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Role of peripheral vestibular receptors in the control of blood
pressure following hypotension

Review Article

Guang-Shi Jin', Xiang-Lan Li**, Yuan-Zhe Jin?, Min Sun Kim?, and Byung Rim Park**

'Department of Cerebral Surgery, Yanbian University College of Clinical Medicine, Yanji 133000, China, ’Department of Physiology and Pathophysiology, Yan-
bian University College of Medicine, Yanji 133002, China, *Department of Physiology, Wonkwang University School of Medicine and Brain Science Institute at
Wonkwang University, Iksan 54538, Korea

ARTICLE INFO
Received March 9, 2018

Revised April 18,2018
Accepted April 29,2018

*Correspondence
Xiang-Lan Li

E-mail: lixI1972@ybu.edu.cn
Byung Rim Park

E-mail: byungp@wku.ac.kr

Key Words
Dizziness
Epinephrine
Glutamate
Hypotension

ABSTRACT Hypotension is one of the potential causes of dizziness. In this review, we
summarize the studies published in recent years about the electrophysiological and
pharmacological mechanisms of hypotension-induced dizziness and the role of the
vestibular system in the control of blood pressure in response to hypotension. It is
postulated that ischemic excitation of the peripheral vestibular hair cells as a result of
a reduction in blood flow to the inner ear following hypotension leads to excitation
of the central vestibular nuclei, which in turn may produce dizziness after hypoten-
sion. In addition, excitation of the vestibular nuclei following hypotension elicits the
vestibulosympathetic reflex, and the reflex then regulates blood pressure by a dual-
control (neurogenic and humoral control) mechanism. In fact, recent studies have
shown that peripheral vestibular receptors play a role in the control of blood pres-
sure through neural reflex pathways. This review illustrates the dual-control mecha-
nism of peripheral vestibular receptors in the regulation of blood pressure following
hypotension.

Vestibulosympathetic reflex

INTRODUCTION

The vestibular system is the principal sensory system and has
been demonstrated to be responsible for normal spatial orienta-
tion, motor coordination, and autonomic regulation. Peripheral
vestibular receptors in the inner ear send information of head
position and velocity to the central vestibular nuclear complex
and the cerebellum through afferent vestibular nerves, and the
vestibular nuclear complex then estimates orientation of the head
and body. The output of the central vestibular system is generally
described in terms of three simple reflexes, the vestibulo-ocular,
vestibulospinal, and vestibuloautonomic reflex (VSR) [1]. In fact,
the vestibular system influences the function of the autonomic
nervous system through the VSR and controls body posture and
movement through the vestibulo-ocular and vestibulospinal re-

flex [2].

Autonomic symptoms, such as nausea, vomiting, tachycardia,
vertigo, and tachypnea, can be induced by abnormal stimula-
tion of the vestibular system. Activities of sympathetic nerves are
increased by electrical stimulation of the vestibular nerves, and
bilateral vestibular dysfunction reduces motion sickness suscep-
tibility. However, the patients with bilateral vestibular loss may
be more susceptible to orthostatic hypotension [3-7]. The effect
of the vestibular system on autonomic functions has been widely
studied. However, few studies have investigated the effect of blood
pressure on the vestibular function. Stimulation of the vestibular
receptors by head movement can affect heart rate, arterial blood
pressure, and the baroreceptor reflex [8-13]. The patients who
experience hypotension or have heart diseases often complain of
dizziness [14-16]. Therefore, decreased blood flow in the peripher-
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al vestibular system may implicate in the pathophysiology of diz-
ziness. In fact, previous studies have suggested that the vestibular
activity affects blood pressure and blood pressure also affects the
activity of the vestibular system [17-20]. In this review, we delin-
eate the electrophysiological and pharmacological mechanisms of
hypotension-induced dizziness and the neural pathways behind
the neurogenic and humoral control of the VSR in response to
hypotension.

