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Abstract

Evidence accumulated over 30 years, from experiments on animals and human subjects, has
conclusively demonstrated that inputs from the vestibular otolith organs contribute to the control
of blood pressure during movement and changes in posture. This review considers the effects of
gravity on the body axis, and the consequences of postural changes on blood distribution in the
body. It then separately considers findings collected in experiments on animals and human
subjects demonstrating that the vestibular system regulates blood distribution in the body during
movement. Vestibulosympathetic reflexes differ from responses triggered by unloading of
cardiovascular receptors such as baroreceptors and cardiopulmonary receptors, as they can be
elicited before a change in blood distribution occurs in the body. Dissimilarities in the expression
of vestibulosympathetic reflexes in humans and animals are also described. In particular, there is
evidence from experiments in animals, but not humans, that vestibulosympathetic reflexes are
patterned, and differ between body regions. Results from neurophysiological and neuroanatomical
studies in animals are discussed that identify the neurons that mediate vestibulosympathetic
responses, which include cells in the caudal aspect of the vestibular nucleus complex, interneurons
in the lateral medullary reticular formation, and bulbospinal neurons in the rostral ventrolateral
medulla (RVLM). Recent findings showing that cognition can modify the gain of
vestibulosympathetic responses are also presented, and neural pathways that could mediate
adaptive plasticity in the responses are proposed, including connections of the posterior cerebellar
vermis with the vestibular nuclei and brainstem nuclei that regulate blood pressure.

Introduction

The role of the vestibular system in adjusting eye, head, and body position in space to
compensate for linear and angular accelerations that occur during voluntary or unexpected
movements has been appreciated for many decades (117, 118, 120). In addition, the
occurrence of motion sickness showed that the vestibular system influences the activity of
the sympathetic and parasympathetic nervous systems and respiratory muscles, since the
signs and symptoms of motion sickness include pallor, cold sweating, nausea and vomiting
(206, 329). Consequently, the role of the vestibular system in control of autonomic functions
was originally thought to be limited to the aberrant response of motion sickness, whose
evolutionary significance and physiological role is still debated (34, 121, 177, 206, 230, 242,
313).
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Over the past four decades, beginning with a seminal study by Doba and Reis in 1974 (89),
considerable evidence has accumulated through experiments in both animal and human
subjects to demonstrate that the vestibular system plays an active role in adjusting blood
distribution in the body during movement and changes in posture (22, 314, 317, 326).
Redistributions of blood elicited by vestibular stimulation are mainly accomplished through
the actions of the sympathetic nervous system, and have been termed “vestibulo-sympathetic
reflexes” (VSR). This article will outline the evidence showing that body movements in
space trigger VSR, and that these responses complement baroreceptor and cardiopulmonary
reflexes in assuring that blood pressure remains stable during the homeostatic challenges
associated with body motion and postural alterations. In addition, current information
regarding the neural pathways that mediate VSR will be described.

Neural Regulation of Blood Pressure

Both the sympathetic and parasympathetic nervous systems contribute to the regulation of
blood pressure, as reviewed extensively in other Handbook of Physiology chapters (1, 33,
35, 298, 302) and many additional publications (61, 79, 113, 116, 139, 155, 229, 243, 270,
271, 283, 284). For both systems, preganglionic neurons located in the central nervous
system provide synaptic inputs to postganglionic neurons situated in peripheral ganglia, that
in turn innervate smooth or cardiac muscle cells or pacemaker cells in the heart. Sympathetic
preganglionic neurons are concentrated in the thoracic and upper lumbar spinal cord,
whereas parasympathetic preganglionic neurons are located in specific sites in the brainstem
as well as in the sacral spinal cord. Parasympathetic postganglionic neurons release the
neurotransmitter acetylcholine onto muscarinic receptors on the surface of target cells. In
contrast, most (but not all) sympathetic postganglionic neurons release norepinephrine onto
a- or B-adrenergic receptors on the surface of target cells. An exception to this organization
is the innervation of chromaffin cells in the adrenal medulla by sympathetic preganglionic
neurons. Chromaffin cells resemble sympathetic postganglionic neurons, but release
epinephrine and some norepinephrine into the bloodstream when activated by sympathetic
preganglionic neurons. Epinephrine binds to adrenergic receptors, with a preference for
receptors. The organization of sympathetic and parasympathetic nervous system influences
on the cardiovascular system are outlined in Fig. 1.

The dogma that the sympathetic and parasympathetic nervous systems always operate in a
push and pull fashion (52, 53) certainly does not apply to the cardiovascular system (1).
While these two systems have opposite effects on heart rate through their actions on cardiac
pacemaker cells, the parasympathetic nervous system contributes relatively little to adjusting
peripheral blood flow or contractility of the ventricles of the heart (155). Whereas vascular
smooth muscle receives rich innervation from the sympathetic nervous system, the
parasympathetic nervous system is connected with only a few specific vascular beds (such
as blood vessels in the genitalia)(191). In the vascular beds that receive parasympathetic
innervation, the parasympathetic nervous system induces the release of nitric oxide from
endothelial cells, which in turn causes vasodilation.

Pressure in the systemic arteries is related to both the amount of blood ejected from the left
ventricle of the heart and the resistance present in the vasculature (249). Cardiac output is
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determined by both heart rate and the contractility of the ventricles (propensity for cardiac
muscle cells to shorten). In general, the sympathetic nervous system acts to increase blood
pressure, as it induces an increase in heart rate, enhanced ventricular contractility, and
increases in vascular resistance. It is noteworthy, however, that blood flow through capillary
beds, and not blood pressure per se, is the critical factor in maintaining the viability of
peripheral tissues. Vasoconstriction of smooth muscle in arterioles diminishes blood flow to
the capillary beds distal to the constricted vessels, while blood flow through capillaries distal
to dilated vessels increases. Hence, the sympathetic nervous system serves to adjust the
amount of blood flow to particular tissues of the body.

Effects of Postural Alterations on the Cardiovascular System

Understanding the physiological significance of VSR requires an appreciation of the effects
of gravity on the cardiovascular system. When lying in the supine or prone positions, the
force of gravity has approximately the same effects at the level of the feet, head, and heart
(35, 135, 140). Hence, arterial and venous blood pressures are relatively constant across the
body axis, as shown in Fig. 2. However, upon standing, gravity causes great disparities in
arterial and venous blood pressure in different body regions (35, 135, 140)(see Fig. 2). Since
mercury is approximately 13.6 times as dense as blood, arterial blood pressure decreases
about 0.74 mm Hg per cm above the heart, and increases the same amount as blood
descends below the heart. Thus, if mean arterial blood pressure is 90 mm Hg in the aorta, it
would be ~68 mm Hg at 1" (30.5 cm) above the heart and ~112 mm Hg at 1" below the
heart. Furthermore, upon standing, venous pressure increases in the lower body, to ~100 mm
Hg in an individual with 136 cm of distance from the feet to the heart (see Fig 2). Thus, if no
other physiological processes (e.g., skeletal muscle pumping, venoconstriction, presence of
venous valves) acted to propel blood back to the heart, 100 mm Hg of pressure would be
required to translocate blood from the feet to the heart during standing.

There are a variety of physiological consequences of postural alterations. The increases in
arterial and venous pressures that occur in the lower body when an individual stands from a
supine position result in increased hydrostatic pressures within capillaries, and thus loss of
fluid into the interstitial space (35, 135, 140). Moreover, blood is translocated to the lower
body, resulting in a reduction of venous return to the heart (35, 135, 140). It has been
established for nearly a century that cardiac output is dependent on venous return, since
stretch of the ventricle (and the myocytes in its wall) results in stronger contractions (228,
274). Thus, a reduction in venous return to the heart immediately results in decreased
cardiac output, and lower blood pressure.

A study in cats examined the effects of postural changes on blood pooling in the lower body,
by comparing blood flow (measured using transit-time ultrasound technology) in the femoral
artery and vein during passive head-up tilts of different amplitudes (331). As indicated in
Fig. 3, sudden head-up rotations of the animals (delivered at a velocity of 30°/sec) resulted
in an immediate decrease in venous return, which was maximal ~5 sec after the tilt reached
peak amplitude, but subsequently abated. However, as long as the animal was in the head-up
position, venous return to the heart was lower than when the animals were prone. The effects
were dependent on the amplitudes of rotations, such that 60° tilts resulted in a transient,
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instantaneous 70% decrease in femoral vein blood flow, and a sustained decrease of 30-40%
relative to when animals were prone. Simultaneously, femoral artery blood flow also
decreased, presumably due to vasoconstriction in the lower body produced by the actions of
the sympathetic nervous system. At ~10 sec after the tilt reached maximal amplitude, the
decline in arterial and venous blood flow were almost perfectly matched, so that blood
accumulation in the hindlimb (difference between the two parameters) was ~0 (331).

These data suggest that the sympathetic nervous system triggers both venoconstriction (to
reduce venous compliance and aid in return of blood to the heart) and arterial
vasoconstriction (to decrease blood flow to the hindlimb) during head-up rotations, to limit
hindlimb blood pooling resulting from the effects of gravity on the body (331). Additional
physiological mechanisms also facilitate venous return to the heart during standing,
including skeletal muscle pumping and alterations in the activity of respiratory muscles (67,
245). It is noteworthy that muscle contraction associated with standing has the potential of
producing a transient surge of blood to the heart, thereby momentarily offsetting the
gravitational effects on the cardiovascular system (304). Thus, gravitational actions on the
cardiovascular system likely differ depending on whether the postural changes are active or
passive (e.g., delivered using a tilt table).

Data from human subjects have provided contradictory conclusions regarding the role of the
sympathetic nervous system in ameliorating blood pooling in the lower body (32, 144, 151,
215, 241, 295). In particular, the role of the sympathetic nervous system in regulating
compliance of lower body veins during postural changes is a matter of debate (106, 175,
203). Nonetheless, it is universally agreed that sympathetic vasoconstrictor activity increases
in the upper and lower body during standing, and that an absence of such increases in
sympathetic nervous system activity during postural changes results in a precipitous drop in
blood pressure (107, 108, 136, 184, 292). Thus, a variety of physiological mechanisms,
including feedforward mechanisms that are triggered before changes in blood pressure
occur, are necessary to maintain stable blood pressure during postural alterations.

Detection of Postural Alterations that Affect the Cardiovascular System

A variety of feedback mechanisms serve to increase sympathetic nervous system activity
when postural alterations result in decreased venous return to the heart and lowered blood
pressure. Stretch receptors in the wall of the atria are activated in accordance with venous
return; unloading of the atrial receptors results in increased firing in sympathetic nerves
(33). In addition, baroreceptors in the aortic arch and carotid sinus respond to arterial stretch,
and are unloaded when blood pressure decreases, leading to an increased firing of
sympathetic vasoconstrictor neurons (251). Thus, a decline in venous return and the
associated reduction in arterial blood pressure trigger two reflex systems that act in parallel
to increase sympathetic vasoconstrictor drive to resistance vessels.

