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Significant evidence supports the role of the vestibular system in the regulation of blood pressure
during postural movements. In the present study, the role of the vestibulo-spino-adrenal (VSA) axis
in the modulation of blood pressure via the vestibulosympathetic reflex was clarified by immunohis-
tochemical and enzyme immunoassay methods in conscious rats with sinoaortic denervation. Expression
of c-Fos protein in the intermediolateral cell column of the middle thoracic spinal regions and blood
epinephrine levels were investigated, following microinjection of glutamate receptor agonists or antagonists
into the medial vestibular nucleus (MVN) and/or sodium nitroprusside (SNP)-induced hypotension.
Both microinjection of glutamate receptor agonists (NMDA and AMPA) into the MVN or rostral
ventrolateral medullary nucleus (RVLM) and SNP-induced hypotension led to increased number of
c-Fos positive neurons in the intermediolateral cell column of the middle thoracic spinal regions and
increased blood epinephrine levels. Pretreatment with microinjection of glutamate receptor antagonists
(MK-801 and CNQX) into the MVN or RVLM prevented the increased number of c-Fos positive neurons
resulting from SNP-induced hypotension, and reversed the increased blood epinephrine levels. These
results indicate that the VSA axis may be a key component of the pathway used by the vestibulosympathetic
reflex to maintain blood pressure during postural movements.
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INTRODUCTION

The homeostatic control of blood pressure is mediated
through the baroreceptor reflex. This feedback control sys-
tem maintains arterial blood pressure during hemorrhage,
postural changes, and exercise. Signals from the baror-
eceptors are conveyed by branches of the glossopharyngeal
and vagus nerves toward the nucleus tractus solitarius
(NTS). They are then sent to the caudal ventrolateral me-
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dullary nucleus (CVLM) and the nucleus ambiguus. The
CVLM projects inhibitory neurons to the rostral ventro-
lateral medullary nucleus (RVLM), an area containing pre-
sympathetic neurons that innervate the intermediolateral
cell column in the spinal cord [1,2]. The vasomotor RVLM
neurons receive GABAergic input from the CVLM that ton-
ically inhibits bulbospinal neurons [3]. However, it should
be noted that the RVLM integrates both the baroreceptor
and vestibular inputs that constitute the sympathetic nerve
circuitry [4-7].

In all mammalian species, the vestibular system plays
an important role in controlling blood pressure and respira-
tion during postural changes through the vestibulosympa-
thetic reflex [8]. Excitation of the peripheral vestibular sys-
tem induces functional modulation of the cardiovascular
system, including changes in blood pressure, pulse rate,
and blood flow to the extremities [9]. Electrical or selective
natural stimulation of peripheral vestibular receptors in-
duces an increase in sympathetic nerve activity [8,10]. In

ABBREVIATIONS: AMPA, 2-amino-3-(5-methyl-3-oxo-1,2-oxazol-4-yl)
propanoic acid; MVN, medial vestibular nucleus; NMDA, N-methyl
D-asparate; RVLM, rostral ventrolateral medullary nucleus; SAD,
sinoaortic denervation; SNP, sodium nitroprusside; VSA, vestibulo-
spino-adrenal.
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humans, caloric vestibular stimulation also increases sym-
pathetic nerve activity [11], and stimulation of the otolith
organs by linear acceleration causes transient changes in
systolic blood pressure. These changes are attenuated in
patients with bilateral vestibular lesions [12,13]. Galvanic
vestibular stimulation also significantly increases muscle
sympathetic nerve activity [14,15]. Thus, data from both
experimental animals and humans indicate that the ves-
tibular system contributes to the sympathetic control of
blood pressure.

The caudal portion of the medial vestibular nucleus
(MVN) and the inferior vestibular nucleus receive afferent
signals from the otolith organs as well as the semicircular
canals. Both nuclei project to the caudal brainstem sites
that are involved in the regulation of sympathetic outflow,
including the NTS and RVLM [16,17]. Vestibulosympathetic
neural pathways have been identified electrophysiologically
in the muscle and renal sympathetic nerves. Central ves-
tibular neurons mediating the vestibulosympathetic reflex
have also been demonstrated [18].