RESPONSE OF PERIPHERAL VESTIBULAR
RECEPTORS FOLLOWING HYPOTENSION

Using the electrophysiological recording in rats with intact
labyrinths, Park et al. [17] have demonstrated that hypotension
with a 10-30% decrease in blood pressure induced by sodium
nitroprusside administration or hemorrhage elicited excitation of
type I neurons and inhibition of type II neurons in the bilateral
medial vestibular nucleus (MVN). Even though mean arterial
pressure is decreased to 50% of control, cerebral blood flow is well
controlled by autoregulation [21,22]. However, the decrease in
cochlea blood flow in the inner ear is in proportion to the reduc-
tion in arterial blood pressure [23,24]. In addition, a 10% to 30%
reduction in arterial blood pressure decreases blood flow in the
peripheral vestibular system but does not affect brainstem blood
flow [25]. In fact, excitation of type I neurons and inhibition of
type II neurons in the bilateral MVN are elicited by hypotension
in rats with intact labyrinths. However, in unilateral labyrinthec-
tomized rats, hypotension elicits inhibition of type I neurons and
excitation of type II neurons ipsilateral to the lesion and induces
excitation of type I neurons and inhibition of type II neurons
contralateral to the lesion [17]. The responses of neurons in the
MVN contralateral to the lesion are produced by commissural
connections to the MVN ipsilateral to the lesion. These results
suggest that hypotension alters the central vestibular neuronal ac-
tivity by activating the peripheral vestibular receptors rather than
the central vestibular nuclear complex itself.

According to previous studies, it remains unclear how reduc-
tion of blood flow activates the peripheral vestibular receptors,
but one assumption is that ischemic damage to the hair cells in
the peripheral vestibular system is caused by decreased blood
flow in the inner ear. In fact, the level of neurotransmitter gluta-
mate is increased during cochlear ischemia, and excess glutamate
causes acute excitotoxicity in the inner hair cells [26]. In addition,
a reduction of inner ear blood flow due to hypotension causes
ischemic excitation of the peripheral vestibular hair cells, result-
ing in activation of the central vestibular nuclei, which may in
turn produce dizziness. Although the central vestibular nuclei are
vulnerable to ischemia [27], the central vestibular nuclei may not
be involved in dizziness after hypotension because loss of bilateral
peripheral vestibular receptors cannot induce excitation of the
central vestibular nuclei after hypotension.
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Hypotension induces expression of the c-Fos protein in the
preoptic area, hypothalamus, and medulla, which are involved in
regulation of body fluid [28,29]. Sodium nitroprusside-induced
hypotension increases expression of the c-Fos protein in the ves-
tibular nuclear complex, particularly in the MVN, in control ani-
mals. However, in unilateral labyrinthectomized animals, reduc-
tion in the c-Fos protein expression is more pronounced in the
vestibular nuclei ipsilateral than contralateral to the lesion after
hypotension. Furthermore, bilateral labyrinthectomy completely
suppresses the expression of the c-Fos protein in the bilateral ves-
tibular nuclei after hypotension [18]. The pattern of phosphory-
lated extracellular signal-regulated kinase (pERK) expression in
the vestibular nuclei after hypotension is similar to that of c-Fos
protein expression [30]. These results are consistent with those
obtained in electrophysiological studies.

SIGNALING PATHWAY IN THE VESTIBULAR
NUCLEI FOLLOWING HYPOTENSION

Excitation of peripheral vestibular receptors due to hypotension
is transmitted to the vestibular nuclei through neurotransmit-
ters. Glutamate, aspartate, glycine, alanine, taurine, and gamma-
aminobutyric acid (GABA) are the main neurotransmitters in
the central nervous system [31]. In particular, glutamate is an
excitatory neurotransmitter of afferent fibers in the peripheral
vestibular system [32]. GABA is an inhibitory neurotransmitter
of commissural connections between bilateral vestibular nuclei
and is involved in the inhibitory cerebellar inputs [33]. Taurine is
a possible modulator of GABA function [34]. To understand the
signaling pathway in the vestibular nuclei after hypotension, Li
et al. [35] used microdialysis and high performance liquid chro-
matography to measure the levels of specific amino acids in the
MVN involved in regulation of vestibular nuclear activity after
hypotension, and the results revealed increased glutamate release
but decreased GABA and taurine release in the MVN following
hypotension. In unilateral labyrinthectomized rats, the levels
of glutamate, GABA, and taurine were unchanged in the MVN
ipsilateral to the lesion; however, in the MVN contralateral to the
lesion, glutamate release was increased, and GABA and taurine
release was decreased following hypotension.