Although complementary reflex systems serve to increase sympathetic nervous system
activity when venous return and blood pressure decrease, these reflex systems are engaged
only after cardiovascular disturbances are present (33, 251). Atrial receptors that regulate
sympathetic activity are mainly unmyelinated (223, 287), and most baroreceptor afferents
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are unmyelinated or thinly myelinated (12, 254, 300). Thus, transmission of sensory signals
from baroreceptors to the brainstem occurs relatively slowly. Studies involving electrical
stimulation of baroreceptor afferents have shown that changes in blood pressure occur at a
relatively long latency (>1 sec) following activation of the afferent fibers (160). Considering
the extremely rapid changes in venous return that occur during head-up tilt (see Fig. 3), this
lag in the baroreceptor reflex would allow considerable blood accumulation in the lower
body. Moreover, appreciable unloading of atrial and arterial stretch receptors would only
occur after a significant decline in venous return to the heart and blood pressure have
transpired (35, 135, 140). Since leg and abdominal muscle contractions during active
standing propel a bolus of blood to the heart, the arterial and atrial stretch receptors could be
momentarily loaded when gravitational effects are beginning to cause blood accumulation in
the lower body (304). These observations indicate the physiological importance of
additional mechanisms that rapidly adjust sympathetic nervous system activity during
postural alterations.

As discussed in detail below (see “Characteristics of Vestibulosympathetic Reflexes in
Animal Models” and “Vestibulosympathetic Reflexes in Human Subjects”), it is now
established that an additional reflex system activated by inputs from vestibular system
endorgans adjusts sympathetic nervous system activity during postural changes. The
significance of VSR in regulating blood pressure likely rests with the exquisite sensitivity of
the vestibular system in detecting changes in head orientation in space. VSR can be
triggered at the onset of movements that could lead to peripheral blood pooling and a
decrease in venous return to the heart, and thus have an important advantage over reflexes
elicited by the unloading of atrial or arterial stretch reflexes.

Five vestibular sensory organs exist in the inner ear on each side of the head: one associated
with each of the three semicircular canals, and two otolith organs located within a central
area called the vestibule, which extends between the semicircular canals and the cochlea (see
Fig. 4). The semicircular canals are sensitive to angular acceleration, which occurs when an
individual rotates their head or is positioned on a spinning device such as a merry-go-round.
In contrast, the two otolith organs, the utriculus and the sacculus, which are roughly
perpendicular to each other, sense linear acceleration. The utriculus is mainly responsive to
horizontal plane linear accelerations, such as those that occur when an airplane speeds down
a runway. In contrast, the sacculus is mainly responsive to vertical plane linear
accelerations, which occur when an individual falls downward or is suddenly hoisted
upwards in an elevator. Gravity is a form of linear acceleration, and changes in head position
with respect to gravity provide the major physiological stimulus for the otolith organs.
Signals from the vestibular endorgans are carried via afferents in the VI11™ cranial nerve to
the brainstem, mainly to the vestibular nuclei. This complex of four nuclei is located
dorsolaterally within the medulla and caudal pons (23, 118, 120).

It is noteworthy that the vestibular endorgans signal head movements and position in space,
and not the location of the body in space. In order to produce physiologically-appropriate
responses, additional sensory information is required. For example, both a downward nod of
the head and a head-forward fall produce the same activation of vestibular endorgans.
Whereas the first of these scenarios requires no limb extension through vestibulospinal
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reflexes to remain erect, the second example does. To differentiate between whole-body and
head-on-body movements, vestibular nucleus neurons integrate inputs from vestibular
endorgans and neck proprioceptors. These inputs are typically antagonistic, and tend to
cancel each other (96, 310, 311). Hence, a vestibular nucleus neuron whose firing rate
increases during a head-forward shift in body position may not respond to a downward nod
of the head, since the latter entails stimulation of both neck proprioceptors and receptors in
the vestibular endorgans (40, 166). In addition, proprioceptive inputs from throughout the
body affect the activity of vestibular nucleus neurons (163), and recent studies have
suggested that at least some vestibular system neurons encode movement with respect to the
body and not the head (183). Furthermore, recent data have also shown that vestibular
nucleus neurons respond differently to active and unexpected movements of the head,
showing that higher brain regions that control movement affect the processing of signals
within the vestibular system (74).

Although some changes in posture that affect venous return to the heart are unexpected, such
as a cat falling from a tree, most are voluntary movements. Consequently, it would seem
appropriate to proactively adjust sympathetic nervous system activity as movements are
planned and executed. The notion that higher brain centers regulate the firing rate of
brainstem neurons that control sympathetic nerve activity is supported by research on
“central command” (97, 186, 197, 298, 305). Experiments monitoring cardiovascular
responses in human and animal subjects showed that adjustments in these responses
necessary during exercise are initiated before exercise begins (97, 298). For example,
paralyzed human subjects exhibit increases in blood pressure and heart rate that are graded
to the intensity of imagined exercise (110). In decerebrate or anesthetized cats, stimulation
of regions of the lateral and caudal hypothalamus, fields of Forel, and midbrain ventral
tegmental area elicit parallel changes in motor activity and cardiovascular responses (186,
213, 298). Central command entails in part resetting the gain of baroreceptor reflexes, which
allows blood pressure and heart rate to increase (97, 186, 197, 298, 305). However, there has
been no demonstration through neurophysiological recordings in conscious animals that
planning of movement affects the activity of brainstem neurons that control blood pressure.

Characteristics of Vestibulo-Sympathetic Reflexes in Animal Models

Responses Elicited by Electrical Stimulation of Vestibular Afferents

Accelerations of the head that activate vestibular endorgans also have the potential of
stimulating other receptors in the body. In particular, linear accelerations including those
produced by gravity during body tilts can result in fluid shifts that affect stretch receptors in
the atria and large arteries. To circumvent this problem, a number of studies have used
stimulating electrodes secured near branches of the VII1™ cranial nerve to selectively
activate vestibular afferents, without stimulus spread to adjacent nerves (the auditory portion
of the VIII™ nerve or the VII™ nerve). In addition, the stimulus is synchronous, and thus
latencies of responses can be calculated accurately. A limitation of the use of electrical
vestibular stimulation is that vestibular afferents signaling head movements in different
directions are activated at the same time. Thus, whereas electrical vestibular stimulation can
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be used to determine whether a response is produced by the vestibular system, the technique
does not provide insights regarding the physiological properties of the response.

A large number of studies conducted in a variety of laboratories have shown that delivery of
electrical stimuli to vestibular nerve branches elicits changes in sympathetic nerve activity,
as illustrated in Fig. 5 (62, 145, 146, 170, 202, 276, 286, 288, 289, 323, 328). These
responses could be excitatory, inhibitory, or consist of a combination of excitation and
inhibition. Furthermore, VSR elicited by electrical stimulation have been recorded from
sympathetic nerves innervating many regions in the body, including the cardiac nerve,
cervical sympathetic nerve, abdominal sympathetic chain, splanchnic nerve, renal nerve,
celiac nerve, superior mesenteric nerve, hypogastric nerve, lumbar colonic nerve, and
external cardiac nerve. Many of the studies included controls such as lesioning the ipsilateral
vestibular nuclei to demonstrate that the responses were due to activation of vestibular
afferent fibers, and not to current spread to other afferents. The latencies of VSR elicited by
electrical stimulation typically ranged from 50-100 msec, depending on the recording
location.

One study examined the effects of electrical stimulation of vestibular afferents on the firing
rate of physiologically-identified muscle constrictor fibers in the face, forelimb, and
hindlimb (171). Muscle vasoconstrictor fibers in all three regions responded to vestibular
stimulation. Some of the efferents were inhibited by the stimulus, whereas others were
mainly excited. Curiously, muscle vasoconstrictor fibers that were inhibited by vestibular
stimulation tended to be located in the leg, whereas those that were mainly excited were
located in the upper body. These findings suggest that VSR are anatomically patterned, and
differ between body regions (see “Patterning of Vestibulosympathetic Reflexes” below).

Other studies have demonstrated that delivery of a train of electrical stimuli to vestibular
nerve fibers produces a decrease in blood pressure (145, 146, 168, 192, 268, 269, 289), as
well as a large increase in blood flow to the lower body (168), as shown in Fig. 6. Electrical
stimulation of vestibular afferents also produced a slight decrease in forelimb blood flow
(168), as illustrated in Fig. 6. Since the magnitude of the forelimb hemodynamic response
was smaller than that of the hindlimb response, the decline in blood pressure was likely due
to a decline in total peripheral resistance associated with the increase in lower body
perfusion.

Responses Elicited by Natural Stimulation of Vestibular Afferents

The use of electrical stimulation of vestibular afferents demonstrated that the vestibular
system influences sympathetic nervous system activity. However, studies using natural
vestibular stimulation (movement of the animal’s body in space) were required to provide
insights into the physiological role of VSR. As noted above, use of natural vestibular
stimulation is problematic, as body movements can activate receptors outside the inner ear,
including cardiopulmonary and baroreceptor afferents if the movements produce fluid shifts.
To address this limitation, two approaches have been used. In the first, extensive
denervations were conducted in animals to eliminate inputs from nonlabyrinthine afferents.
In the second, responses were compared before and after removal of vestibular inputs,
usually by bilateral destruction of the inner ear or transection of the V111t nerves.
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In one study (327), splanchnic nerve activity was recorded in decerebrate cats during
rotation of the head on a fixed body, following a cervical dorsal root rhizotomy (to eliminate
inputs from neck receptors activated by head movement) and transection of the Xt and X"
cranial nerves in the neck (to eliminate inputs from cardiopulmonary receptors and
baroreceptors). The maximal rotation amplitude was 20°. Since only the head of the animals
was moved, and extensive denervations were conducted, it was presumed that vestibular
receptors were selectively activated. This was confirmed by demonstrating that lesions
placed in the vestibular nuclei eliminated the sympathetic nerve responses to head rotation.

During sinusoidal rotations of the head in vertical planes, splanchnic nerve activity was
highest when the nose was tilted upwards, and lowest when the nose was tilted downwards,
as shown in Fig. 7. Roll tilts (ear-down rotations) of the head had little effect on splanchnic
nerve activity, and neither did horizontal (yaw) rotations. Responses to clockwise and
counterclockwise rotations of the head in vertical planes were used to determine the
response vector orientation, or the plane of head tilt that produced maximal sympathetic
nerve activation. For most animals, the response vector orientation was near nose-up pitch of
the head (327).

After the response vector orientation was determined, sinusoidal head rotations were
delivered in this plane at a variety of frequencies to determine the dynamics of responses to
vestibular stimulation (327). A sine wave was fitted to responses, and two parameters were
calculated: the amplitude of the sine wave (response gain) and the phase shift between the
stimulus and response sine waves (response phase). These parameters are plotted in Fig. 8
for each stimulus frequency tested. Response gains were typically consistent across stimulus
frequencies, and response phases were near stimulus position or lagged stimulus position
slightly. These response characteristics are similar to those of afferents innervating the
vestibular otolith organs (7, 101, 165), suggesting that inputs from the otolith organs elicited
the changes in sympathetic nerve activity (327).