Humoral factors as well as neurogenic factors play an
important role in the regulatory control of blood pressure.
For example, it is well known that epinephrine released
from the adrenal gland strongly influences the control of
blood pressure [19]. It has been previously postulated that
the modulation of blood pressure by the vestibular system
can be mediated by the adrenal gland as well as by the
sympathetically-mediated release of vasoconstrictive subs-
tances. Nevertheless, a relationship between activation of
the vestibular system and secretion of epinephrine has not
yet been demonstrated.

Previous studies in our laboratory have shown that so-
dium nitroprusside (SNP)-induced hypotension increases
neuronal activity, expression of c-Fos protein, and gluta-
mate release in the MVN and the RVLM [20-24]. This in-
dicates that SNP-induced hypotension influences the activ-
ity of neurons in the MVN by increasing afferent signals
from the peripheral vestibular receptors. And afferent sig-
nals from the peripheral vestibular receptors following hy-
potension are transmitted to the RVLM through the MVN.
Therefore, it is postulated that SNP-induced hypotension
may produce the vestibulosympathetic reflex by activation
of the sympathetic nerves through the intermediolateral
cell column in the spinal cord and secretion of epinephrine
in the adrenal gland. However, systemic research on the
vestibulo-spino-adrenal (VSA) projections has not been con-
ducted.

It is likely that the VSA projections can be incorporated
as part of the basic strategy in the mechanistic treatment
of orthostatic hypotension. In the current study, we directly
tested the functional connectivity of the VSA projections in
the modulation of blood pressure via the vestibulosympa-
thetic reflex with the use of immunohistochemical and en-
zyme immunoassay methods. c-Fos protein, which is ex-
pressed in response to a variety of stimuli in neurons of
the central nervous system and is considered a useful mark-
er for detecting changes in neuronal activity [25], was meas-
ured in the spinal cord following SNP-induced hypotension.
Immunohistochemical data were used to delineate func-
tional connections in the vestibulo-bulbo-spinal pathway
between the vestibular nuclei and the spinal cord. Blood
epinephrine levels were also measured following SNP-in-
duced hypotension to investigate the extent of functional
connectivity involved in the vestibulosympathetic reflex be-
tween the vestibular nuclei and the adrenal gland. Further,

functional connections between the RVLM and the spinal
cord were measured to clarify the sympathetic projections.
Since the expression of c-Fos protein in the spinal cord is
known to be strongly affected by anesthesia [26], conscious
animals were used during all experiments. Sinoaortic de-
nervation (SAD) was performed to eliminate the influence
of the baroreceptor reflex following hypotension.

METHODS
Animals

Adult male Sprague-Dawley rats (Changchun, China)
weighing 220~ 250 g were used. All animal protocols and
procedures described were performed in accordance with
the rules and regulations of the Animal Research Committee
of the Yanbien University. The animals had free access to
food and water. All possible efforts were made to minimize
the number of animals used and suffering. The rats were
divided into the MVN group and the RVLM group, and each
group was subdivided into six groups for immunohistoche-
mical analysis and epinephrine detection (n=7 per group):
ACSF, NMDA, AMPA, ACSF+SNP, MK-801+SNP, and
CNQX+SNP groups. All rats had previously undergone SAD
surgery, and all experimental observations were conducted
in conscious animals.

SAD surgery

Under isoflurane anesthesia (Ilsung Co., Seoul, Korea),
the carotid sinus nerve was sectioned bilaterally following
a midventral incision in the neck. The internal, external,
and common carotid arteries were stripped of connective
tissue at the level of the bifurcation and painted with 10%
phenolethanol in order to denervate the carotid sinus. For
aortic arch denervation, the aortic arch nerve was severed
bilaterally proximal to its junction with the vagus nerve
[27]. After the surgery, the animals breathed spontaneously
without significant changes in their respiratory rhythm.
SAD was performed 24 h prior to experimentation.