Glutamate, a neurotransmitter in brain, has different types of
receptors, such as ionotropic receptors (alpha-amino-3-hydroxy-
5-methylisoxazole-4-propionic acid [AMPA], N-methyl-D-
aspartate [NMDA], and kainic acid) and metabotropic receptors
(metabotropic glutamate receptor 1 [GluR1] to metabotropic
glutamate receptor 11). Ischemic damage caused by hypotension
to the hair cells in the peripheral vestibular system increases glu-
tamate release in the vestibular afferent nerves, and the released
glutamate in turn activates its receptors to excite the vestibular
nuclei. To determine whether the glutamate receptors are involved
in this process, Li et al. [36] investigated the signaling pathway of
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glutamate and its receptors in the central vestibular nuclei follow-
ing hypotension in conscious rats. It was found that microinjec-
tion of NMDA or AMPA into the lateral ventricle increased c-Fos
protein expression in the bilateral MVN. However, after micro-
injection of 6-cyano-7-nitroquinoxaline-2, 3-dione (CNQX) or
dizocilpine (MK801) into the lateral ventricle, little c-Fos protein
was expressed in the bilateral MVN following hypotension. These
results suggest that excitatory afferent signals from the peripheral
vestibular receptors release glutamate into postsynaptic neurons
in the central vestibular nuclear complex in response to decreased
blood pressure. Choi et al. [37] investigated by western blotting
the expression of subunits of glutamate receptors, AMPA and
NMDA, in the MVN following hypotension. They found that
the excitatory signals from the peripheral vestibular receptors to
the vestibular nuclei were transmitted through NR2B subunit of
NMDA receptors and the GluR1 subunit of AMPA receptors in
the vestibular system [36,37].

ROLE OF THE SOLITARY TRACT NUCLEUS
(STN) IN HYPOTENSION

In the VSR, vestibular nuclear neurons, which are excited by
neurotransmitters, transmit afferent signals to the STN [13]. The
STN also receives afferent signals from several other visceral or-
gans to control autonomic functions in the body. Blood pressure
is maintained by a complex network of physiological systems,
such as the baroreceptor reflex and VSR [10,38,39]. The barore-
ceptor reflex maintains blood pressure by a feedback control sys-
tem during hemorrhage and physical movement [40]. Barorecep-
tors are located in the carotid sinus and aortic arch. The carotid
sinus transmits afferent signals to the STN through the glos-
sopharyngeal nerve, and the aortic arch sends the signals to the
STN through the vagus nerve. Neurons from the STN transmit
the signals to the caudal ventrolateral medullary nucleus (CVLM)
and nucleus ambiguus. Neurons from the CVLM transmit the
inhibitory signals to the rostral ventrolateral medullary nucleus
(RVLM). RVLM, an area containing presympathetic neurons, is
the center of the sympathetic nervous system and innervates the
intermediolateral cell column (IMC) in the spinal cord.

The VSR controls blood pressure through activation of the
sympathetic nervous system that is elicited by vestibular stimula-
tion [2,12]. The STN, CVLM, and RVLM receive afferent inputs
from the inferior vestibular nucleus and the caudal portion in
the MVN [41,42]. The STN also receives primary inputs from the
cardiovascular, digestive, and respiratory system [43]. In addi-
tion, direct projections from the inferior vestibular nucleus and
MVN to both the STN and the dorsal motor nucleus in the vagus
nerve were observed in rabbits and rats, and the results suggest
that vestibular inputs converge with baroreceptor reflex inputs
in the STN. The STN integrates afferent signals from barorecep-
tors and vestibular receptors to control blood pressure [20,41,44].
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Jiang et al. [45] measured pERK expression in the STN in con-
scious rats that had undergone bilateral labyrinthectomy and/or
sinoaortic denervation (SAD) following hypotension. The results
showed that acute hypotension significantly increased expres-
sion of pERK in the STN in the control group. Hypotension also
increased pERK expression in the bilateral labyrinthectomy, SAD,
and combination of labyrinthectomy and denervation groups;
however, the increase of pERK expression in the three experimen-
tal groups was smaller than that in the control group. The SAD
group showed a higher expression of pERK than did the bilateral
labyrinthectomy group. In the bilateral labyrinthectomy and SAD
groups, pERK-immunoreactive neurons were mainly localized in
the caudal region of the STN.