Another study using the same preparation tested whether 50° rotations of the head produced
changes in blood pressure (312). Head-up tilts elicited an increase in blood pressure with a
mean magnitude of 18 mm Hg and a mean latency of 1.3 sec from the onset of the
movement. The rise in blood pressure occurred without an appreciable change in heart rate,
suggesting that the blood pressure response was caused by an increase in peripheral
vasoconstriction. Ear-down tilts did not produce a significant change in blood pressure.
Therefore, increases in blood pressure were elicited by the direction of vestibular stimulation
(head-up tilt) that ordinarily signals body movement that diminishes venous return to the
heart. The increases in blood pressure triggered by head-up tilts were abolished by
transection of the V111! cranial nerves, demonstrating that they were the result of activation
of labyrinthine afferents. However, several caveats must be considered when interpreting the
results of the study. First, it was assumed that if neck receptors were intact, neck and
vestibular inputs to the vestibular nuclei would have cancelled, and no changes in blood
pressure would have occurred. This assumption was supported by a later study showing that
rotation of the head upwards produced changes in sympathetic nerve activity only following
an upper cervical dorsal rhizotomy to eliminate neck inputs (and not when neck inputs were
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present) (37). In addition, the responses recorded in this study would likely have been
attenuated if baroreceptors were intact.

Other studies compared cardiovascular responses to whole-body movements before and
after bilateral destruction of the inner ear or transection of the VIII!" nerves, to ascertain
which components of the responses were related to activation of labyrinthine receptors. The
earliest of these studies, conducted by Doba and Reis (89), was paramount in establishing
the physiological significance of VSR. These investigators showed that transection of the
V1™ nerves in anesthetized, paralyzed cats resulted in significantly larger decreases in
blood pressure during 30° and 60° head-up tilts than when vestibular inputs were present.
Complementary findings were subsequently obtained through experiments on conscious cats
(162), although it was noted that the effects of the lesions dissipated over time. The
transience of effects of vestibular system lesions on the regulation of blood pressure is
discussed below (see “Recovery of Cardiovascular Responses Following Vestibular System
Lesions”). Lesions placed bilaterally in the caudal aspect of the vestibular nucleus complex
also resulted in larger decreases in blood pressure during head-up tilts (207). Similarly,
studies in rats showed that rearing causes a drop in blood pressure that is exacerbated
following vestibular lesions or baroreceptor denervation (2).

Subsequent studies considered the effects of elimination of labyrinthine inputs on peripheral
blood flow during head-up tilts (307, 331). As illustrated in Fig. 9, 60° head-up tilts in
conscious cats resulted in a decrease in both forelimb and hindlimb blood flow and a marked
increase in vascular resistance. However, the changes in hindlimb blood flow and vascular
resistance were strongly attenuated following a bilateral vestibular neurectomy. Over time,
however, there was recovery in adjustments of hindlimb blood flow during postural changes.
In contrast, removal of vestibular inputs resulted in little change in forelimb blood flow.
These findings complement those from studies using electrical stimulation of vestibular
afferents in showing that VSR are anatomically patterned, and differ between body regions
(168, 169).

The effects of removal of labyrinthine inputs on carotid artery blood flow to the head have
also been assessed in conscious animals (306). Unlike limb blood flow, blood flow to the
head measured when animals were in the prone position increased appreciably after bilateral
transection of the VIII™ nerves. As a result, even when posturally-related lability in carotid
blood flow occurred after removal of vestibular inputs, blood supply to the head was not
lower than when labyrinthine inputs were present. These data show that the vestibular
system may have different roles in regulating cerebral blood flow and blood flow to other
regions of the body, in that it modulates the baseline levels of perfusion of the head. In
addition, the findings support the notion that VSR are anatomically patterned.

Another group of experiments examined the role of the vestibular system in generating
cardiovascular responses during gravitational stress resulting from centrifugation (3-G
hypergravity) in rodents (3, 124, 185). In animals lacking both baroreceptor and vestibular
inputs, blood pressure dropped during short exposures to hypergravity. In baroreceptor-
intact animals lacking vestibular inputs, blood pressure increased during hypergravity
exposures. It was concluded that the VSR serve to increase blood pressure during
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gravitational stress, and that any overshoots in blood pressure were corrected by
baroreceptor reflexes (4, 124, 185). Other experiments showed that microgravity associated
with free-fall resulted in an increase in blood pressure in intact rats, but that the response
was attenuated in rats with bilateral peripheral vestibular lesions (3-5). The pressor
responses to free-fall were also attenuated in animals with 2 weeks exposure to
centrifugation. Furthermore, in centrifuged rats with subsequent bilateral vestibular lesions,
the pressor responses were significantly smaller than in other conditions. These data provide
additional evidence that the vestibular system contributes to cardiovascular regulation.

Summary—The combination of approaches used in animal models support the conclusion
that VSR complement baroreceptor and cardiopulmonary reflexes in maintaining stable
blood pressure during changes in posture. In addition, VSR are rapid enough to limit blood
pooling at the onset of movement, before appreciable blood accumulation occurs in the
periphery. Loss of vestibular inputs results in disturbances in blood pressure during postural
alterations, likely due to impairments in the capacity to raise peripheral resistance in the
lower body. However, long-term experiments showed that deficiencies in cardiovascular
responses during postural changes following vestibular lesions are temporary, suggesting
that other mechanisms can substitute for the loss of VSR. These mechanisms are described
below (see “Recovery of Posturally-Related Cardiovascular Responses Following Vestibular
System Lesions”.)

Recovery of Posturally-Related Cardiovascular Responses Following

Vestibular System Lesions

Studies assessing the effects of removal of vestibular inputs on the regulation of blood
pressure and peripheral blood flow showed that impairments in the cardiovascular responses
dissipated over time (306, 307, 331). It thus appears that alternate mechanisms can at least
partially replace VSR. Postural stability recovers over the same time period that
compensatory cardiovascular responses return following peripheral vestibular lesions, which
has been attributed to substitution of nonlabyrinthine for labyrinthine sensory inputs within
the central nervous system (190).

Several possible mechanisms of sensory substitution have been discussed, which are not
mutually exclusive. Placement of lesions bilaterally in the caudal aspect of the vestibular
nucleus complex resulted in permanent deficits in adjusting blood pressure during head-up
tilts, suggesting that the recovery of the ability to make such adjustments following bilateral
VIt nerve transections required the processing of neural signals within the vestibular
nuclei (207). Other studies demonstrated that neurons in the caudal portions of the vestibular
nuclei receive appreciable inputs from somatosensory receptors in the neck, trunk, and limbs
(161, 163), and that the number of vestibular nucleus neurons that responded to these signals
increased following the elimination of labyrinthine inputs (163, 189). The firing rate of a
small fraction of vestibular nucleus neurons was modulated by head-up tilts following
bilateral transection of the V111! nerves, which raised the following possibility: substitution
of nonlabyrinthine for labyrinthine signals in the vestibular nuclei restored responses that
were initially lost following removal of vestibular inputs (195, 324). However, it remains
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unclear whether enough vestibular nucleus neurons respond to changes in body position
following bilateral loss of labyrinthine inputs to account for the functional recovery that is
observed (195).

A large body of physiological evidence has demonstrated that the rostral ventrolateral
medulla (RVLM), a column of cells located near the ventral surface of the rostral medulla,
plays a predominant role in controlling sympathetic nerve activity and blood pressure (39,
76-78). Bilateral inhibition of the RVLM causes a loss of baroreceptor reflexes (75, 126,
244). The RVLM also provides a major pathway through which vestibular signals are
conveyed to sympathetic preganglionic neurons in the spinal cord, as indicated by the
observation that bilateral chemical lesions of the RVLM abolished VSR (328). In conscious
cats, a significantly higher fraction of RVLM neurons exhibited cardiac-related activity, or
rhythmic bursts of action potentials synchronized with the cardiac cycle, after removal of
vestibular inputs (27). In addition, a bilateral labyrinthectomy resulted in a significant
reduction in the spontaneous activity of RVLM neurons, including those with cardiac related
activity (27). Both the higher prevalence of cardiac related activity and depressed activity of
RVLM neurons subsequent to removal of vestibular inputs could be explained by an
increase in the baroreceptor reflex gain. The development of enhanced baroreceptor reflexes
following vestibular lesions would result in increased vasoconstriction during head-up tilts,
which could account for the findings that instability in blood pressure during postural
changes dissipates over time after a loss of VSR (162). These observations raise the
hypothesis that after a bilateral labyrinthectomy, blood pressure instability during head up
tilts, which is reflected in the activity of baroreceptors, triggers plastic changes in the neural
circuit that produces baroreceptor reflexes, such that baroreceptor reflex gain increases.

Uvulectomy (removal of lobule X of the posterior cerebellar vermis) prevents
compensation for loss of VSR, such that blood pressure permanently remains labile during
head up tilts following a bilateral labyrinthectomy (141). Furthermore, stimulation or lesions
of the uvula elicit changes in sympathetic nerve activity and blood pressure (24, 43, 138,
218). Purkinje cells in the uvula provide monosynaptic inputs to the caudal aspect of the
vestibular nucleus complex, which mediates VSR, and disynaptic inputs to nucleus tractus
solitarius (NTS), which receives direct inputs from baroreceptor afferents (138, 226, 250).
Thus, the uvula’s connections are appropriate for regulating gains of both VSR and
baroreceptor reflexes. Inputs to the uvula are consistent with the hypothesis that this
cerebellar region modulates cardiovascular responses when disturbances in homeostasis
occur, such as during postural alterations subsequent to loss of labyrinthine inputs. The
uvula receives labyrinthine and baroreceptor signals relayed through both mossy and
climbing fibers (23, 41, 173, 217, 221, 267). This pattern of inputs is analogous to those to
the cerebellar flocculus, which modifies the gain of the vestibulo-ocular reflex when it is
inadequate in keeping the retinal fovea aligned with a visual target of interest during head
movements (48, 90, 182, 194, 303), with the exception that signals related to blood pressure
are substituted for those indicating retinal slip. Consequently, the uvula may participate in
producing plastic changes in the neural pathways that regulate blood pressure when
disturbances in cardiovascular homeostasis ensue. This hypothesis awaits experimental
verification.
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Effects of removal of vestibular inputs on the regulation of blood pressure dissipate over the
same time period that the animals recover postural stability, likely because nonlabyrinthine
inputs substitute for the elimination of vestibular signals. There is some evidence that the
gain of the baroreceptor reflex increases following a bilateral labyrinthectomy, and that the
enhanced baroreceptor responses partially compensate for the loss of the VSR. Damage to
the cerebellar uvula attenuates recovery of posturally-related cardiovascular responses
following the loss of vestibular inputs, raising the possibility that the cerebellum adjusts the
gains of VSR and baroreceptor reflexes when these responses are inadequate in maintaining
cardiovascular homeostasis. Similarly, adjustments in the gain of the vestibulo-ocular reflex
to prevent retinal slip no longer occur following damage to the cerebellar flocculus.
Accordingly, the posterior cerebellum may have analogous roles in somatic and autonomic
motor control, at least with regard to responses generated by the vestibular system.

