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Role of the vestibular nuclei in endothelin-1-induced barrel rotation in rats
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Abstract

The fourth or lateral ventricular injection of endothelin-1 resulted in a dose-dependent increase in the barrel rotation and produced marked
induction of c-Fos-positive cells in the vestibular nuclei. The doses of the former injection were lower and had shorter mean latent periods
compared with the later injection. c-Fos expression after endothelin-1 injection was prevented by the pretreatment with the endothelin ET,
receptor antagonist, cyclo(p-alpha-aspartyl-L-propyl-p-valyl-L-leucyl-D-tryptophyl) (BQ-123), the glutamate NMDA receptor antagonist,
dizocilpine maleate (MK-801), or the L-type Ca® * channel antagonist, verapamil, in addition to the incidence of the rotational behavior. There
was a significant difference in c-Fos expression between the right and left medial vestibular nuclei, and the number of c-Fos-labeled neurons
in the medial vestibular nucleus was markedly increased on the opposite side of the rotational direction. These results suggest that the
elicitation of the barrel rotation may be mediated by endothelin ET, receptors, glutamate NMDA receptors, and L-type Ca*>* channels. The
changes in the receptor and channel systems induced by endothelin-1 injections appeared to exert crucial influences on the vestibular nuclei
and then on the maintenance of equilibrium. The direction of the barrel rotation has a deep connection with the imbalance of neuronal activity

in the left and right medial vestibular nuclei.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Endothelin-1 is generally considered the most potent and
long-lasting vasoconstrictor (Yanagisawa et al., 1988). The
activities of endothelin peptides are mediated by two types
of heterotrimeric G protein-coupled endothelin receptors
(ETA and ETg), which are located in blood vessels, heart,
lung, intestine, kidney, and brain. (Hoyer et al., 1989; Bax
and Saxena, 1994; Becker et al., 1996; Endoh et al., 1998).
Injection of endothelin-1 into the lateral ventricle or the
lateral-caudal periaqueductal gray of rats has been shown to
produce a characteristic rotation along the long axis of the
body (barrel rotation) and other behaviors including ataxia,
head tilt, and nystagmus (Gross et al., 1992; Maione et al.,
1993). Barrel rotation is also induced by the central admin-
istration of somatostatin, vasopressin, or dynorphin-A
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(Cohn and Cohn, 1975; Dokas et al., 1983; Kruse et al.,
1977; Yamada and Furukawa, 1981; Katz, 1980). The
rotational behavior appeared to be associated with an
asymmetric increase in stretch muscle tone and the direction
of rotation is clockwise or counterclockwise with some rats
showing rotation towards the same side while others rotate
towards both sides. Recently, we reported that the endothe-
lin ET, receptor antagonist, cyclo(p-alpha-aspartyl-L-
propyl-p-valyl-L-leucyl-D-tryptophyl) (BQ-123), prevented
endothelin-1-induced barrel rotation but the vasopressin
V, receptor antagonists, d(CH,)s[Tyr(Me)*]vasopressin
and 1-{1-[4-(3-acetylamino-propoxy)benzoyl]-4-piper-
idyl}-3,4-dihydro-2(1H)-quinolinone, did not affect. In
addition, both vasopressin V| receptor antagonists also
prevented vasopressin-induced barrel rotation but BQ-123
did not inhibit it. Thus, trigger receptors for the induction of
barrel rotation following the injection of endothelin-1 or
vasopressin may be different (Kawachi et al., 1998). How-
ever, the glutamate N-methyl-p-aspartate (NMDA) receptor
antagonist, dizocilpine maleate (MK-801), prevented the
barrel rotation induced by endothelin-1 or dynorphin-A
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(Gross et al., 1994; Chew et al., 1994; Shukla et al., 1997).
Moreover, the barrel rotation induced by the central admin-
istration of endothelin-1 is mediated by voltage-gated cal-
cium channels, because the L-type Ca”* channel antagonist,
nimodipine, prevented it (Gross et al., 1994). Therefore,
NMDA receptors and L-type Ca® " channels appear to be
concerned with the induction of barrel rotation.