Microinjection of drug

The rats were anesthetized with isoflurane and placed
in a stereotaxic frame (Narishige, Tokyo, Japan). In the
MVN group, the skull was exposed and a trocar sheath for
microinjection (Terumo, Tokyo, Japan) was stereotaxically
implanted into the left MVN according to a rat atlas [28]:
antero-posterior, —12.3 mm from bregma; latero-medial,
0.6 mm from midline; and dorso-ventral, 5.6 mm from skull.
In the RVLM group, a trocar sheath for microinjection was
implanted into the left RVLM: antero-posterior, —12.7 mm
from bregma; latero-medial, 2.4 mm from midline; and dor-
so-ventral, 7.3 mm from skull. ACSF, NMDA, AMPA, MK-801,
or CNQX was injected into the MVN or RVLM at a concen-
tration of 1 mmol/Li and a volume of 10 L. Microinjections
were administered by a micro-amount thruster (Harvard
Apparatus, Holliston, MA, USA), and all rats were con-
scious at the time of injection. Ten minutes after micro-
injection of drugs, hypotension was induced by infusion of
SNP. After experimentation, the microinjection site was
confirmed in the MVN or RVLM by histological examina-
tions according to a rat atlas [28].
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SNP-induced hypotension

Under isoflurane anesthesia, two heparinized polyethylene
tubes were inserted into the femoral artery for the record-
ing of blood pressure and into the femoral vein for SNP
infusion. The tubes were guided toward the skull percuta-
neously, fixed to the skull, and connected to the tubes of
a cybernation metabolism cage to allow free movement dur-
ing the experiment. Blood pressure was recorded from the
femoral artery using a pressure transducer and physio-
logical recorder (Grass model 7400, Grass Technologies,
Warwick, RI, USA). SNP was infused over 3 min at a dose
of 15 1 g/(kg - min). This resulted in a blood pressure de-
crease of 30~40 mmHg during this period.

Immunohistochemistry

Immunohistochemical analysis of c-Fos protein expression
was performed as described previously [29,30]. Deep anes-
thesia was induced with an overdose of sodium pentobarbi-
tal 90 min after MVN or RVLM microinjection of glutamate
agonists or infusion of SNP, and the animals were perfused
transcardially with 500 mL of 0.9% NaCl at 4°C followed
by 500 mL of 4% paraformaldehyde dissolved in 0.1 M phos-
phate buffer (pH 7.4) at 4°C. The spinal cord was dissected
and post-fixed with paraformaldehyde fixative solution for
4 h at room temperature. The fixed spinal cord was then
cryoprotected by incubation in 30% sucrose in phosphate-buf-
fered saline (PBS) for 2 d at 4°C. Frozen tissue sections of
20 #m thickness were obtained using a microtome (Leica;
Nubloch, Germany). These were then incubated for 30 min
in 0.3% H303, rinsed three times for 5 min with 0.01 M
PBS, and incubated in 1% Triton X-100 for 30 min. After
a brief wash, the tissues were incubated for 30 min with
PBS containing 5% bovine serum albumin (PBS+BSA) fol-
lowed by an overnight incubation at 4°C with rabbit poly-
clonal anti-c-Fos antibody (1 : 400; Cell Signaling Technology,
Danvers, MA, USA) in PBS + BSA. The following day, tis-
sue sections were incubated with a biotinylated goat an-
ti-rabbit secondary antibody (1 : 200; Vector Labs; Burlingame,
CA, USA) and then with the Elite ABC Kit (Vector Labs)
for 2 h at 37°C. The bound complex was visualized by in-
cubating the tissue with diaminobenzidine. Finally, sec-
tions were dehydrated, dipped in xylene, and mounted with
a coverslip using Permount (Fisher Scientific; Pittsburgh,
PA, USA). The c-Fos-positive neurons in the T4-T7 spinal
cord region were counted using a digital image analysis sys-
tem (Image-Pro; Media Cybernetics, Silver Spring, MD,
USA) at four different levels in a rostral-to-caudal continuum.