A recent study [20] also found that expression of the c-Fos pro-
tein was significantly increased in the STN in the control group
following hypotension. However, c-Fos protein expression in the
bilateral labyrinthectomy, SAD, or combination of labyrinthec-
tomy and denervation group was significant decreased compared
with that in the control group. The combination of labyrinthec-
tomy and denervation group showed the least expression of c-Fos
among the three experimental groups, and c-Fos protein expres-
sion in the bilateral labyrinthectomy group was higher than that
in the SAD group. These results suggest that the function of the
STN can be modulated by the vestibular system.

The signaling pathway from the vestibular nuclei to the STN
was also pharmacologically investigated by Li et al. [46]. It was
found that pretreatment with glutamate receptor antagonists
(MK801 or CNQX) in the MVN abolished the increase in expres-
sion of both c-Fos and pERK proteins in the STN following hypo-
tension. Moreover, expression of both pERK and c-Fos proteins in
the STN was increased after microinjection of glutamate receptor
agonists (AMPA or NMDA) into the MVN. These results suggest
that NMDA and AMPA receptors are involved in transmission of
excitatory signals from the vestibular nuclei to the STN following
hypotension.

ROLE OF THE RVLM IN HYPOTENSION

The STN receives afferent signals from the vestibular nuclei as
well as the baroreceptors and transmits the signals to the RVLM
through the CVLM in the VSR and the baroreceptor reflex. Doba
and Reis first reported that the vestibular system plays a role in
cardiovascular responses to postural movement [3]. Activity of
the sympathetic nerve is increased by electrical or head rotatory
stimulation of the peripheral vestibular receptors in cats [47-49].
Many reports suggest that the neural circuit in the VSR is inde-
pendent of the neural circuit in the baroreceptor reflex in various
species [50]. The RVLM, the most essential regulation center of
the cardiac sympathetic nerve and sympathetic vasoconstric-
tor nerve, receives information from the STN and CVLM. The
RVLM integrates various information and regulates tonic activity
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of the sympathetic nerve by its fibers bound to presympathetic
neurons that innervate the IMC in the spinal cord [51].

Lan et al. [52] observed c-Fos protein expression in the RVLM
in conscious rats that had undergone bilateral labyrinthectomy
and/or SAD. It was found that expression of the c-Fos protein was
significantly increased in the RVLM in the control group follow-
ing hypotension; however, c-Fos protein expression in the bilater-
al labyrinthectomy, SAD, or combination of labyrinthectomy and
denervation groups was significantly decreased compared with
that in the control group. They also found that the expression of
PERK significantly increased in the RVLM in the control group
following hypotension [38]. Hypotension also increased expres-
sion of pERK in the bilateral labyrinthectomy, SAD, or combina-
tion of labyrinthectomy and denervation groups, although the
increase in the three experimental groups was smaller than that
in the control group. The bilateral labyrinthectomy group showed
a higher pERK expression than did the SAD group. Furthermore,
glutamate release was significantly increased in the RVLM in
the control, bilateral labyrinthectomy, and SAD groups follow-
ing hypotension. The bilateral labyrinthectomy group showed a
higher glutamate release than did the SAD group. These results
indicate that the vestibular receptors have a less powerful role in
regulating pERK expression and glutamate release in the RVLM
following hypotension than do the baroreceptors; however, the
vestibular receptors play an important role in the RVLM and are
involved in blood pressure maintenance.

ROLE OF THE IMCIN HYPOTENSION

The RVLM transmits efferent signals to the IMC in order to
produce sympathetic outputs. Sympathetic preganglionic neu-
rons in the spinal cord are located in the IMC. Nerve fibers from
the IMC in the spinal cord directly innervate the adrenal gland
or the internal organs through postganglionic neurons. Cardiac
sympathetic nerves and vasoconstrictor nerves participate in the
regulation of cardiovascular activity.