Severe postural and oculomotor asymmetries such as
barrel rotation, head tilt, and spontaneous nystagmus are
also induced by unilateral labyrinthectomy. Unilateral laby-
rinthectomy has been reported to cause impairment of ocular
movement and postural reflex due to an imbalance between
the activity of the left and right vestibular nuclei as a result of
impairment of the vestibular input to the ipsilateral brainstem
vestibular nuclei (Pan et al., 1998). The labyrinth has a
connection with vestibular neurons that convey this infor-
mation to ocular nuclei, the cerebellum, and the spinal cord
to maintain body balance and posture (Walberg et al., 1958;
Peterson, 1967; Schor and Miller, 1981). The vestibular
nuclei complex consists of heterogenous neurons controlled
by excitatory glutamatergic afferents from the ipsilateral
labyrinth via glutamatergic commissural projections con-
nected to inhibitory interneurons (Waele et al., 1990; Furuya
and Koizumi, 1998). In addition, pharmacological and
electrophysiological studies have shown that NMDA and
non-NMDA receptors mediate the main vestibular inputs
(Kurumaji et al., 1989; Doi et al., 1990; Kinney et al., 1994;
Wenzel et al., 1997). Thus, glutamate is the major neuro-
transmitter of the vestibular afferents (Reichenberger and
Dieringer, 1994; Harvey et al., 2000).

c-Fos protein, one of the immediate-early gene prod-
ucts, was suggested to be related to the regulation of the
gene expression (Morgan and Curran, 1991; Herrera and
Robertson, 1996). Various stimuli, e.g., stress, sensory
stimulation, injury, and others, induce the expression of
the c-fos gene and protein in the mammalian nervous
system (Hunt et al., 1987; Séquier and Lazdunski, 1990;
Hol et al., 1993; Gilron et al., 1999; Palkovits, 2000;
Cheng et al., 2002). Therefore, c-Fos expression in the
nervous system is regarded as a marker of functional
activation and functional mapping (Dragunow and Faull,
1989; Bauters et al., 1992). In addition, c-Fos immunor-
eactivity has been found in the medial vestibular nucleus
and inferior olive in rats after chemical unilateral labyrin-
thectomy by sodium arsanilate and in the rat brain after
exposure to gravito-inertial force change (Saika et al.,
1991; Kaufman et al., 1992; Gustave et al., 2000). The
experimental model of vestibular dysfunction including
barrel rotation has a possibility to be achieved by reba-
lancing the neuronal activity in the central vestibular
system and serves as an experimental model of the human
movement disorders dystonia and vertigo.

The objective of this study was to clarify the involvement
of the vestibular nuclei on the barrel rotation following the
injection of endothelin-1 into the fourth ventricle. We
investigated whether rotational behavior correlates with

neuronal activity in the vestibular nuclei using c-Fos
expression together with the effects of receptor antagonists
on the barrel rotation.

2. Materials and methods
2.1. Animals

Male Wistar rats (Kyudo, Kumamoto, Japan) weighing
270-300 g with ad libitum access to food and water were
housed in cages (2—3 animals/cage) at a constant temper-
ature (21 &+ 2 °C) and relative humidity (60%). The animals
were maintained under a 12-h light—dark cycle (7:00 a.m. to
7:00 p.m.). All experimental procedures were carried out in
accordance with the Guide for Animal Experimentation of
the Faculty of Medicine of Kagoshima University.

2.2. Drugs

The drugs used were endothelin-1 (Peptide Institute,
Osaka, Japan), cyclo(p-alpha-aspartyl-L-propyl-p-valyl-L-
leucyl-p-tryptophyl) (BQ-123) (RBI, Natick, MA, USA),
N-[N-[N-[(2,6-Dimethyl-1-piperidinyl)carbonyl]-4-methyl-
L-leucyl]-1-(methoxycarbonyl-p-tryptophyl]-p-norleucine
monosodium (BQ-788) (RBI), dizocilpine maleate (MK-
801) (RBI), 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX)
(RBI), and verapamil (RBI). BQ-123, BQ-788, MK-801,
and verapamil were dissolved in saline. CNQX was dis-
solved in 1% dimethylsulfoxide in saline and endothelin-1
was dissolved in 0.1% acetic acid in saline.

2.3. Surgery

The rats were anaesthetized with pentobarbital sodium
(40 mg/kg) and placed in a stereotaxic apparatus (Narishige
Scientific Instrument Lab., Tokyo, Japan). Stainless-steel
guide cannulae (Eicom, Kyoto, Japan) were implanted into
the right lateral ventricle (0.2 mm posterior to the bregma,
1.5 mm lateral to the midline, and 3.5 mm ventral to the dura)
and the fourth ventricle (9.8 mm posterior to the bregma,
+ 0.0 mm lateral to the midline, and 6.5 mm ventral to the
dura) of rats, using stereotaxic coordinates according to the
atlas of Pellegrino et al. (1979). The cannulae were fixed to
the skull with dental cement. Experiments were performed 5
days after surgery.