Analysis of epinephrine secretion

Blood samples were obtained from the femoral artery im-
mediately after MVN or RVLM microinjection of glutamate
agonists or SNP infusion, and collected in polyethylene
tubes containing ethylenediaminetetraacetic acid as an an-
ti-coagulant. Samples were centrifuged at 3000 rpm for 10
min at 4°C. The supernatant was then aspirated and frozen
immediately at —25°C. The analysis of epinephrine secre-
tion was performed by enzyme-linked immunosorbent as-
say (ELISA) according to the manufacturer’s instructions
(T'SZ Scientific LLC, Lexington, MA, USA). Both the intra-
and inter-assay variabilities were lower than 10%.

Data analysis

Stat View version 11.5 software for SPSS (SPSS Inc,
USA) was used for all statistical procedures. All data are
expressed as the meantstandard deviation of the mean
(SD). Differences were identified using multivariate analy-
ses of variance. A significance level of p<0.05 was used
in all experiments.

RESULTS

The effect of MVN glutamate on c-Fos protein expression
in the spinal cord

The intermediolateral cell column in the T4-T7 spinal
cord region did not show any expression of c-Fos protein
under resting conditions in rats with intact baroreceptors
and vestibular receptors. In addition, rats with SAD did
not show any expression of c-Fos protein in the spinal cord
under resting conditions. Expression of c¢-Fos protein in the
intermediolateral cell column of the T4-T7 spinal cord was
measured following drug modulation of MVN activity, in
order to measure the functional connectivity between the
MVN and the spinal cord. The number of c-Fos positive neu-
rons in the intermediolateral cell column of the spinal cord
was 2.2+1.0 in rats after microinjection of artificial cere-
brospinal fluid (ACSF) into the MVN. However, micro-
injection of glutamate receptor agonists significantly in-
creased the number of c-Fos positive neurons in the spinal
cord as compared to ACSF microinjection. N-methyl-D-aspartic
acid (NMDA) increased the number of c-Fos positive
neurons to 20.5+2.2, and 2-amino-3-(5-methyl-3-0x0-1,2-0x-
azol-4-yl) propanoic acid (AMPA) increased the number of
c-Fos positive neurons to 21.8+1.9. The effect of glutamate
receptor antagonists on the expression of c-Fos protein in
the spinal cord was also investigated in rats with SNP-in-
duced hypotension. SNP-induced hypotension increased the
number of c-Fos positive neurons in the spinal cord to
27.0£3.9 as compared to the normotensive rat levels of
2.2+1.0, with both groups receiving microinjection of ACSF
into the MVN. The effects of two glutamate receptor antag-
onists, (+)-5-methyl-10,11-dihydro-5H-dibenzo[a,d] cyclo-
hepten-5,10-imine maleate (MK801) and 6-cyano-7-nitro-
quinoxaline-2,3-dione (CNQX), were then tested. Pretreatment
with microinjection of either MK801 or CNQX into the
MVN significantly decreased the number of c-Fos positive
neurons in the spinal cord to 8.7+6.0 or 3.7+2.4, respectively,
after SNP-induced hypotension as compared to the ACSF+SNP
group (Fig. 1 and 2).