Patterning of Vestibulosympathetic Reflexes

Walter Cannon proposed early concepts about the regulation of sympathetic nervous system
activity. Cannon conjectured that all sympathetic nerve fibers were activated simultaneously
in response to a variety of different stimuli (53). However, the development of methods to
record activity from single sympathetic nervous system efferents changed this perspective.
Jénig and colleagues disproved Cannon’s notion by demonstrating that sympathetic efferents
innervating particular tissue types responded to selective stimuli (36, 154, 156). For
example, the excitability of sympathetic efferent fibers regulating skin blood flow is
selectively altered in accordance with changes in body temperature. Such findings led to the
dogma that patterning of blood flow mediated by the sympathetic nervous system is in
accordance with tissue type, but not the location of the tissue within the body. For instance,
a stimulus might induce a decrease in the activity of sympathetic efferent fibers regulating
skeletal muscle blood flow, but the activity of efferents innervating blood vessels in all
muscles would be affected equally. Additional observations supported this notion. When
microinjection of sodium glutamate was used in cats to activate neurons in the RVLM, no
differences could be found between sites that caused vasoconstriction in forelimb and
hindlimb muscles (187), despite the fact that injection sites that specifically altered blood
flow to particular tissues (e.g., viscera vs. muscle or skin) were readily identifiable (80, 81,
187, 188). The dogma was also reinforced by experimental findings in human subjects. For
example, mild unloading of cardiopulmonary afferents in humans resulted in an increase in
the discharges of muscle vasoconstrictor fibers in both the arms and legs (241), but no
change in the activity of cutaneous vasoconstrictor fibers (295). Mental stress produced
parallel increases in arm and leg muscle sympathetic nerve activity (59), but variable
changes in cutaneous blood flow depending on the ambient temperature (85). Furthermore,
the variety of inputs evoked by head-down neck flexion in human subjects produced parallel
changes in arm and leg muscle vasoconstrictor activity (204).

In contradiction to Cannon’s traditional views discussed in the last paragraph, VSR in
animals are patterned in accordance to tissues innervated by particular sympathetic nervous
system efferents, as well as the location of the tissue in the body. A variety of sympathetic
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nerves respond to stimulation of vestibular efferents, although the responses are particularly
large for the renal nerve, which is comprised almost entirely of vasoconstrictor efferents,
and relatively small for the hypogastric nerve, which is comprised largely of non-
vasoconstrictor efferents (170). Furthermore, VSR are strongly attenuated or abolished by
increases in blood pressure (170), which selectively diminish the excitability of sympathetic
efferents that innervate vascular smooth muscle (14, 15, 156), as illustrated in Fig. 5.

In addition, vasoconstrictor efferents innervating different body regions have distinct
responses to vestibular stimulation. Simultaneous recordings were performed from muscle
vasoconstrictor efferents in the lower body (coursing in the peroneal nerve of the hindlimb)
and the upper body (coursing in either the radial nerve of the forelimb or the facial nerve)
(169). Most hindlimb muscle vasoconstrictor efferents were inhibited by electrical
stimulation of vestibular afferents, whereas most forelimb and facial muscle vasoconstrictor
efferents exhibited a response consisting of early, powerful excitation followed by weak
prolonged inhibition. Accordingly, delivery of a train of electrical stimuli to the vestibular
nerve elicited an increase in hindlimb blood flow but a decrease in forelimb blood flow
(168), as illustrated in Fig. 6. These findings indicate that vestibular signals can trigger
distinct changes in blood flow to the upper and lower body.

As discussed previously, a bilateral vestibular neurectomy attenuated the decrease in
hindlimb blood flow that ordinarily occurs during head-up rotations (307, 331)(see Fig. 9).
In contrast, forelimb vascular resistance was similar during head-up movements before and
after the removal of labyrinthine inputs, indicating that the vestibular system has distinct
influences on lower and upper body vasculature (307). Furthermore, removal of vestibular
inputs resulted in an increase in baseline blood flow to the head measured when the animals
were prone (306), but no changes in baseline blood flow to the forelimb or hindlimb (307,
331). These observations, in combination with data from experiments using electrical
stimulation of vestibular afferents, solidly demonstrate that VSR are anatomically patterned.

Since bilateral inhibition of the RVLM abolishes VSR (328), it might be expected that
different populations of RVLM neurons regulate upper and lower-body blood flow.
However, studies incorporating the injection of excitatory amino acids into the RVLM of
cats indicated that injections that affected muscle blood flow simultaneously increased
forelimb and hindlimb perfusion (187). This previous study did not consider the possibility
that separate populations of neurons located in the same region of the RVLM innervated
sympathetic preganglionic neurons in different regions of the thoracic spinal cord. The
organization of sympathetic preganglionic neurons in the spinal cord provides a convenient
anatomical substrate for regionally-specific regulation of activity of sympathetic efferent
fibers. By injecting fluorescent tracers into different sympathetic prevertebral ganglia,
Strack et al. (279) demonstrated that sympathetic preganglionic neurons in the upper
thoracic cord regulate sympathetic outflow to the upper body, whereas sympathetic
preganglionic neurons in the lower thoracic and upper lumbar spinal cord regulate
sympathetic outflow to the lower body. In addition, transneuronal tracing studies that
injected retrogradely-transported viruses into sympathetically-innervated targets in the
hindlimb (180, 290) and tail (264) showed that all the sympathetic preganglionic neurons
that regulate lower body smooth muscle are confined to the lower thoracic and upper lumbar
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spinal segments. This topographic organization of sympathetic preganglionic neurons would
complicate the global activation of sympathetic efferent fibers, in that the axon of an RVLM
neuron would need to branch extensively in the spinal cord and activate sympathetic
preganglionic neurons in many spinal segments in order to elicit changes in sympathetic
efferent activity across the body.

To investigate whether RVLM neurons have branching connections to multiple spinal cord
segments, a recent study incorporated large injections of two different fluorescent dyes into
the T4 and T10 spinal cord segments (125). Only a small fraction of RVLM neurons was
double-labeled by both dyes, supporting the notion that individual RVLM neurons regulate
the activity of sympathetic efferent fibers innervating a limited number of body regions.
Double-labeling was higher amongst the subpopulation of catecholaminergic RVLM
neurons, although most of these cells did not apparently innervate both the T4 and T10
segments. These data support the hypothesis that individual RVLM neurons have the
connectivity in the spinal cord to regulate either upper- or lower-body blood flow. Yet,
another study cast doubt on whether RVLM neurons are solely responsible for the
anatomical patterning of VSR. This study showed that RVLM neurons whose axons
terminated rostral to the T10 spinal segment had similar responses to electrical stimulation
of the vestibular nerve as RVLM neurons whose axons extended beyond T10 (281). In
particular, the large majority of RVLM neurons were excited by electrical stimulation of
vestibular afferents, in contradiction to the observation that hindlimb vasoconstrictor
efferents were inhibited by the same stimuli (168, 169).

These findings raise the possibility that brainstem areas in addition to the RVLM are
involved in shaping the properties of VSR. Although bilateral ablation of the RVLM
abolishes sympathetic nerve responses elicited by vestibular stimulation (328), this could
simply be due to the fact that without tonic excitatory drive from the RVLM, excitability of
sympathetic preganglionic neurons becomes too low for sensory inputs to modulate the
firing of sympathetic nerves. Studies in rodents involving the retrograde transneuronal
transport of neurotropic viruses by sympathetic efferent fibers that innervate blood vessels in
the hindlimb (180) or kidney (54, 253) have shown that a number of brainstem areas in
addition to the RVLM provide inputs to sympathetic preganglionic neurons: the medullary
raphe nuclei, rostral ventromedial medulla, A5 adrenergic cell group region, locus coeruleus,
nucleus subcoeruleus, and the paraventricular nucleus of the hypothalamus. Several of these
regions receive vestibular inputs (for review, see (22)), and thus could mediate labyrinthine
influences on sympathetic nervous system activity. Further studies will be required to
determine the role of brain areas other than the RVLM in the patterning of blood flow to
different body regions during vestibular stimulation.

The activity of only a subset of sympathetic efferent fibers is affected by stimulation of
vestibular afferents. Sympathetic preganglionic neurons that regulate peripheral vascular
resistance receive the strongest inputs from the vestibular system. In addition, sympathetic
nerve fibers that control upper and lower-body blood flow have different responses to
labyrinthine inputs. Most other inputs do not appear to elicit anatomical patterning of
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sympathetic responses, and thus vestibular signals may be somewhat unique in eliciting such
response patterning. Although the RVLM appears to play an important role in relaying
labyrinthine signals to sympathetic preganglionic neurons, other descending pathways from
the brainstem also appear to be important in establishing the patterning of VSR. Curiously,
studies in human subjects have not generally established that VSR are anatomically
patterned, as discussed below in the section “Vestibulosympathetic Reflexes Evoked by
Natural Stimulation in Humans.” It is yet to be determined whether this difference in results
between human and animal studies is due to species differences or distinctions in the
methodology used in the experiments.

Neural Pathways that Mediate Vestibulosympathetic Responses

Lesions placed near the caudal aspect of the vestibular nucleus complex (the caudal medial
and adjacent inferior vestibular nuclei) abolish sympathetic nerve responses elicited by
electrical or natural stimulation of vestibular afferents (170, 224, 288, 323, 327). Neurons in
this portion of the vestibular nucleus complex make connections with a number of medullary
regions that participate in regulating sympathetic nerve activity, including nucleus tractus
solitarius (17, 51, 232, 246, 321), the lateral medullary reticular formation (lateral tegmental
field and caudal ventrolateral regions) (232, 278, 316), and the RVLM (142, 232, 278). On
the basis of their responses to rotations, it appears that many neurons in the caudal regions of
the vestibular nucleus complex receive inputs from the vestibular otolith organs (13, 94,

189, 195). As discussed above (see Fig. 8)(327), the response dynamics of VSR suggest that
these responses are also mainly elicited by otolith organ inputs. In combination, these
converging lines of evidence demonstrate that neurons localized in the caudal medial and
adjacent inferior vestibular nuclei elicit VSR.