2.4. Behavioral tests

The behavioral test was conducted in a quiet room. An
injection into the lateral ventricle or the fourth ventricle was
carried out with a Hamilton 25-ul syringe connected by
means of a polyethylene tube to a stainless-steel guide
cannula, which was carefully inserted into the fixed guide
cannula. Endothelin-1 (10—100 ng/rat) was injected into the
lateral ventricle or the fourth ventricle, in a total volume of
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10 pl over 1 min as the sole treatment or in combination with
BQ-123, BQ-788, MK-801, CNQX, or verapamil. Endothe-
lin-1 (50 ng/rat) was administered 10 min after treatment
with BQ-123, BQ-788, MK-801, CNQX, and verapamil,
also in a total volume of 10 ul over 1 min. After the injection
of drugs, two observers recorded the incidence and latent
period of the barrel rotation. After the experiments, the
positioning of the cannula was checked histologically.

2.5. c-Fos immunocytochemistry

Two hours following the injection of endothelin-1 (50
ng/rat), the animals were perfused transcardially with 300
ml of 4% paraformaldehyde in 0.1 M phosphate buffer at
pH 7.4 containing 0.2% picric acid under deep anesthesia
(pentobarbital sodium 40 mg/kg, i.p.). The brains were
removed and postfixed in the perfusion fixative overnight
and then left in 20% sucrose. Serial 40-um thick coronal
sections were cut with a freezing microtome and immersed
in 0.1 M phosphate-buffered saline (PBS). The immuno-
cytochemical detection of c-Fos was performed with the
peroxidase—antiperoxidase (PAP) detection system. To
insure penetration of antibodies, the sections were preincu-
bated in a solution of 0.3% Triton X-100 in PBS after
blocking of endogenous peroxidase. Free-floating sections
were then incubated for 3 days at 4 °C with rabbit anti-c-Fos
antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA)
diluted 1:5000 in PBS containing 0.3% Triton X-100. The
sections were incubated in a 1:2000 dilution of goat anti-
rabbit immunoglobulin G (EY Laboratories, San Mateo,
CA, USA) for 2 days at 4 °C and in a 1:2000 dilution of
peroxidase—antiperoxidase (DAKO, Carpinteria, CA, USA)
for 1 day at 4 °C. The primary, secondary, and third
antibodies were diluted to appropriate concentrations in
0.3% bovine serum albumin and 1% normal goat serum.
Between incubation steps, sections were thoroughly washed
with PBS. For visualization of peroxidase, the sections were
treated for 15 min at room temperature with 0.02% diami-
nobenzidine in 0.003% hydrogen peroxide. After final
rinses in 0.05 M Tris—HCI buffer, pH 7.6, the sections were
mounted onto gelatin—chrome alum-coated glass slides, air
dried, dehydrated with ethanol, cleared in xylene, and
coverslipped. For the detailed examination of the vestibular
nuclei, another series of sections (not processed by the
immunocytochemical procedures) were stained with thio-
nine for cytoarchitectural study.

A semi-quantitative analysis was performed using the
NIH image software (Version 1.60) and a Power Macintosh
(8600/250). The specificity of the immune reaction was
assessed by absorption of the primary antiserum with an
excess of c-Fos and by use of this absorbed antiserum in
place of the primary antiserum as described above. Immu-
nostaining controls were carried out by substitution of the
primary antiserum with normal rabbit serum and absorbed
primary antiserum. In these experiments, no immunoreac-
tivity was found in the above-detected sections.

2.6. Statistical and data analysis

Upon conclusion of the experiments, only data
obtained from rats with a correctly placed cannula were
included in the analysis. Following the injections of drugs
into the lateral ventricle and fourth ventricle, some rats
showed typical symptoms of barrel rotation. The inci-
dence of barrel rotation was statistically evaluated by
means of 2 X 2 contingency tables and with Fisher’s exact
probability test the barrel rotation latency was evaluated
using the unpaired #-test (Stat View system, Abacus
Concept, Berkeley, CA, USA). The mean number of c-
Fos-immunoreactive cells per area was statistically ana-
lyzed by means of an analysis of variance (ANOVA)
completed with Fisher’s protected least significant differ-
ence (PLSD) analysis and two-tailed Student’s f-test (Stat
View system).