The effect of RVLM glutamate on c-Fos protein expression
in the spinal cord

The functional connectivity between the RVLM and the
spinal cord was measured following drug modulation of
RVLM activity. The number of c-Fos positive neurons in
the intermediolateral cell column of spinal cord was 6.3+0.2
after microinjection of ACSF into the RVLM. However, mi-
croinjection of a glutamate receptor agonist, NMDA or
AMPA, into the RVLM significantly increased the number
of c-Fos positive neurons to 35.8+4.4 or 39.5+2.4, respectively,
as compared to the ACSF microinjection. After micro-
injection of ACSF into the RVLM, SNP-induced hypo-
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Fig. 1. Photomicrographs showing the effect of medial vestibular nucleus (MVN) glutamate on c-Fos protein expression in the spinal cord.
(A) Effect of microinjection of glutamate receptor agonists into the left MVN on c-Fos protein expression in the intermediolateral cell column
(IMC) of the T7 spinal cord. (B) Effect of pretreatment with microinjection of glutamate receptor antagonists into the left MVN on c-Fos
protein expression in the IMC of the T7 spinal cord. Right lower quadrant in A and B represents higher magnification. Rectangles in
right lower corner of each diagram represent higher magnification. ACSF, microinjection of artificial cerebrospinal fluid into the MVN;
NMDA, microinjection of NMDA into the MVN; AMPA, microinjection of AMPA into the MVN; ACSF+SNP, SNP infusion after pretreatment
with ACSF in the MVN; MK801+SNP, SNP infusion after pretreatment with MK801 in the MVN; CNQX+SNP, SNP infusion after
pretreatment with CNQX in the MVN. ACSF, artificial cerebrospinal fluid; AMPA, 2-amino-3-(5-methyl-3-oxo-1,2-0xazol-4-yl) propanoic acid;
CNQX, 6-cyano-7-nitroquinoxaline-2,3-dione; IMC, intermediolateral cell column; MKS801, (+)-5-methyl-10,11-dihydro-5H-dibenzo|a,d]
cyclohepten-5,10-imine maleate; NMDA, N-methyl-D-aspartic acid; SNP, sodium nitroprusside.
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Fig. 2. Bar histogram showing the effect of medial vestibular
nucleus (MVN) glutamate on c-Fos protein expression in the spinal
cord. ACSF, microinjection of artificial cerebrospinal fluid into the
MVN; NMDA, microinjection of NMDA into the MVN; AMPA,
microinjection of AMPA into the MVN; ACSF+SNP, SNP infusion
after pretreatment with ACSF in the MVN; MK801+SNP, SNP
infusion after pretreatment with MK801 in the MVN; CNQX+SNP,
SNP infusion after pretreatment with CNQX in the MVN. The
number of animals in each group was 7. Values are mean+SE.
*Significant difference from ACSF group (**p<0.01). TSigniﬁcant
difference from ACSF + SNP group (Tp< 0.01). Other notations are
as in Fig. 1.

tension increased the number of c-Fos positive neurons in
the spinal cord to 37.2+4.7 as compared to the normotensive
rat levels of 6.3+0.2. Pretreatment with microinjection of
a glutamate receptor antagonist, MK801 or CNQX, into the
RVLM significantly decreased the number of c-Fos positive

neurons to 8.3+6.6 or 7.2+1.6, respectively, after SNP-in-
duced hypotension as compared to the ACSF + SNP group
(Fig. 3 and 4).