The average latencies of responses of RVLM neurons to electrical stimulation of vestibular
afferents were greater than 10 msec (280, 330). The RVLM neurons with such long-latency
responses to vestibular stimulation included those confirmed to receive baroreceptor inputs
and/or to have slowly-conducting projections to the thoracic spinal cord (280, 330),
indicating that they participated in regulating sympathetic nerve activity. These findings
suggest that despite the existence of direct connections from the caudal aspect of the
vestibular nucleus complex to the RVLM (142, 232, 278), signals are relayed principally
through multisynaptic connections from the vestibular nuclei to the RVLM. Neurons in the
lateral and ventrolateral medullary reticular formation, including those whose axons could
be antidromically activated from the RVLM, responded to electrical stimulation of
vestibular afferents at shorter latency than did RVLM neurons (277, 316). In addition,
chemical lesions of the lateral medullary reticular formation abolished VSR (275, 276). The
responses to body rotations of neurons in the medullary lateral tegmental field were similar
to those of VSR, supporting the notion that this region serves as a relay between the
vestibular nuclei and RVLM (212). Similarly, nucleus tract solitarius neurons with
baroreceptor inputs, which presumably participate in regulating sympathetic nervous system
activity, responded to activation of vestibular afferents by whole body rotations with
response dynamics mirroring those of VSR (280). These data suggest that multiple parallel
pathways participate in producing VSR; the role of each pathway in producing the responses
is unknown.
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The first recordings of RVLM neuronal activity in conscious animals were recently
conducted (27, 84). Only 1% of RVLM neurons in conscious cats responded to 10-15°
rotations in vertical planes (84). This finding was not surprising, since 20° head-up tilts had
little effect on blood distribution in the body (307, 331) and elicited no appreciable
vasoconstriction in conscious cats (307)(see Fig. 3). However, in decerebrate cats, the
activity of ~50% of RVLM neurons, including those with baroreceptor inputs, was
modulated by <10° rotations in vertical planes (84). Furthermore, activation of vestibular
receptors by 10-15° head-up tilts in decerebrate cats produced strong increases in
sympathetic nerve activity (327), as shown in Fig. 7. These data suggest that the brainstem
circuitry mediating VSR is highly sensitive to changes in body position in space, such that
non-physiologic (exaggerated) increases in SNA occur during head-up tilts in decerebrate
animals. Presumably, descending projections from higher brain centers modulate the
responsiveness to labyrinthine inputs of neurons in the VSR circuit.

The fraction of RVLM neurons with cardiac-related activity, or rhythmic bursts of action
potentials synchronized with the cardiac cycle, also varied considerably during and between
recording sessions, even when neuronal sampling was confined to a limited area (27).
Cardiac-related activity is a characteristic feature of brainstem neurons and sympathetic
nerve fibers that control blood pressure, and the incidence of cardiac-related activity
increases when baroreceptor reflex gain is elevated (64, 112, 114, 122, 123). No
disturbances in homeostasis preceded changes in expression of cardiac-related activity by
RVLM neurons, indicating that variations in incidence of cardiac-related activity were due
to mechanisms other than feedback reflexes, presumably cognition. These findings thus
suggest that baroreceptor reflexes can be regulated cognitively.

The notion that higher brain centers regulate the activity of brainstem neurons that control
sympathetic nerve activity is supported by research on “central command” (97, 186, 197,
298, 305). Experiments monitoring cardiovascular responses in human and animal subjects
showed that adjustments in these responses necessary during exercise are initiated before
exercise begins (97, 298). As noted above in the section “Recovery of Posturally-Related
Cardiovascular Responses Following Vestibular System Lesions,” there is evidence that the
cerebellar uvula elicits increases in the gain of baroreceptor reflexes following a removal of
vestibular inputs. Furthermore, the cerebellar uvula may also participate in regulating the
gains of VSR and baroreceptor reflexes in accordance with expected disturbances in
cardiovascular homeostasis. Several lines of evidence support this hypothesis. First, Purkinje
cells in the posterior cerebellar vermis project to the caudal vestibular nucleus complex,
which participates in autonomic regulation (9, 226, 233, 258, 297), providing a direct
pathway that could be responsible for modulation of VSR. A disynaptic link has also been
established between the uvula and NTS that may participate in adjusting the gain of
baroreceptor reflexes (226, 227). Electrical or chemical stimulation of the uvula produces
changes in RVLM unit activity (262) and blood pressure (42, 138, 219, 225). In addition, the
pressor responses elicited by stimulation of the uvula are reversed by injection of bicuculline
into nucleus tractus solitarius (227), suggesting that this region is a component of the
autonomic pathways affected by the caudal cerebellar vermis.
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Inputs to the uvula are also consistent with the hypothesis that this cerebellar region
modulates cardiovascular responses when disturbances in homeostasis are expected.
Regions of the inferior olive that provide climbing fiber inputs to the uvula (dorsomedial
cell column, subnucleus B, and the rostral aspect of the medial accessory olive (46, 69, 130,
164)) receive afferents from areas of the midbrain and posterior hypothalamus that regulate
blood pressure (265, 266, 293). Stimulation in and around these inferior olive regions elicits
changes in blood pressure, suggesting that they influence cardiovascular regulation (266,
299). Furthermore, these regions contain the imidazoline receptor protein, a marker of brain
areas that participate in autonomic control (247). Other pathways may also participate in
regulating autonomic function when perturbations in blood pressure are expected. For
example, the parabrachial nucleus receives descending signals from the limbic system and
hypothalamus, and modulates neuronal activity in brainstem areas that control blood
pressure, including the nucleus tractus solitarius (100, 131, 174, 176, 193) and RVLM (8,
181, 201). However, the notion that the cerebellar uvula plays a paramount role in regulating
the gains of cardiovascular responses during movement and changes in posture is appealing
for several reasons. As noted above, the connections of the uvula are appropriate to
simultaneously affect the two reflex systems that alter blood distribution in the body during
movement: VSR and baroreceptor reflexes. In addition, this notion is aligned with the
general role of the cerebellum in both the feedback and feedforward control of movement,
but extends this role to autonomic motor systems. Fig. 10 summarizes this model of the
neural connections that regulate blood distribution in the body during both unexpected and
planned movements and changes in body position in space.

Cerebellar regions in addition to the uvula may also participate in modulating VSR. There is
an extensive literature on potential contributions of a portion of a deep cerebellar nucleus,
the rostral fastigial nucleus, to the regulation of blood pressure (44, 45, 82, 83, 88, 89, 199,
200). The rostral fastigial nucleus receives labyrinthine inputs, including those from otolith
organs (50, 99, 111, 115, 172, 256, 260, 261, 272, 273, 333), and projects to regions of the
vestibular nuclei that mediate VSR (8, 55, 58). There is also some evidence that rostral
fastigial nucleus neurons project to nucleus tractus solitarius (8, 28, 216). Studies in
conscious nonhuman primates have suggested that the rostral fastigial nucleus integrates
labyrinthine and nonlabyrinthine inputs, and transforms these signals such that the firing rate
of fastigial nucleus neurons reflects the movement of an animal in body-centered
coordinates (47, 257). The connections of the rostral fastigial nucleus within the brainstem
are appropriate for this nucleus to modulate VSR, although the specific role that the
structure plays in regulating blood pressure during movement are yet to be determined.

Although lesions of the RVLM abolish VSR (328), other descending pathways may
modulate VSR. Anatomical studies have shown that several brainstem regions participate in
regulating sympathetic nervous system activity (54, 180, 253). In cats, neurons located in the
raphe nuclei (particularly raphe pallidus) participate in cardiovascular regulation. These
neurons exhibit cardiac-related activity (209), and raphespinal neurons that are excited by
baroreceptor stimulation project to the intermediolateral cell column (210). Some
raphespinal neurons have restricted axonal branching patterns, supporting the view that the
medullary raphe complex is capable of regional control over SNA (208). Recent anatomical
experiments involving the injection of fluorescent dyes into the vicinity of sympathetic
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preganglionic neurons in the T4 and T10 spinal cord also show that some neurons in raphe
pallidus project selectively to either the rostral or caudal thoracic levels (57). Furthermore,
raphe pallidus neurons receive inputs from the vestibular nuclei (232) and respond to
vestibular stimulation (318, 320). These observations raise the possibility that whereas the
RVLM is responsible for setting the general level of SNA, raphe neurons participate in fine-
tuning that activity, and are responsible for the patterning of VSR.

Recent evidence suggests that the role of the vestibular system in autonomic regulation
extends well beyond the reflexive control of blood pressure (16, 18, 19, 21, 22). Patients
who experience dizziness often exhibit symptoms of anxiety disorders, which include those
generated by the autonomic nervous system (e.g., palpitations, increased blood pressure,
sweating, etc.) (147-150). The link between vestibular disorders and anxiety may be
mediated through connections between the superior vestibular nucleus and the parabrachial
nucleus, which in turn provides afferents to the limbic system (16, 18, 19, 21, 22). There is
also considerable comorbidity between migraine, anxiety, and vestibular disorders, such that
the three conditions are components of a proposed new disorder: migrane-anxiety related
dizziness (MARD) (109). The neural pathways described above, including interconnections
between the limbic system and brainstem trigeminal nuclei through the periaqueductal gray,
are likely responsible for triggering the three conditions in parallel (19).

Relatively direct connections relay signals from the caudal medial and inferior vestibular
nuclei to the RVLM. However, the gain of VSR is much higher than in decerebrate than in
conscious animals, suggesting that higher brain centers adjust the gain of the responses. The
circuitry that regulates VSR gain likely includes cerebellar neurons, particularly Purkinje
cells in the uvula. In addition to this core circuitry, raphespinal pathways may be responsible
for establishing the patterning of VSR. Complex autonomic responses associated with
vestibular dysfunction, such as those related to anxiety disorders, are mediated through
projections from the superior vestibular nucleus to the parabrachial nucleus.

Vestibulosympathetic reflexes evoked by electrical stimulation in humans

While many studies in human subjects (considered in detail in a subsequent section) have
used physiological means of activating the vestibular system, recent studies supporting the
existence of robust VSR in humans have utilized galvanic vestibular stimulation (GVS).
Typically, a weak current (usually 1-2 mA) is applied across two surface electrodes over one
or (usually) both mastoid processes (behind the ears). Unilateral GVS can be produced by
applying a current between an anode on one mastoid process and a cathode on the back of
the head or the forehead (105). GVS has been primarily used to investigate the role of the
vestibular system in the control of posture and locomation (60, 104, 105). The advantage of
GVS is that it provides an essentially selective means of changing the firing of vestibular
nerve afferents (105, 119, 196), although it cannot target specific components of the
vestibular apparatus. Nevertheless, as a means of modulating vestibular input without
changing the inputs from other sources, GVS offers distinct advantages over natural stimuli:
there are no changes in baroreceptor inputs, no fluid shifts within the body, and no changes
in heart rate, blood pressure or respiration. It is evident that GVS changes vestibular inputs
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because the stimulus induces robust vestibular illusions: a standing subject will sway
towards the anode during application of a step pulse across the mastoid processes, while a
seated subject will perceive a lateral shift in head (and body) position. Application of low-
frequency (<2 Hz) sinusoidal GVS (sGVS, -2 to +2 mA) in seated subjects induces strong
postural illusions without activating muscles; typically, subjects report sensations of
“rocking in a boat” or “swinging in a hammock.” Interestingly, with the head vertical no
subjects report illusions of head rotation, nor do they perceive displacements back and forth
— the illusions are limited to side-to-side movements. Indeed, it has been argued that VSR
evoked by GVS are mediated exclusively by the otolith organs (63).

Modulation of muscle sympathetic nerve activity during GVS

Most investigations of the influence of GVS on sympathetic nerve activity in humans
entailed determining the effects of the stimulus on muscle sympathetic nerve activity
(MSNA), the activity of sympathetic efferent fibers that regulate muscle blood flow. MSNA
is recorded using microneurography. In brief, this technique involves the use of fine (200
um diameter) tungsten needle electrodes inserted percutaneously into a peripheral nerve to
extracellularly record activity of single nerve fibers or small groups of nerve fibers (291).
Using similar methodology, skin sympathetic nerve activity (SSNA) can also be recorded.