3. Results

3.1. Induction of the barrel rotation by endothelin-1:
injections into the lateral ventricle versus the fourth
ventricle

The effects of endothelin-1 on the incidence of barrel
rotation are illustrated in Fig. 1. Injections of endothelin-1
(30—-100 ng/rat) into the lateral ventricle resulted in a dose-
dependent increase in the barrel rotation. Following the
injection of saline, 30, or 50 ng endothelin-1, no barrel
rotation was observed, while 50% of rats showed barrel
rotation following the 60 ng dose. Of the rats receiving
doses of 70 and 100 ng endothelin-1, 100% showed barrel
rotation (P<0.01) (Fig. 1A). On the other hand, injections
of endothelin-1 (10—100 ng/rat) into the fourth ventricle
resulted in a dose-dependent increase in barrel rotation.
Following the injection of saline or 10 ng endothelin-1, no
barrel rotation was observed, while 50% of rats showed the
barrel rotation following the 30 ng dose. Of the rats
receiving doses of 50, 70, and 100 ng endothelin-1, 85%,
100%, and 100% showed the barrel rotation, respectively
(P<0.01) (Fig. 1B). The mean latent periods until the barrel
rotation after injections of endothelin-1 into the lateral
ventricle and the fourth ventricle were 117.1 £ 17.6 and
40.8 £ 2.2 s, respectively (P<0.01) (Fig. 1C).

3.2. Effects of various antagonists on the barrel rotation
induced by injections of endothelin-1 into the fourth
ventricle

As shown in Table 1, the barrel rotation induced by the
fourth ventricular injection of endothelin-1 (50 ng/rat) was
dose-dependently inhibited by the pretreatment with the
endothelin ET4 receptor antagonist, BQ-123 (0.5—-10 pg/
rat), but not by the endothelin ETy receptor antagonist, BQ-
788 (1 pg/rat). In addition, the rotational behavior was dose-
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Fig. 1. Induction of barrel rotation by injection of endothelin-1 (10— 100 ng/rat) into the lateral ventricle or the fourth ventricle in rats. Response is expressed as
a percentage of the number of rats treated with drugs that showed rotation and were statistically evaluated by means of 2 X 2 contingency tables and with
Fisher’s exact probability test (A, B). Barrel rotation latency (s) is expressed as a mean + S.E. and was statistically evaluated with the unpaired #-test (C). The
number of rats in each group is indicated in parentheses. *P<0.05, **P<0.01, significant difference from saline group. /P <0.01, significant difference from

the lateral ventricle injection group.

dependently inhibited by the pretreatment with the gluta-
mate NMDA receptor antagonist, MK-801 (1-20 pg/rat),
but not by the glutamate non-NMDA receptor antagonist,
CNQX (1 pgfrat). Moreover, the pretreatment with the L-
type Ca’" channel antagonist, verapamil (1—-5 pg/rat),
showed a decrease in the barrel rotation induced by endo-
thelin-1 in a dose-dependent manner.

Table 1

Effects of endothelin, glutamate receptor, and L-type calcium channel
antagonists on the barrel rotation induced by injection of endothelin-1 (50
ng/rat) at the fourth ventricle in rats

Dose Number % Rats with
(ng/rat) barrel rotation
Saline 6 100
BQ-123 0.1 6 100
0.5 9 56.6*
1 9 33.3%
10 6 o°
BQ-788 1 6 100
MK-801 0.1 6 100
1 6 66.7%
10 10 50*
20 6 o
CNQX 1 6 100
Verapamil 0.1 6 100
1 6 333
5 6 0°

Response is expressed as a percentage of the number of rats treated with
drugs that showed rotation.
Statistical analysis was performed using Fisher’s exact probability test.

2 Statistically different from the saline group at P<0.05.

® Statistically different from the saline group at P<0.01.