It has been reported that hypotension excites RVLM neurons
through vestibular receptors in SAD animals [38]. It is postulated
that hypotension activates the VSR by exciting the sympathetic
nerves through the IMC in the spinal cord. Interestingly, Lu et al.
[53] and Park et al. [54] found that hypotension increased c-Fos
and pERK protein expression in the IMC of T4-T7 spinal cord in
conscious rats with SAD. These findings demonstrate that hypo-
tension increases sympathetic nerve activity through the vestibu-
lar nuclei and RVLM.

Additionally, it has been demonstrated that glutamate plays an
important role in the signaling pathway underlying the transmis-
sion of neural signals from the RVLM to the IMC in response to
hypotension [53,54]. In fact, pretreatment with microinjection of
glutamate receptor antagonists (MK801 or CNQX) into the MVN
or RVLM prevents the increase of pERK or c-Fos protein expres-
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sion in the IMC after hypotension. These results indicate that the
activated transmission of neural signals from the vestibular re-
ceptors to the IMC may compensate for decreased blood pressure
following hypotension through the NMDA and AMPA receptors
of glutamate in the IMC. These neural networks modulate blood
pressure by direct stimulation of the sympathetic nerves to the
cardiovascular system following hypotension. This may be con-
sidered as a neurogenic or fast control of blood pressure in the
VSR.

\l}ng OF THE ADRENAL MEDULLA IN THE

The IMC transmits sympathetic outputs to the adrenal medulla
and visceral organs through the peripheral sympathetic nerves.
The adrenal medulla releases epinephrine into the bloodstream,
and the released epinephrine plays an important role in the con-
trol of blood pressure. Recent studies have investigated the role
of blood epinephrine in the humoral control of blood pressure
[53,54]. It was found that blood epinephrine levels were elevated
after hypotension, and microinjection of glutamate agonists
(NMDA or AMPA) into the MVN or RVLM also increased the
blood epinephrine levels. However, pretreatment with micro-
injection of glutamate antagonists (MK801 or CNQX) into the
MVN or RVLM abolished the increase in blood epinephrine level
following hypotension. Increased blood epinephrine following
hypotension may result in excitation of the sympathetic nerves in
the adrenal medulla. Therefore, after hypotension, the VSR may
regulate blood pressure through increased epinephrine release
from the adrenal medulla, and the released epinephrine may be
involved in the humoral or delayed control of blood pressure in
the vestibulosympathetic reflex (Fig. 1) [54].

In conclusion, hypotension elicits the VSR, which in turn
regulates blood pressure by neurogenic and humoral control
mechanisms. In the neurogenic control, the peripheral vestibular

Vestibular
receptor

Baro- ) S >=..........:
receptor "3 INTS Fedicvim . oy g :
L T §SympathetlcE {Epinephrine;
nerve ;i H

Neurogenic : : Humoral

control : control

[Cardiovascular system ]

Fig. 1. A block diagram shows the pathway of the neurogenic and
humoral control in the vestibulosympathetic reflex. The solid line
is based on the results obtained in our studies. VNC, Vestibular nuclear
complex; RVLM, Rostral ventrolateral medullary nuclei; IMC, Interme-
diolateral cell column of the spinal cord; AM, Adrenal medulla; NTS, Nu-
cleus tractus solitarius; CVLM, Caudal ventrolateral medullary nucleus
[54 with permission].
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receptors are excited by hypotension, and the excitatory signals
from the vestibular receptors are transmitted to the T4-T7 IMC
through the MVN and RVLM. Excitation of the peripheral sym-
pathetic nerves then increases blood pressure. This neural circuit
is involved in the rapid response in the VSR. In the humoral con-
trol, an increased epinephrine release from the adrenal medulla
elevates blood pressure. This pathway is involved in the delayed
response to hypotension in the VSR. The VSR, therefore, shows
a dual control mechanism in the regulation of blood pressure in
response to hypotension.

ACKNOWLEDGEMENTS

Supported by Grant 31260249 from the National Natural Sci-
ence Foundation of China.