The effect of MVN glutamate on secretion of epinephrine
and blood pressure

Secretion of epinephrine was measured following drug
modulation of MVN activity in order to measure the func-
tional connectivity between the MVN and the adrenal gland
in the control of blood pressure by the vestibular system.
Microinjection of glutamate receptor agonists into the MVN
was used to induce epinephrine secretion. In rats micro-
injected with ACSF into the MVN, the level of epinephrine
secretion was 77.8+3.0 pg/mL. However, microinjection of
glutamate receptor agonists into the MVN significantly in-
creased the epinephrine secretion as compared to ACSF mi-
croinjection, with NMDA increasing the levels of epinephrine
to 88.2+5.0 pg/mL and AMPA increasing the levels to
97.5+8.3 pg/mL. The effect of glutamate receptor antago-
nists on epinephrine secretion was also investigated follow-
ing SNP-induced hypotension. SNP-induced hypotension
resulted in increased epinephrine secretion in rats receiving
microinjection of ACSF into the MVN when compared to
the normotensive rats receiving microinjection of ACSF.
Pretreatment with microinjection of ACSF into the MVN
raised epinephrine secretion to 91.6+11.2 pg/mL following
SNP-induced hypotension, which was higher than the se-
cretion in normotensive rats (77.8+3.0 pg/mL). However,
pretreatment with microinjection of glutamate receptor an-
tagonists significantly decreased epinephrine secretion fol-
lowing acute hypotension compared to microinjection of
ACSF. Pretreatment with microinjection of MK-801 de-
creased epinephrine secretion following SNP-induced hypo-
tension to 79.4+7.6 pg/mL, and CNQX decreased it to 72.6+1.2
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Fig. 3. Photomicrographs showing the effect of rostral ventrolateral medullary nucleus (RVLM) glutamate on c-Fos protein expression in
the spinal cord. (A) Effect of microinjection of glutamate receptor agonists into the right RVLM on c-Fos protein expression in the IMC
of the T7 spinal cord. (B) Effect of pretreatment with microinjection of glutamate receptor antagonists into the right RVLM on c-Fos protein
expression in the IMC of the T7 spinal cord. Right lower quadrant in A and B represents higher magnification. Rectangles in right lower
corner of each diagram represent higher magnification. ACSF, microinjection of artificial cerebrospinal fluid into the RVLM; NMDA,
microinjection of NMDA into the RVLM; AMPA, microinjection of AMPA into the RVLM; ACSF+SNP, SNP infusion after pretreatment
with ACSF in the RVLM; MK801+SNP, SNP infusion after pretreatment with MK801 in the RVLM; CNQX+SNP, SNP infusion after
pretreatment with CNQX in the RVLM. Other notations are as in Fig. 1.
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Fig. 4. Bar histogram showing the effect of rostral ventrolateral
medullary nucleus (RVLM) glutamate on c-Fos protein expression
in the spinal cord. ACSF, microinjection of artificial cerebrospinal
fluid into the RVLM; NMDA, microinjection of NMDA into the
RVLM; AMPA, microinjection of AMPA into the RVLM; ACSF+SNP,
SNP infusion after pretreatment with ACSF in the RVLM; MK801+
SNP, SNP infusion after pretreatment with MK801 in the RVLM;
CNQX+SNP, SNP infusion after pretreatment with CNQX in the
RVLM. The number of animals in each group was 7. Values are
mean+SE. *Significant difference from ACSF group (**p<0.01).
TSignificant difference from ACSF+SNP group (fp<0.01). Other
notations are as in Fig. 1.
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pg/mL (Fig. 5A).

The basal range of systolic and diastolic blood pressure
was 103~116 mmHg and 72~84 mmHg, respectively, be-
fore drug treatment. However, microinjection of glutamate
receptor agonists into the MVN increased blood pressure
as compared to control levels (Fig. 6).

The effect of RVLM glutamate on secretion of epinephrine

Microinjection of ACSF into the RVLM induced epinephrine
secretion at a level of 75.1£2.9 pg/mL. However, micro-
injection of glutamate receptor agonists into the RVLM sig-
nificantly increased the epinephrine secretion as compared
to ACSF microinjection, with NMDA increasing the levels
of epinephrine to 81.9+1.9 pg/mL and AMPA increasing the
levels to 92.2+1.3 pg/mL. SNP-induced hypotension re-
sulted in increased epinephrine secretion in rats receiving
microinjection of ACSF into the MVN when compared to
the normotensive rats receiving microinjection of ACSF.
SNP-induced hypotension after pretreatment with ACSF
into the RVLM raised epinephrine secretion to 92.5+3.0
pg/mL, which was higher than the secretion in normotensive
rats (75.1£2.9 pg/mL). However, pretreatment with mi-
croinjection of glutamate receptor antagonists into the
RVLM significantly decreased epinephrine secretion follow-
ing SNP-induced hypotension compared to pretreatment
with ACSF. Pretreatment with microinjection of MK-801
decreased epinephrine secretion to 82.1+1.8 pg/mL, and
CNQX decreased it to 78.7+4.2 pg/mL (Fig. 5B).