3.3. c-Fos expression in the rat vestibular nuclei

Two hours after a single injection of saline into the fourth
ventricle, we observed only a few c-Fos-immunoreactive
neurons in the vestibular nuclei (the medial, spinal, superior,
and lateral vestibular nuclei), as shown in Fig. 2 (A1—A4).
On the other hand, abundant c-Fos-immunoreactive nerve
cells were observed in each vestibular nucleus after injection
of endothelin-1. In the medial vestibular nucleus, we found
the highest density of c-Fos-immunoreactive neurons. c-
Fos-labeled neurons in the other vestibular nucleus showed
a moderate expression in comparison with the saline-
injected group Fig. 2 (B1-B4). Massive c-Fos-immunor-
eactive nerve cells were presented in the endothelin-1 group
compared with the saline group in each vestibular nucleus.

Fig. 3 shows semi-quantitative evaluation plots of c-Fos-
positive cells for each of the vestibular nuclei in rats treated
with saline or endothelin-1. In each vestibular nucleus, a
marked difference in the number of c-Fos-labeled neurons
was observed between both treated groups (P <0.01). In
particular, a significant difference in the c-Fos expression
was shown in the medial vestibular nucleus (P <0.0005).

3.4. Effects of various antagonists on the c-Fos expression
induced by endothelin-1 in the vestibular nuclei

Table 2 shows semi-quantitative evaluations of the
effects of pretreatment with BQ-123 (10 pg/rat), MK-801
(20 pg/rat), and verapamil (5 pg/rat) on the number of the c-
Fos-immunoreactive cell counts at the vestibular nuclei after
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Fig. 2. c-Fos immunoreactivity in the rat vestibular nuclei (A1, B1: the medial vestibular nucleus; A2, B2: the spinal vestibular nucleus; A3, B3: the superior
vestibular nucleus; A3, B3: the lateral vestibular nucleus) after the fourth ventricular injection of endothelin-1 (50 ng/rat). Photomicrograph montages of
representative 40-um brain sections in the vestibular nuclei from rats killed 2 h after the injections of saline (A1 —A4) or endothelin-1 (B1—B4) (scale bar: 100
um). Strong c-Fos-positive cells were observed in the endothelin-1-treated rats.

the injection of endothelin-1(50 ng/rat) into the fourth thelin-1 injection alone, there was no significant difference
ventricle in rats. Control rats, receiving the pretreatment in c-Fos-immunoreactive cell counts. In rats pretreated with
with saline prior to injection of endothelin-1, showed BQ-123, MK-801, and verapamil, c-Fos expression after the
abundant c-Fos-positive cells in the medial, spinal, superior, injection of endothelin-1 was not nearly observed in the rat

and lateral vestibular nuclei. In comparison with the endo- medial, spinal, superior, and lateral vestibular nuclei
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ANOVA followed by Fisher’s PLSD test.

(P<0.01). c-Fos expression pretreated with those antago-
nists was almost equivalent to the level of the saline-injected
group. c-Fos-immunoreactive cell counts were almost
totally absent in rats after an injection of BQ-123, MK-

Table 2

Effects of pretreatment with BQ-123 (10 pg/rat), MK-801 (20 pg/rat) and
verapamil (5 pg/rat) on the c-Fos expression at the vestibular nuclei induced
by injection of endothelin-1 (50 ng/rat) in the fourth ventricle in rats

Endothelin-1

Vestibular nuclei

Saline BQ-123 MK-801 Verapamil
(4) ) 4) 4)
Medial vestibular 1974+31.0 43+12* 10.0+24* 73+22°
nucleus
Spinal vestibular 221+78 1.0£06" 1.0+04" 1.2404°
nucleus
Superior vestibular ~ 10.0+1.7 1.3+0.5* 13+0.5* 0.7+03°
nucleus
Lateral vestibular 51.1+113 28+0.7* 3.0+1.1* 13+04°

nucleus

Values represent the means + S.E. of c-Fos-positive cells counted in the
entire area of the structure for the number of rats in parentheses.
Statistical analysis was performed using a one-way analysis of variance
followed by post hoc multicomparison test (Fisher’s PLSD).

? Statistically different from saline +endothelin-1-treated group at
P<0.01.

801, and verapamil without injection of endothelin-1 (data
not shown).

