attenuate
ACTH release induced by immobilization but have no
effect on the blood glucose response. These findings
suggest that glucose and ACTH are regulated differently within the brain. Accordingly, we hypothesized
that there is a brain structure specific pathway in the
glucose and ACTH regulation. However, the exact neuronal transpathway involved in this system needs further investigations.
In conclusion, we have shown that the lesion of the
BNSTL attenuated ACTH elevation but did not affect
the blood glucose response caused by hippocampal
microinjection of neostigmine in the rat. These results
suggest that the BNSTL plays role in ACTH regulation
and not in blood glucose regulation when the hippocampal cholinergic system is activated.
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