Recordings of MSNA from the lower limbs of awake human subjects revealed that delivery
of a 1-sec step of GVS at different times within the cardiac cycle, despite causing vestibular
illusions, had no effect on MSNA (38). Conversely, Voustianiouk and colleagues showed
that brief (30 ms) trains of 10 pulses caused a short-lasting increase in MSNA when
delivered 500 ms after the R-wave of the electrocardiogram (ECG) (296). This suggests that
dynamic rather than static galvanic vestibular stimulation is required to modulate
sympathetic outflow. Furthermore, sinusoidal trains of bipolar GVS, delivered binaurally at
0.5-0.8 Hz, caused a clear modulation of MSNA (29). This is shown in Fig. 11, in which the
normal cardiac-locked bursts of MSNA (indicated by ‘c’) are occasionally joined by an
additional burst — within the same cardiac cycle - generated by the vestibular input (‘v’). In
this way, two bursts of MSNA could occasionally be observed in a single cardiac cycle, but
there appeared to be competition between the cardiac-locked bursts and the bursts evoked by
vestibular stimulation. Indeed, close inspection of the traces encompassed by the rectangles
in Fig. 11 reveals that the outcome of the evident competition between the two rhythms —
cardiac and vestibular — depends on the temporal separation between the most effective
phase of the vestibular stimulus and the ECG: if the vestibular input coincides with the
middle of the cardiac interval, then there will be no competition with the baroreceptor-
mediated cardiac rhythm. This is illustrated in the second box in panel C, in which a burst
was generated out of phase with the cardiac cycle. This is considered to represent de novo
synthesis of a sympathetic burst by the vestibular input. Conversely, the first box in panel D
has a single peak that can be simply explained by the dominance of the cardiac rhythm.

In this (29) and subsequent studies, Bent and colleagues analyzed the negative-going action
potentials in the nerve recordings, rather than the smoothed (RMS-processed) mean-voltage
levels. It was shown that sinusoidal galvanic vestibular stimulation (SGVS) does not
significantly alter the overall level of MSNA, as measured in terms of bursts per minute or
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bursts per 100 heart beats. Moreover, the lack of change in blood pressure fits with this lack
of change in overall level of MSNA: sGVS produces a change in the pattern of sympathetic
outflow, not a change in its intensity (129). Interestingly, despite the clear evidence for VSR
uncovered by cross-correlation analysis, using this same approach the authors also showed
that sGV'S had no effect on the discharge of spontaneously active, or volitionally activated,
muscle spindles in human subjects (30, 31), despite evidence for vestibular modulation of
fusimotor neuronal activity in experimental animals (56, 231). This emphasizes that not all
physiological phenomena observed in anesthetized experimental animals can be observed in
human subjects, but also that certain physiological mechanisms are preserved through
evolution. The fact that VSR have been preserved, and are expressed in humans, surely
attests to their physiological importance.

Fig. 12A shows the cross-correlation analysis between MSNA and the ECG (white
histogram), as well as the autocorrelogram of the ECG (black histogram), after shifting the
ECG. Fig. 12B indicates that sGVS, delivered at 0.5 Hz, had no effect on the timing of each
heartbeat; GVS also had no effect on respiration (Fig. 12C). Strong coupling between
MSNA and the vestibular input (MSNA vs GVS) is shown for the same subject in Fig. 12D
(white histogram). A 0.5 Hz sine wave superimposed on the histogram represents the GVS,
whereas the black histogram shows the result of synchronizing MSNA recorded during a
rest period to a mathematically-generated sine wave (control) of the same frequency as the
actual GVS. Similar data from another subject are shown in Fig. 12E, but with a higher
frequency of stimulation (0.8 Hz). It is evident that MSNA becomes partially entrained to
the sinusoidal vestibular stimulus.

When the period of continuous sinusoidal GVS illustrated in Fig. 12D was divided into four
equal parts, it was possible to discern the variation in relative strength of the coupling
between MSNA and the cardiac and vestibular rhythms. In Fig. 13A, the first quarter of the
two min stimulation period had very little vestibular component, even though the subject
reported a strong and continuous postural illusion, and is clearly dominated by the cardiac
rhythm. In the next two segments the authors obtained an important observation: while the
sympathetic bursts are still locked to the cardiac rhythm, sinusoidal GVS causes a temporal
shift of the MSNA (Fig. 13B) and a tendency for the peaks to be larger during a particular
phase of the vestibular input. This tendency was all but lost in the next segment (Fig. 13C),
whereas the final sequence (Fig. 13D) is clearly dominated by the vestibular rhythm. This
competition between vestibular and cardiac rhythms was explored further in a subsequent
study by delivering sGVS at a range of frequencies ranging from 0.2 to 2.0 Hz (129). It
turned out that the weakest vestibular modulation of MSNA was obtained during stimulation
at 0.8 Hz. Given that this is close to the average heart rate, James and Macefield performed
another study in which they specifically tested the hypothesis that baroreceptors and
vestibular inputs compete to modulate MSNA. By delivering sGVS at the resting heart rate
of a given subject, and at frequencies above or below this central frequency, they confirmed
that vestibular modulation of MSNA is lowest when it coincides with the cardiac rhythm
and concluded that vestibular inputs do indeed compete with the baroreceptors in
modulating MSNA (153).
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More recently, the effects of vestibular inputs on muscle sympathetic outflow were
examined when sGVS was delivered at lower frequencies: 0.08-0.18 Hz. Interestingly, it
was discovered that low-frequency sinusoidal GVS induced two bursts of modulation of
MSNA for each cycle of stimulation (133), as illustrated in Fig. 14. In these studies, the
stimulating anode was placed over the right mastoid process and the cathode over the left.
Because the sympathetic recordings were always made from the left peroneal nerve, the
authors surmised that the primary peak of modulation occurred when the left vestibular
nerve was depolarized and the right vestibular nerve was hyperpolarized. The smaller
secondary peak occurred when the current shifted to the right side and depolarized the right
vestibular nerve while hyperpolarizing the left vestibular nerve. The incidence of double
peaks of MSNA was highest at 0.08 Hz and lowest at 0.18 Hz, and was never observed at
the higher frequencies of stimulation used previously (0.2-2.0 Hz), presumably because at
such frequencies there is insufficient time for a second peak to be expressed. The authors
interpreted the existence of two peaks of modulation of MSNA as reflecting bilateral
projections from the vestibular nuclei to the rostral ventrolateral medulla (RVLM) on each
side. As noted above, the RVLM is the brainstem region that primarily controls MSNA (79),
and receives both baroreceptor (79) and vestibular inputs (84, 319, 330). Certainly, evidence
obtained in experimental animals indicates that sympathetic outflow on one side of the body
can be evoked by stimulation of either the ipsilateral or contralateral vestibular nerve (170).
Anatomical evidence additionally indicates that the projections from the vestibular nuclei to
the RVLM are bilateral, with a greater representation ipsilaterally (142).

If this interpretation is correct, one would expect to observe differential expression of
vestibular modulation of MSNA on both sides of the body. To test this, bilateral recordings
of MSNA were recently obtained (93). Experimental records from one subject, during
application of sGVS at 0.08 Hz, are shown in Fig. 15. The overall pattern of sympathetic
outflow was similar for the left and right nerves, yet it is also apparent that there were subtle
differences across the two sides. As noted above, double peaks of MSNA could occasionally
be identified within a single cardiac interval, in which one peak was aligned to the cardiac
cycle and the other to the vestibular stimulus. The expanded regions in Fig. 15 reveal that
this second peak was of different amplitudes on each side of the body, with vestibular-
related peaks being occasionally present on one side but absent on the other. It is also
apparent that there is a dynamic interaction between cardiac-related (i.e. baroreceptor-
mediated) and vestibular inputs from the two sides during sGVS. The differential
modulation of MSNA on the two sides supports the idea that sympathetic control of blood
pressure and blood flow is lateralized, at least with respect to VSR. It is generally accepted
that sympathetic outflow is symmetrical: resting burst rates and amplitude distributions of
muscle sympathetic nerve activity have been shown to be similar on the two sides (282,
285). Only one other study in humans has specifically addressed lateralization of
sympathetic control: Diedrich et al. (86) showed that loading of carotid sinus baroreceptors
by sinusoidal neck suction caused a differential expression of MSNA on the left and right
sides, abolishing the normally right-sided dominance of MSNA. These studies in
combination indicate that the influence of vestibular, as well as baroreceptor, inputs is
partially lateralized. However, this needs to be reconciled with the anatomical evidence
obtained from experimental animals showing that preganglionic sympathetic neurons in the
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spinal cord receive bilateral projections from the RVLM, as well as the raphe and other
brainstem regions and the hypothalamus. Approximately half of the spinally-projecting
neurons in the RVLM are directed to the contralateral spinal cord, suggesting a limited
capacity to regulate blood flow independently on either side of the body (125, 180). Indeed,
the bilateral projections from the RVLM to the spinal cord may explain why bursts of
MSNA are, on the whole, so similar between the two sides.

Summary—Studies using GVS have shown that sinusoidally modulating the activity of the
vestibular nerves in awake human subjects has a pronounced effect on sympathetic outflow
to muscle. There is evidence that vestibular inputs compete with the dominant baroreceptor
inputs in modulating MSNA, with vestibular modulation being weakest when the vestibular
input essentially coincides with the baroreceptor input. Bipolar, binaural GVS delivered at
frequencies below 0.2 Hz evoked two peaks of modulation of MSNA, one peak associated
with depolarization of one vestibular nerve and one with depolarizing of the opposite nerve.
Bilateral recordings confirmed that there is a lateralized expression of VSR in humans.

Modulation of skin sympathetic nerve activity during GVS

Like sympathetic outflow to muscle, skin sympathetic nerve activity (SSNA) directed to the
blood vessels and sweat glands (and hairs) also occurs as bursts, though these are not as
strongly modulated by baroreceptor inputs as sympathetic outflow to muscle. Regulation of
skin blood flow by the central system is distinct from regulation of blood flow to most other
vascular beds, as it serves a different purpose: thermoregulation. Although the RVLM plays
the predominant role in controlling the activity of sympathetic efferents that regulate blood
flow, the raphe nuclei have been implicated in regulating SSNA (211, 214, 222).

While a 1-s pulse of GVS failed to modulate MSNA, the same stimuli did evoke a brief
burst of SSNA, together with cutaneous vasoconstriction and sweat release (38), suggesting
a more potent effect of vestibular inputs on skin sympathetic outflow. Indeed, application of
sGVS at frequencies of 0.08 (153)-0.18 Hz (132) revealed an overt entrainment of SSNA -
the bursts becoming time-locked to the sinusoidal vestibular input. Unlike the vestibular
modulation of MSNA, modulation of SSNA was high at all frequencies of stimulation,
although it was lowest at 2 Hz. While there was no fall in modulation at 0.8 Hz, the
normally weak cardiac rhythmicity of SSNA actually increased during sGVS (153). Like
MSNA, low-frequency sGVS (<0.2 Hz) evoked two bursts of SSNA (132) — a primary peak
and a smaller secondary peak, and bilateral recordings revealed that these peaks were
reversed on each side of the body (132). The vestibular nuclei project to the medullary raphe
nuclei (20, 318, 320), and both the medullary and pontine raphe nuclei process baroreceptor
signals (25, 26, 214, 222, 248, 280, 321, 332). Consequently, at least in animals, the neural
pathways that regulate SSNA integrate vestibular and baroreceptor signals, such that one
signal can affect the processing of the other.