3.5. The difference in the c-Fos expression between the right
and left vestibular nuclei

The relation between the direction of the barrel rotation
and expression of c-Fos-positive cells are illustrated in Fig.
4. In the rats with the counterclockwise rotation, the right
medial vestibular nucleus was found to have significantly
higher numbers of c-Fos-immunoreactive cells compared
with the left (the medial vestibular nucleus: 22.5 + 11.1
cells/section in the left versus 120.8 £ 15.5 cells/section in
the right, P<0.01; Fig. 4A). In contrast, in the rats with the
clockwise rotation, the left medial vestibular nucleus were
found to have significantly higher numbers of c-Fos-immu-
noreactive cells compared with the right (the medial ves-
tibular nucleus: 126.2 + 38.2 cells/section in the left versus
62.0 £ 24.0 cells/section in the right, P<0.01; Fig. 4B). The
number of c-Fos-labeled neurons in the medial vestibular
nucleus was markedly increased on the opposite side of the
rotational direction. However, no significant changes were
observed upon the c-Fos-immunoreactive cell counts
between the left and right at the spinal, superior, and lateral
vestibular nuclei in the rats with the clockwise or counter-
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clockwise rotation (the clockwise rotation: the spinal ves-
tibular nucleus, 7.3 + 2.8 cells/section in the left versus
14.5 £ 4.6 cells/section in the right; the superior vestibular
nucleus, 5.5 + 1.2 cells/section versus 6.8 + 2.6 cells/sec-
tion; the lateral vestibular nucleus, 19.0 + 7.2 cells/section
versus 20.0 = 10.8 cells/section; the counterclockwise rota-
tion: the spinal vestibular nucleus, 4.1 + 2.1 cells/section in
the left versus 3.3 £ 2.2 cells/section in the right; the
superior vestibular nucleus, 3.1 + 1.3 cells/section versus
1.6 £ 0.6 cells/section; the lateral vestibular nucleus,
11.0 £ 5.0 cells/section versus 23.0 = 7.9 cells/section).

4. Discussion

In the present study, the glutamate NMDA receptor
antagonist, MK-801, and the L-type Ca®"* channel antago-
nist, verapamil, completely prevented the incidence of the
barrel rotation induced by endothelin-1 injection into the
fourth ventricle, suggesting the involvement of glutamate
NMDA receptors, and L-type Ca® " channels, which are the
two main routes for extracellular Ca®> " to enter into neural
cells. These findings support those of previous studies
showing that the barrel rotation induced by endothelin-1
injection into the lateral ventricle was blocked by the
glutamate NMDA antagonist, D,L-2-amino-5-phosphonoval-
erate, and the L-type Ca®>* channel antagonist, nimodipine
(Gross et al., 1993, 1994; Maione et al., 1993). We pre-
viously reported that the endothelin ET4 receptor antagonist,
BQ-123, prevented endothelin-1-induced barrel rotation but
not vasopressin V; receptor antagonists. In addition, vaso-
pressin V; receptor antagonists prevented vasopressin-
induced barrel rotation but not BQ-123 (Kawachi et al.,
1998). Thus, trigger receptors for the induction of barrel

rotation following injections of vasopressin and endothelin-1
may be different. Furthermore, we demonstrated that MK-
801 and the L-type Ca® * channel antagonists, nifedipine and
verapamil, prevented the barrel rotation induced by the
angiotensin AT, receptor antagonist, losartan, suggesting
that glutamate NMDA receptors and L-type Ca® " channels
are involved in the barrel rotation induced by losartan
(unpublished data). Some studies suggested that the cerebral
stimulatory effects of the injection of endothelin-1 or dynor-
phin-A including the barrel rotation are mediated by gluta-
mate NMDA receptors (Gross et al., 1993; Maione et al.,
1993; Shukla et al., 1997). Thus, the present results showing
MK-801 and verapamil prevented the barrel rotation induced
by endothelin-1 indicate glutamate NMDA receptors and
L-type Ca®"* channels are essential for the induction of
rotational behavior.

BQ-123 also prevented the incidence of the barrel rota-
tion induced by endothelin-1 injection into the fourth ven-
tricle but not the endothelin ETy receptor antagonist, BQ-
788, which showed the involvement of endothelin ET4
receptor in mediating the action of endothelin-1 on rotational
behavior. The present findings support those that showed
the barrel rotation induced by endothelin-1 was blocked by
the endothelin ET, receptor antagonist, FR139317 (Gross
et al., 1994).

Some studies reported a physiologic common point to
both endothelin-1 and vasopressin that hypothermia
occurred in rats following intracerebroventricular injection
of endothelin-1 or vasopressin (Gross and Weaver, 1993;
Diamant and De Wied, 1993). Moreover, Diamant and
De Wied (1993) found hypothermia to coincide with the
occurrence of barrel rotation and suggested that these effects
may be related.