DISCUSSION

The major source of descending drive to the sympathetic
preganglionic neurons of the spinal cord is the spinally-pro-
jecting neurons in the RVLM [31]. Excitation of the RVLM
increases blood pressure and sympathetic vasomotor tone,
whereas inhibition of the RVLM decreases blood pressure.
The activity in the bulbospinal sympathoexcitatory path-
ways [32] is modulated by afferent signals from both the
baroreceptors and vestibular receptors. Since glutamate is
a major excitatory neurotransmitter in the vestibular nu-
clei, microinjection of glutamate receptor agonists into the
MVN causes excitation of the vestibular nuclear neurons
[33]. The MVN sends direct projections to the RVLM, which
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Fig. 5. The effect of glutamate on levels of blood epinephrine. (A) Effect of microinjection of glutamate receptor agonists or antagonists
into the right medial vestibular nucleus (MVN) on levels of blood epinephrine. (B) Effect of microinjection of glutamate receptor agonists
or antagonists into the right rostral ventrolateral medullary nucleus (RVLM) on levels of blood epinephrine. The number of animals in
each group was 7. Values are mean+SE. *Significant difference from ACSF group (**p<0.01). TSignificant difference from ACSF+SNP

group ('p<0.01). Other notations are as in previous figures.
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Fig. 6. The effect of microinjection of glutamate receptor agonists
into the MVN on blood pressure. Microinjection of AMPA or NMDA
into the MVN increased blood pressure, but blood pressure was
not changed following ACSF microinjection. AMPA or NMDA was
injected into the right MVN at a concentration of 1.5 mmol/L and
a volume of 10 L. Arrows indicate microinjection of ACSF and
glutamate agonists.

is involved in the regulation of sympathetic outflow [17,34].
In turn, the RVLM sends excitatory projections to the sym-
pathetic pre-ganglionic neurons in the intermediolateral
cell column of the spinal cord [1]. Therefore, stimulation
of the MVN may produce excitation of the sympathetic pre-
ganglionic neurons in the spinal cord through the bulbospi-
nal sympathoexcitatory pathways (Fig. 7).

In our previous studies, SNP-induced hypotension increased
neuronal activity and glutamate release in the MVN [21-24].
Moreover, connections between the vestibular system and
the RVLM following SNP-induced hypotension in SAD ani-
mals were investigated [20]. In the current study, SNP-in-
duced hypotension increased the expression of c-Fos protein
in the spinal cord, which is consistent with the effects of
glutamate receptor agonist microinjection into the MVN.
That is, microinjection of glutamate receptor agonists, NMDA
and AMPA, into the MVN increased expression of c-Fos pro-
tein in the intermediolateral cell column of the middle

thoracic spinal regions. This region provides the major
source of input to the adrenal gland [35]. Minson et al. [36]
reported that SNP-induced hypotension increased the ex-
pression of c¢-Fos protein in the RVLM and spinal cord. They
demonstrated the bulbospinal projections immunohistochemi-
cally, following unloading of the baroreceptors by SNP-in-
duced hypotension, but they did not describe the role of the
vestibular system in sympathetic modulation following
hypotension. SNP-induced hypotension produces excitation
of the MVN neurons, and then this excitatory signal is trans-
mitted to the sympathetic preganglionic neurons in the
spinal cord through the RVLM, constituting the vestibu-
lo-bulbo-spinal projections. Interestingly, pretreatment with
microinjection of glutamate receptor antagonists, MK-801
and CNQX, into the MVN prevented the hypotension-in-
duced excitation of MVN neurons. This resulted in decreased
expression of c-Fos protein in the spinal cord following
SNP-induced hypotension.