An interesting effect of low-frequency sGVS is that some subjects experience nausea. While
this was rare at higher frequencies of stimulation (29, 129, 152, 153), half of the subjects
exposed to sGVS at frequencies <0.2 Hz reported varying degrees of nausea. At 0.13 and
0.18 Hz, one subject reported “strong dizziness”, a sensation of seasickness and nausea; at

Compr Physiol. Author manuscript; available in PMC 2015 April 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Yates et al.

Page 23

0.08 Hz the subject requested that the stimulation be terminated. Although this subject had a
history of motion sickness, it can be seen in Fig. 16 that the vestibular modulation of SSNA
was higher in all subjects reporting nausea than those who did not. One might expect more
reports of nausea at low stimulus frequencies, given that the illusions of motion subjects
report are at frequencies similar to those experienced by movements typically associated
with nauseogenic stimuli, such as rocking in a boat. It is known that the signs of motion
sickness include pallor (cutaneous vasoconstriction) and sweating, both of which are
brought about by increases in skin sympathetic outflow. However, it is unclear why
vestibular inputs cause such pronounced modulation of SSNA, which is even higher than
that of MSNA. In particular, the marked modulation of SSNA induced by GVS, particularly
in subjects who did not experience nausea, is difficult to explain. Vestibular-induced
modulation of SSNA may have no physiological significance at all; it may very well be an
epiphenomenon. However, given that vestibular modulation of MSNA plays a role in the
control of blood pressure, and that cardiac output needs to be distributed to skeletal muscle
and skin with the opposing demands of maintaining an adequate blood pressure and
thermoregulation. It may be that when these two demands compete, such as in exercise with
an additional environmental heat load, there needs to be common regulation of blood flow in
muscle and skin (70).

Summary—Like MSNA, the vestibular system exerts a potent modulation of sympathetic
outflow to skin. A difference between MSNA and SSNA is that the SSNA is not dominated
by baroreceptor inputs (98), perhaps allowing a greater expression of VSR. As with MSNA,
bilateral recordings confirmed that there is a lateralized expression of vestibular modulation
of SSNA in humans.

Vestibulosympathetic Reflexes Evoked by Natural Stimulation in Humans

While there is clear and well established experimental evidence in animals that the
vestibular system contributes to the regulation of cardiovascular function, its role in
cardiovascular regulation in the human has been more difficult to ascertain. Although
lesions of the vestibular nerves result in a profound impairment of blood pressure regulation
during head up tilts in anesthetized and paralyzed cats (89) and complex changes in
posturally-related blood pressure regulation in conscious cats (162), there are no reports of
similar compromises in blood pressure regulation in humans following labyrinthectomy.
This may reflect real differences between the bipedal human and quadruped species, but the
challenges in performing studies in humans have made it difficult to directly test the role of
the vestibular system in autonomic regulation. Consequently, it has been necessary to apply
unique strategies and approaches to this line of investigation in human subjects. The focus of
this section is to critically review the evidence of involvement of the vestibular system in the
regulation of cardiovascular function derived directly from human studies, expanding on the
evidence provided by studies employing galvanic vestibular stimulation.

The use of natural stimulation to determine the role of the vestibular system in
cardiovascular regulation in humans can be divided into two types of studies. First, those
that determine whether there is an association between a clinically defined or identified
vestibular dysfunction and altered cardiovascular function and, second, those that perturb the
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vestibular system in healthy vestibular and cardiovascular-intact individuals to determine
whether the vestibular perturbation modulates cardiovascular function. The physiological
parameters used to measure cardiovascular function vary significantly between studies and
include measures of blood pressure, heart rate and rhythm, limb and cerebral blood flow,
limb vascular resistance and peripheral sympathetic nerve activity known to be associated
with cardiovascular regulation. This makes it difficult to directly compare findings from
these studies. Consequently, this consideration of effects of natural stimulation of vestibular
receptors on cardiovascular responses in humans will initially examine studies involving
clinically defined vestibular dysfunction and then examine the physiological studies that
have perturbed the vestibular system in healthy individuals.

Influence of Clinically-Defined Labyrinthine Dysfunction on Cardiovascular Function in

Humans

There are no general reports in the literature that vestibular dysfunction in the human results
in alteration of cardiovascular function. Whereas it has been suggested that loss of vestibular
function during aging (205) or exposure to microgravity (322, 325) increases susceptibility
for orthostatic hypotension, it is very difficult to segregate the contributions of diminished
VSR from the many other physiological changes that occur during these conditions. For
example, the gain of baroreceptor reflexes also tends to decrease during aging (103); the
decline in functioning of multiple responses that regulate blood pressure results in difficulty
in assigning a specific etiology to many cases of aging-related orthostatic hypotension.

It might be expected that, if the vestibular system affects functioning of the autonomic
nervous system, there would be a higher incidence of cardiovascular dysfunction identified
in patients with compromised vestibular function. However, a study of 81 cases of vestibular
neuritis noted that 15.2% of the prospective analyzed patient group and 14.6% of patients in
the retrospective patient group were under clinical care for arterial hypertension. These
findings were not outside the prevalence expected for age and sex correlated individuals in
the community from whom the study groups were drawn (263) suggesting that altered
vestibular afferent function is unlikely to be responsible for altered cardiovascular function.

In a study designed to determine the incidence of the coexistence of vestibular and
cardiovascular autonomic dysfunction, Heidenreich et al. (137) undertook a retrospective
study of patients (n=56) with a primary presenting complaint of dizziness exacerbated by
changes in posture. These patients had also been tested for orthostatic intolerance using a tilt
table and for vestibular dysfunction using caloric tests, ocular motor and positional testing,
and assessment of the vestibulo-ocular reflex involving the rotating chair test. There was no
significant difference in the rates of postural orthostatic hypotension in subjects with
peripheral vestibular hypofunction compared to those with normal vestibular function with
only 6 of the 56 patients exhibiting abnormal findings on both the tilt table and vestibular
functional tests. However, the test for orthostatic hypotension in this study only reported if
findings were positive or negative. That is, whether or not there were decreases in systolic
blood pressure of > 20mmHg and/or a change in diastolic blood pressure of >5 mmHg with
changes in heart rate that were < 10/min or > 20/min. In spite of the limitations of this study
which included its retrospective design, and the selection of subjects with predominate canal
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dysfunction but use of a test (tilt table) that evaluates changes in otolith generated signals,
this study suggests that large alterations in blood pressure and heart rate are unlikely to
result during changes in posture in vestibular compromised but otherwise healthy humans.

While these studies, together with the lack of reports of cardiovascular compromise
following labyrinthectomy might suggest there is little involvement of the vestibular system
in cardiovascular regulation in humans, these negative findings could also be explained by
the presence of an effective compensatory mechanism as occurs in other animals (see
“Recovery of Posturally-Related Cardiovascular Responses Following Vestibular System
Lesions” above). Interestingly other studies that have looked more closely at cardiovascular
function in cohorts of individuals with clinically defined vestibular dysfunction have shown
altered cardiovascular function when compared to vestibular intact control subjects during
various imposed head and or body displacements.

Yates et al. (315) examined the cardiovascular response of 3 patients with idiopathic
profound bilateral reduction in vestibular function and 10 normal persons to linear
acceleration and then deceleration imposed while seated upright in a chair mounted on a
sled. This imposed a stimulus comparable to a 12° head tilt but with minimal blood volume
shifts in the rostro-caudal axis, thereby reducing the influence of extra-vestibular
graviceptors (198). The forward, backward and lateral accelerations were performed while
the subjects adopted different head positions. The head was fixed upright during some trials
thereby activating hair cells in both the utriclus and sacculus while in other trials the head
was held fully pitched (neck flexed) forward or backward (neck extended) to primarily
activate the sacculus. Normal subjects exhibited an increase in systolic blood pressure of 7-9
mmHg and a rapid decrease (14-27 ms) in R-R interval (time between heart beats) for a few
(2.1) sec. However, the changes were only significant for forward acceleration with head
upright, head back, or head down and for backward acceleration with head down and for
acceleration to the right. The R-R interval then increased above pre-acceleration values by
37-56 ms for all fore-aft accelerations but only by 10-20 ms during lateral stimulations. The
largest change in the decrease in R-R interval occurred at the second heartbeat following the
start of acceleration, but given that the stimulus was not synchronized with the ECG it
probably occurred within one heart beat. The vestibular compromised subjects had a reduced
cardiovascular response. For example, forward linear acceleration induced a mean change of
8.9 £ 0.6 (SEM) mmHg in the systolic pressure of controls but < 4.0 £ 0.9 mmHg in the
vestibular compromised group. The diminished systolic blood pressure response to body
acceleration in the bilateral vestibular compromised individuals in this study suggests that a
normally functioning vestibular system contributes to the systolic blood pressure response
associated with acceleration of the human body.

Using a novel dynamic stimulus of the peripheral vestibular organs with the body stationary
to avoid activation of somatic graviceptors, Bronstein, Gresty and colleagues (198, 234,
235) investigated the effects of vestibular stimulation (head falls producing an acceleration
of 0.8G for 140ms) on heart rate, systolic blood pressure, diastolic blood pressure and digital
blood flow in labyrinthine-defective and control subjects in the supine position. The head
drop stimulus induces both linear and angular acceleration and thus stimulated both otolith
and semicircular canal receptors. Importantly, the study included a control condition for
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startle responses, and respiratory and non-labyrinthine sensory stimuli were excluded as
possible sources of any response. The labyrinthine defective status in both studies was
evidenced clinically by the significant impairment or absence of vestibulo-ocular reflexes in
all planes, oscillopsia with head shaking, presence of postural instability in the dark, and
lack of nystagmus when caloric (30° or 44°C) stimulation or sinusoidal horizontal head
rotations (40°/s up to 0.2 Hz) were performed in the dark. Interestingly, the labyrinthine
defective individuals (n=15) did not exhibit a shortening of the ongoing cardiac cycle that
was noted in individuals with intact labyrinths (n=26). By varying the stimulus relative to
the cardiac cycle these investigators showed that the latency of the transient vestibulo-
cardiac reflex (acceleration of heart rate) observed in the labyrinthine functioning controls
ranged from 500-600 ms. They also showed that 3-4 heartbeats (~3-4 sec) after the head
drop the systolic blood pressure rose slightly (1-3%) and digital blood flow decreased
(7-24%) in both labyrinthine intact and labyrinthine defective subjects. This provides further
evidence that activation of vestibular system may have an excitatory influence on the heart
rate.