The present findings demonstrated that the mean latent
period to the barrel rotation after the injection of endothelin-
1 into the fourth ventricle was markedly shorter than those
into the lateral ventricle. In the fourth ventricle injection, the
doses inducing barrel rotation were lower compared with
the lateral ventricle injections. Despite the different route of
administration, the rotational behavior was identical bet-
ween both groups. These observations provide important
clues to explore the core region of barrel rotation, suggest-
ing that neural cells neighboring the fourth ventricle are
involved in the rotational behavior.

The brainstem vestibular complex coordinates a wide
variety of input—output connections, and these connections
afford the vestibular nuclei a major role in the maintenance
of balance and equilibrium (Rubertone et al., 1995). We
found that abundant c-Fos-immunoreactive cells are
expressed in the vestibular nuclei that lie adjacent to the
fourth ventricle after the induction of barrel rotation follow-
ing endothelin-1 injection. In addition, we observed that the
increased c-Fos expression induced by endothelin-1 was
significantly attenuated by the pretreatment with BQ-123,
MK-801, or verapamil, in addition to the incidence of
rotational behavior.
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One important aspect of the present study was the
different patterns of c-Fos expression at the vestibular nuclei
following the injection of endothelin-1 into the fourth
ventricle. In this study, we have shown that marked c-Fos
expression occurred in the medial vestibular nucleus con-
tralateral to the rotational direction, suggesting that the
barrel rotation is evoked toward the opposite side that shows
relatively high c-Fos immunoreactivity. The greater c-Fos-
positive cells in the contralateral medial vestibular nucleus
can be explained by the increased neuronal activity in the
contralateral medial vestibular nucleus resulting from
increased excitatory input via commissural connections
from the ipsilateral medial vestibular nucleus. These results
suggest that the direction of the barrel rotation has a deep
connection with the imbalance of the neuronal activity in the
medial vestibular nucleus. Pan et al. (1998) argued that the
barrel rotation was induced by unilateral labyrinthectomy in
rats, and suggested that the rotational behavior was attribute
to the vestibular system. Several studies have demonstrated
that unilateral labyrinthectomy induced c-Fos expression in
the medial vestibular nucleus contralateral to the unilateral
labyrinthectomy side and rats rotated to the unilateral
labyrinthectomy side (Kaufman et al., 1992; Duflo et al.,
1999; Kitahara et al., 2000; Fukushima et al., 2001).
Furthermore, Takeshita et al. (1999) proposed that most
medial vestibular nucleus neurons either exhibited an
increase or a decrease in firing during tilting ipsi- or
contralateral to the recording side, respectively (o type),
or the opposite responses (p type), and also strongly
suggested that glutamate was involved in the neurotrans-
mission of otolith information to medial vestibular nucleus
neurons. The present results are consistent with these
previous findings. The present findings suggest that the
activation of the vestibular nuclei induced by endothelin-1
elicited the barrel rotation, but the cause of the different c-
Fos immunoreactivity produced between the right and left
vestibular nuclei is unclear. It was also possible that the
rotational behavior activated the vestibular nuclei. Never-
theless, our recent experiments showed that unilateral
lesions of the vestibular nuclei (radiofrequency lesion: 70
°C, 45 s) induced the barrel rotation, and that the rotational
behavior was evoked toward the lesion side, suggesting that
the impairment of transmission caused by equilibrium
paralysis in the medial vestibular nucleus induced the rota-
tional behavior.

In conclusion, the present findings provide new and
important information on the functional significance of
vestibular neurons in the barrel rotation induced by endo-
thelin-1. It is suggested that the barrel rotation could be
useful for the investigation of the neurotransmitter system in
the control of vestibular neurons that convey this informa-
tion to the ocular nuclei, the cerebellum, and the spinal cord
to maintain body balance and posture. These findings
suggest that endothelin ET4 receptors, glutamate NMDA
receptors, and L-type Ca® " channels in the vestibular nuclei
are involved in the triggering of endothelin-1-induced barrel

rotation, and that the medial vestibular nucleus are attributed
to the direction of the rotational behavior. Barrel rotation
may be impairment of ocular movement and postural reflex
due to an imbalance between the activity of the left and right
vestibular nuclei as a result of impairment of the vestibular
input to the brainstem vestibular nuclei.
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