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

REFERENCES

1. Wilson V], Jones GM. Mammalian vestibular physiology. New
York: Plenum press; 1979.

2. Yates BJ. Vestibular influences on the sympathetic nervous sys-
tem. Brain Res Brain Res Rev. 1992;17:51-59.

3. Doba N, Reis DJ. Role of the cerebellum and the vestibular ap-
paratus in regulation of orthostatic reflexes in the cat. Circ Res.
1974;34:9-18.

4. Yates BJ, Siniaia MS, Miller AD. Descending pathways necessary for
vestibular influences on sympathetic and inspiratory outflow. Am J
Physiol. 1995;268:R1381-1385.

5. Park BR, Kim MS, Lee MY, Kim YK, Choi SC, Nah YH. Effects of
galvanic stimulation of the mastoid process on the gastric motility
induced by caloric stimulation. Auris Nasus Larynx. 1999;26:263-
268.

6. Graybiel A, Miller EF 2nd, Newsom BD, Kennedy RS. The effect

of water immersion on perception of the oculogravic illusion in

normal and labyrinthine-defective subjects. Acta Otolaryngol.
1968;65:599-610.

Kennedy RS, Graybiel A, McDonough RC, Beckwith FD. Symp-

tomatology under storm conditions in the North Atlantic in control

subjects and in persons with bilateral labyrinthine defects. Acta

Otolaryngol. 1968;66:533-540.

8. Kolev OI, Tibbling L. Vestibular and cardiac reactions to open-sea
exposure. J Vestib Res. 1992;2:153-157.

9. Normand H, Etard O, Denise P. Otolithic and tonic neck recep-
tors control of limb blood flow in humans. J Appl Physiol (1985).
1997;82:1734-1738.

10. Convertino VA. Interaction of semicircular canal stimulation

with carotid baroreceptor reflex control of heart rate. ] Vestib Res.
1998;8:43-49.

~

www.kjpp.net

11.

12.

13.

14

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Yates BJ, Aoki M, Burchill P, Bronstein AM, Gresty MA. Cardiovas-
cular responses elicited by linear acceleration in humans. Exp Brain
Res. 1999;125:476-484.

Yates BJ, Miller AD. Properties of sympathetic reflexes elicited by
natural vestibular stimulation: implications for cardiovascular con-
trol. J Neurophysiol. 1994;71:2087-2092.

Gotoh TM, Fujiki N, Matsuda T, Gao S, Morita H. Roles of barore-
flex and vestibulosympathetic reflex in controlling arterial blood
pressure during gravitational stress in conscious rats. Am ] Physiol
Regul Integr Comp Physiol. 2004;286:R25-30.

. Pemberton J. Does constitutional hypotension exist? BMJ. 1989;298:660-

662.

Ohashi N, Imamura J, Nakagawa H, Mizukoshi K. Blood pressure
abnormalities as background roles for vertigo, dizziness and dis-
equilibrium. ORL J Otorhinolaryngol Relat Spec. 1990;52:355-359.
Yang CS, Young YH. Clinical investigation on hypotensive patients
with vertigo. Eur Arch Otorhinolaryngol. 2006;263:804-808.

Park BR, Kim MS, Kim JH, Jin YZ. Effects of acute hypotension on
neuronal activity in the medial vestibular nuclei of rats. Neurore-
port. 2001;12:3821-3824.

Kim MS, Hyo Kim J, Kry D, Ae Choi M, Ok Choi D, Gon Cho B,
Jin YZ, Ho Lee S, Park BR. Effects of acute hypotension on expres-
sion of cFos-like protein in the vestibular nuclei of rats. Brain Res.
2003;962:111-121.

Lee JO, Park SH, Kim HJ, Kim MS, Park BR, Kim JS. Vulnerability
of the vestibular organs to transient ischemia: implications for iso-
lated vascular vertigo. Neurosci Lett. 2014;558:180-185.

Jiang X, Li LW, Lan Y, Yang YZ, Jin GS, Kim MS, Park BR, Jin YZ.
Comparative analysis of vestibular receptor and baroreceptor inputs
to the nucleus tractus solitarius following acute hypotension in con-
scious rats. Neurosci Lett. 2014;563:70-74.