c-Fos-positive neurons in the intermediolateral cell col-
umn of the middle thoracic spinal regions are mainly sym-
pathoadrenal neurons [35]. Epinephrine is released from
the chromaffin cells of the adrenal medulla. The increased
c-Fos protein expression in the sympathoadrenal neurons
induced by hypotension suggests that epinephrine is likely
released in response to hypotension. This result is con-
sistent with a previous study, in which elevated plasma epi-
nephrine concentrations were associated with the activa-
tion of sympathoadrenal neurons as revealed by c-Fos im-
munoreactivity [37]. Microinjection of glutamate receptor
agonists, NMDA and AMPA, into the MVN increased blood
levels of epinephrine. SNP-induced hypotension also in-
creased blood levels of epinephrine; however, pretreat-
ment with microinjection of glutamate receptor antago-
nists, MK-801 and CNQX, into the MVN abolished this in-
creased epinephrine secretion. Moreover, blood pressure
was increased following microinjection of glutamate re-
ceptor agonists into the MVN, which was different from our
previous study [38]. The difference is likely related to the
dose of glutamate receptor agonists which was injected into
the MVN. These results suggest that the functional con-
nections between the vestibular nuclei and the adrenal
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gland maintain blood pressure following hypotension. The
response pattern of epinephrine secretion by stimulation of
the MVN was consistent with the expression of c-Fos pro-
tein in the spinal cord. Moreover, the response pattern of
both c-Fos protein expression and epinephrine secretion in
the MVN group was very similar to that in the RVLM group,
which provides indirect evidence that the vestibulospinal
sympathetic pathway is mediated via the RVLM. Taken to-
gether, our results and the literature propose that the VSA
axis maintains blood pressure following hypotension. Fur-
thermore, the neural connections involved are mediated by
the glutamatergic NMDA and AMPA receptors.

Although the involvement of the VSA axis in the vestibu-
losympathetic reflex represents an acute response pathway,
secretion of epinephrine from the adrenal gland must in-
volve a time delay in order to control blood pressure during
postural movements. Adequate control of blood pressure by
the vestibulosympathetic reflex would hence require in-
volvement of both the neurogenic and humoral pathways.
The neurogenic pathway of the vestibulosympathetic reflex
on blood pressure control involves the direct stimulation of
blood vessels via sympathetic nerves such as the renal nerve,
muscle vasoconstrictor efferents, and nerves to the extremi-
ties [14,39]. Electrical stimulation of the vestibular nerve
elicits a patterning of sympathetic nerve activity, and can
lead to distinct immediate changes in local blood flow. On
the other hand, the humoral pathway is mediated by epi-
nephrine secretion from the adrenal gland; it produces a
delayed response on blood pressure as compared to the neu-
rogenic pathway. Therefore, the vestibular system can mod-
ulate blood pressure through both the adrenal gland and
the sympathetic nerves.

In summary, both microinjection of glutamate receptor
agonists into the MVN or RVLM and SNP-induced hypo-
tension increase the number of c-Fos positive neurons in
the intermediolateral cell column of the middle thoracic
regions. Pretreatment with microinjection of glutamate re-
ceptor antagonists into the MVN or RVLM can prevent the
increased number of c-Fos positive neurons following SNP-in-
duced hypotension. These results are consistent with the
existence of functional connections between the vestibular
nuclei and the sympathetic preganglionic nerves, known as
the vestibulospinal sympathetic pathway. Both micro-
injection of glutamate receptor agonists into the MVN or
RVLM and SNP-induced hypotension increase circulating
epinephrine levels, and this is prevented by pretreatment
with microinjection of glutamate receptor antagonists into
the MVN or RVLM. This further indicates the presence of
functional connections between the vestibular nuclei and
the adrenal gland. Hence, the VSA axis is proposed to be
a key component of the pathway used by the vestibulo-

LML

Fig. 7. Schematic diagram of the
vestibulo-spino-adrenal (VSA) axis
in the vestibulosympathetic reflex.
AM Dotted lines represent pathway of
the VSA axis. VNC, vestibular nuclear
complex; NTS, nucleus tractus soli-

¢ : tarius; CVLM, caudal ventrolateral

Y medulla; RVLM, rostral ventrolateral

R medulla; IML, intermediolateral cell
Cardiovascular system

column of the spinal cord; AM, adrenal
medulla.

sympathetic reflex to maintain blood pressure during pos-
tural movements. Further research is required to de-
termine whether other nuclei groups also participate in this
neural pathway.
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