Biinemann L, Jensen KA, Riisager S, Thomsen LJ. Cerebral blood
flow and metabolism during hypotension induced with sodium ni-
troprusside and metoprolol. Eur J Anaesthesiol. 1991;8:197-201.
Hamaguchi M, Ishibashi T, Katsumata N, Mitomi A, Imai S. Effects
of sodium nitroprusside (MR7S1) and nitroglycerin on the systemic,
renal, cerebral, and coronary circulation of dogs anesthetized with
enflurane. Cardiovasc Drugs Ther. 1992;6:611-622.

Hasegawa M, Yokoyama K, Kobayashi N, Okamoto A, Tamura T,
Watanabe I. Blood pressure and cochlear blood flow in the guinea
pig. Acta Otolaryngol. 1989;107:413-416.

Preckel MP, Dégoute CS, Dubreuil C, Boulud B, Tassard AM, Bans-
sillon V. Effects of buflomedil and naftidrofuryl on the human co-
chlear microcirculation measured by laser-Doppler. Rev Laryngol
Otol Rhinol (Bord). 1995;116:69-72.

Angelborg C, Larsen HC. Blood flow in the peripheral vestibular
system. ] Otolaryngol. 1985;14:41-43.

Pujol R, Puel JL, Gervais d’Aldin C, Eybalin M. Pathophysiology
of the glutamatergic synapses in the cochlea. Acta Otolaryngol.
1993;113:330-334.

Yamamoto K, Kubo T, Matsunaga T. Effects of asymmetric verte-
bral blood flow upon the vestibulo-ocular reflex of the rabbit. Arch
Otorhinolaryngol. 1985;241:195-202.

Badoer E, McKinley MJ, Oldfield BJ, McAllen RM. Distribution of
hypothalamic, medullary and lamina terminalis neurons expressing
Fos after hemorrhage in conscious rats. Brain Res. 1992;582:323-
328.

Korean J Physiol Pharmacol 2018;22(4):363-368



368

Jin GS et al

29.

30.

3L

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Krukoff TL, MacTavish D, Harris KH, Jhamandas JH. Changes in
blood volume and pressure induce c-fos expression in brainstem
neurons that project to the paraventricular nucleus of the hypo-
thalamus. Brain Res Mol Brain Res. 1995;34:99-108.

Kim MS, Choi DO, Choi MA, Kim JH, Kim KY, Lee MY, Rhee JK,
Chun SW, Park BR. Immunohistochemical detection of phosphory-
lated form of extracellular signal-regulated kinase 1/2 in rat ves-
tibular nuclei following hemorrhagic hypotension. Neurosci Lett.
2004;360:49-52.

Li H, Godfrey DA, Rubin AM. Quantitative distribution of amino
acids in the rat vestibular nuclei. J Vestib Res. 1994;4:437-452.

Smith PF, de Waele C, Vidal PP, Darlington CL. Excitatory amino
acid receptors in normal and abnormal vestibular function. Mol
Neurobiol. 1991;5:369-387.

Smith PE, Darlington CL, Hubbard JI. Evidence for inhibitory ami-
no acid receptors on guinea pig medial vestibular nucleus neurons
in vitro. Neurosci Lett. 1991;121:244-246.

Schousboe A, Pasantes-Morales H. Potassium-stimulated release of
[3H]taurine from cultured GABAergic and glutamatergic neurons. J
Neurochem. 1989;53:1309-1315.

Li XL, An'Y, Jin QH, Kim MS, Park BR, Jin YZ. Changes of some
amino acid concentrations in the medial vestibular nucleus of con-
scious rats following acute hypotension. Neurosci Lett. 2010;477:11-
14.

Li XL, Nian B, Jin Y, Li LW, Jin GS, Kim MS, Park BR, Jin YZ.
Mechanism of glutamate receptor for excitation of medial vestibular
nucleus induced by acute hypotension. Brain Res. 2012;1443:27-33.
Choi MA, Lee JH, Hwang JH, Choi S], Kim MS, Park BR. Signaling
pathway of glutamate in the vestibular nuclei following acute hypo-
tension in rats. Brain Res. 2008;1229:111-117.

Lan Y, Lu HJ, Jiang X, Li LW, Yang YZ, Jin GS, Park JY, Kim MS,
Park BR, Jin YZ. Analysis of the baroreceptor and vestibular recep-
tor inputs in the rostral ventrolateral medulla following hypotension
in conscious rats. Korean ] Physiol Pharmacol. 2015;19:159-165.
Kumagai H, Oshima N, Matsuura T, ligaya K, Imai M, Onimaru
H, Sakata K, Osaka M, Onami T, Takimoto C, Kamayachi T, Itoh
H, Saruta T. Importance of rostral ventrolateral medulla neurons
in determining efferent sympathetic nerve activity and blood pres-
sure. Hypertens Res. 2012;35:132-141.

Spyer KM. Neural organisation and control of the baroreceptor re-
flex. Rev Physiol Biochem Pharmacol. 1981;88:24-124.

Balaban CD, Beryozkin G. Vestibular nucleus projections to nucleus
tractus solitarius and the dorsal motor nucleus of the vagus nerve:
potential substrates for vestibulo-autonomic interactions. Exp Brain

Korean J Physiol Pharmacol 2018;22(4):363-368

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Res. 1994;98:200-212.

Holstein GR, Friedrich VL Jr, Kang T, Kukielka E, Martinelli GP.
Direct projections from the caudal vestibular nuclei to the ventrolat-
eral medulla in the rat. Neuroscience. 2011;175:104-117.

Kalia M, Mesulam MM. Brain stem projections of sensory and mo-
tor components of the vagus complex in the cat: II. Laryngeal, tra-
cheobronchial, pulmonary, cardiac, and gastrointestinal branches. |
Comp Neurol. 1980;193:467-508.

Yates BJ, Grélot L, Kerman IA, Balaban CD, Jakus J, Miller AD.
Organization of vestibular inputs to nucleus tractus solitarius and
adjacent structures in cat brain stem. Am ] Physiol. 1994;267:R974-
983.

Jiang X, Lan Y, Jin YZ, Park JY, Park BG, Ameer AN, Park BR. Ef-
fect of vestibulosympathetic reflex and baroreflex on expression of
pERK in the aucleus tractus solitarius following acute hypotension
in conscious rats. Korean J Physiol Pharmacol. 2014;18:353-358.

Li LW, Jin GS, Yang YZ, Ameer AN, Kim MS, Park BR, Jin YZ. Ef-
fect of glutamate on the vestibulo-solitary projection after sodium
nitroprusside-induced hypotension in conscious rats. Korean |
Physiol Pharmacol. 2015;19:275-281.

Kerman IA, McAllen RM, Yates BJ. Patterning of sympathetic
nerve activity in response to vestibular stimulation. Brain Res Bull.
2000;53:11-16.

Kerman IA, Yates BJ, McAllen RM. Anatomic patterning in the
expression of vestibulosympathetic reflexes. Am J Physiol Regul
Integr Comp Physiol. 2000;279:R109-117.

Ray CA, Carter JR. Vestibular activation of sympathetic nerve activ-
ity. Acta Physiol Scand. 2003;177:313-319.

Radtke A, Popov K, Bronstein AM, Gresty MA. Evidence for a
vestibulo-cardiac reflex in man. Lancet. 2000;356:736-737.

Guyenet PG, Haselton JR, Sun MK. Sympathoexcitatory neurons of
the rostroventrolateral medulla and the origin of the sympathetic
vasomotor tone. Prog Brain Res. 1989;81:105-116.

Lan Y, Yang YZ, Jiang X, Li LW, Jin GS, Kim MS, Park BR, Jin YZ.
Additive role of the vestibular end organ and baroreceptors on the
regulation of blood pressure in rats. Korean J Physiol Pharmacol.
2013;17:367-373.

Lu HJ, Li MH, Li MZ, Park SE, Kim MS, Jin YZ, Park BR. Func-
tional connections of the vestibulo-spino-adrenal axis in the control
of blood pressure via the vestibulosympathetic reflex in conscious
rats. Korean ] Physiol Pharmacol. 2015;19:427-434.

Park SE, Jin YZ, Park BR. Dual control of the vestibulosympathetic
reflex following hypotension in rats. Korean ] Physiol Pharmacol.
2017;21:675-686.

https://doi.org/10.4196/kipp.2018.22.4.363