A series of studies by Jauregui-Renaud and colleagues examined cardiovascular responses in
cohorts of patients with acute vertigo (158), benign paroxysmal positional vertigo (BPPV)
(157) or chronic bilateral idiopathic loss of vestibular function (159). In the first of these
studies (158), the heart rate, systolic and diastolic blood pressures and the power spectrum
of heart rate variability of seven patients were examined within 72 hours of developing
vertigo involving unilateral peripheral vestibular failure due to acute vestibular neuritis.
They were then examined again at two-weeks follow up. The vestibular dysfunction was
evidenced by second or third degree spontaneous nystagmus in the light, tilt of visual
vertical, and unilateral canal paresis on caloric testing. Age and sex-matched controls were
also examined. As part of this study, cardiovascular parameters were recorded when subjects
were supine, seated upright, and upon standing. In the acute phase (< 72 hours), and while in
the supine position, there was no difference between the vestibular dysfunction group and
controls in heart rate, systolic blood pressure, diastolic blood pressure or power spectrum
analysis of heart rate variability during spontaneous breathing. There was also no difference
in the cardiovascular parameters when subjects were sitting upright and breathing was
paced. However, while there was no change in absolute heart rate and blood pressure on
standing with paced breathing, the vestibular intact (control) subjects showed a significant
decrease in high frequency (HF) component of heart rate variability with an increase in the
low frequency (LF)/HF ratio. In contrast, the vestibular dysfunction group had no change in
HF or LF/HF heart rate variability ratio (see Fig. 17). This difference resolved at two weeks
following the initial consultation, and anti-vertiginous agents that were prescribed for the
first week. Since the subjects had paced breathing, the modulation of heart rate variability
can’t be attributed to the respiratory influence on sympathetic activity. The lack of change in
the frequency domain in the vestibular dysfunctional subjects during the orthostatic
challenge suggests a vestibular interaction with cardiac function.

In the second study, Jauregui-Renauld et al. (157) examined patients with benign
paroxysmal positional vertigo (BPPV), which involves dysfunction of the semicircular canal
system due to the normal mechanical dynamics of the canal system being altered by
displaced otoconia. The study compared cardiovascular parameters in patients with

Compr Physiol. Author manuscript; available in PMC 2015 April 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Yates et al.

Page 27

unilateral (n=3) or bilateral (n=1) BPPV and healthy (n=9) subjects. Pulse and respiratory
rate, blood oxygen saturation, and three-dimensional eye position were compared during
posterior directed head-down tilts (—45° from Earth-horizontal) in the plane of the left
anterior/right posterior canals (LARP) or the right anterior/left posterior canals (RALP).
Healthy subjects exhibited a decrease in pulse rate (-11 + 6 beats/min in LARP and =10 + 8
beats/min in RALP) within the first 10 sec (6.0 £ 2.2 sec) of the head-down tilt. This was
accompanied by variable respiratory rates and no significant change in oxygen saturation. In
contrast, while the baseline data of patients were similar to those of the controls, the patients
with unilateral BPPV had significantly smaller drops in heart rate when tilted in the plane of
the compromised canal compared to the non-compromised canal, with static head-down tilt
in the plane of the non-compromised canal failing to inducing vertigo or nystagmus.
Interesting, when the affected canal was activated and the patients experienced positional
vertigo and nystagmus, there was very little change in pulse rate (=1 £ 1 beats per minute),
while respiration was increased but blood oxygen saturation was not significantly affected.
The bilateral BPPV subject did not demonstrate any reduction in pulse rate when tilted in the
planes of the affected canals. That is, tilt in the plane of the affected canal did not induce a
rapid reduction in heart rate observed in both normal subjects and unilaterally affected
patients when tilted in the plane of the unaffected canal. Given that there was a lack of
congruity between respiration and heart rate responses, these effects are unlikely to be
driven by respiration.

In the third study, Jauregui-Renaud et al (159) examined six patients with chronic bilateral
(idiopathic) vestibular dysfunction evidenced by unsteadiness or oscillopsia of > three years
duration and an absence of nystagmus in response to both caloric irrigation of the ear and
horizontal rotation in the dark. Three of the patients had reduced otolith (utricular) function
evidenced by testing vestibulo-ocular responses to lateral horizontal linear displacement.
One patient had compromised ocular responses in the yaw and pitch planes during eccentric
rotational testing with head thrust forward. Breathing movements were recorded and heart
rate variability was determined. Linear accelerations were imposed on the blind-folded and
head-fixed subjects seated in a chair on a sled that produced 0.26 G over 100 msec, which
was maintained for 160 msec, and then a variable deceleration occurred (with a peak
deceleration of 0.14G). Predictable and unpredictable acceleration profiles were used. In
some trials acceleration commenced at the end of inspiration or the end of expiration. The
imposed accelerations induced increased heart rate within the first to second heart beat of
the initial acceleration. This increased heart rate continued to the 5 heart beat in normal
subjects. In contrast, the vestibular dysfunction patients did not exhibit the increased heart
rate after the maximal jerk into the third, fourth and fifth beat. Notably, there was no
difference in the response if initiated at the end of inspiration or end of expiration.
Furthermore, the response pattern was the same whether the subject expected the stimulus or
it was unexpected. These findings provide further evidence that transient increases in heart
rate occurring with linear acceleration involve a contribution from the vestibular system,
since the prolonged transient response observed in subjects with intact vestibular inputs was
reduced in patients with the loss of vestibular function.

Most recently, Aoki et al. (10) investigated systolic blood pressure changes induced by an
orthostatic challenge involving standing from a seated position in patients (n=11) with a

Compr Physiol. Author manuscript; available in PMC 2015 April 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Yates et al.

Page 28

putative compromised vestibular system, clinically defined by the presence of both acute
dizziness and abnormal deviation of the subjective visual vertical (SVV) which, in the
absence of brain stem lesions, indicates a peripheral vestibular lesion (294) involving the
otolith organs (127). They compared these data with findings from patients with non-
labyrinthine acute dizziness (n=11) who presented with normal SVV and a control group of
‘non-dizzy’ persons (n=11). Active standing induced a significant difference in the change
(drop) in systolic blood pressure of the vestibular compromised patients (6.8 £ 3.0 mmHg)
compared to both the dizzy patients with normal SVV (2.6 + 2.2 mmHg) and the control
subjects (2.1+ 2.6 mmHg). All subjects had an increase in heart rate on standing but the
change was not significant different between the three groups. In a more recent study
involving a larger cohort of dizzy patients (n=127 male, 121 female), Aoki et al. (11) used
vestibular evoked myogenic potentials (VEMPS) in the sternocleidomastoid muscles to
determine the integrity of the vestibular system. A loss of the p13-n23 VEMP response
indicates a compromised vestibular input, particularly a loss of inputs from the sacculus (65,
66). In this study male patients with asymmetrical or normal VEMPs were found to have a
significant increase in their systolic blood pressure at one minute and a significant increase
in diastolic pressure at two minutes after standing compared to the pre-standing rest period.
In contrast, those males in whom VEMPs could not be evoked had a significant drop in
diastolic blood pressure at one minute, but not at two minutes after standing compared to the
average diastolic pressure at rest prior to standing, and had no change in systolic blood
pressure after standing up. Females with normal VEMPs had significant increases in systolic
and diastolic blood pressure at one minute. Those females with absent or asymmetrical
VEMPs had a decrease in systolic blood pressure at one minute after standing while
diastolic pressure did not change on standing up. When classified on the basis of the SVV
rather than VEMP status, males with small SVV (< 2°) were found to have a significant
increase in systolic blood pressure at one minute whereas those with larger SVV (>2°) had a
decrease (albeit a non-statistically significant) in systolic blood pressure at one minute after
standing up. Both small and large SVV groups showed significant increases in heart rate but
no change in diastolic blood pressure at one minute compared to the rest period prior to
standing. While there were increases in heart rate among females on standing there were no
differences in systolic blood pressure one minute after standing when females where
classified on the basis of SVV. However, those with large SVV (>2°) had a significant
increase in diastolic blood pressure. The difference in male and female responses in this
study may reflect that the study did not control for menstrual cycle which is known to
influence blood pressure regulation (91). Nevertheless, these data suggest that in those
persons with an intact peripheral vestibular system there is an increase in systolic blood
pressure at one minute after standing but that this is compromised in those persons with
dysfunctional peripheral vestibular organs.

Summary—Studies of clinical populations indicate that dysfunction of the vestibular
system may have varied effects on blood pressure regulation in the presence of a normally
functioning baroreflex (10, 158, 234, 235, 315). However, some studies reported that
changes in heart rate (157, 158, 234, 235, 315) and heart rate variability (158) normally
exhibited in vestibular intact persons are compromised or lost in persons with vestibular
dysfunction, suggesting the vestibular system plays a role in cardiovascular regulation in the
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human. While these studies suggest that the peripheral otolith organs (8, 10, 11, 159, 234,
235, 315) and semicircular canals (234, 235) may be involved, it is difficult to draw
conclusions regarding the mechanism(s) or role(s) of the vestibular system in cardiovascular
regulation from these few heterogeneous clinical cohort studies.

Influences of Vestibular Stimulation on Cardiovascular Regulation in Healthy Individuals:
Activation of Otolith Organs

One of the first laboratory studies in individuals with normal vestibular function suggesting
that the vestibular system contributes to cardiovascular regulation involved the monitoring
of limb blood flow during head movements about a stationary body. The blood flow in the
limbs of prone adults was recorded using venous occlusion strain-gauge plethysmography
and compared while the head and neck were aligned with the body axis or the head was
tilted downwards, in a maneuver called head-down neck flexion (HDNF). This maneuver is
illustrated in Fig. 18. In this study, Essandoh et al. (95) showed that, in the absence of
changes in arterial blood pressure and heart rate, HDNF resulted in an initial (first 30s)
average decrease in blood flow in the forearm and the calf of 39% and 35%, respectively.
With the head still held in the head-down flexed position the response then slowly recovered
to pre-HDNF values by 12 minutes. Since there was no change in blood pressure, other
circulatory changes presumably compensated for the changes in blood flow to the limbs.
Essandoh et al. hypothesized that the vestibular system was responsible for this reflex
response since they showed in a subset of the subjects (n=3) that neck congestion or active
neck contraction did not produce the same effect.

Concerned that the study by Essandoh et al. (95) did not exclude the contributions to
responses of neck mechanoreceptors, Normand et al (220) repeated this study, but in
addition to measuring blood pressure, heart rate and limb blood flow during HDNF and neck
extension (HDNE) with the subjects lying prone, they also measured the parameters during
head movements with subjects in the lateral decubitus position. They argued that when
subjects were in the prone position, both otolith organ receptors and neck mechanoreceptors
would be activated when the head was flexed down or extended up. However, they
postulated that head flexion and extension while lying in the lateral decubitus position does
not affect the inputs from otolith organs, since the orientation of the otolith organs does not
change with respect to gravity. Consequently, the effects of otolith organ stimulation could
be discriminated by subtracting data collected for a respective subject in the lateral decubitus
position (neck only stimulation) and the prone position (neck plus otolith organ stimulation).
By subtracting the findings collected from subjects in the prone and lateral decubitus
position, Normand et al (220) determined that otolith organ stimulation during head flexion
decreases mean arterial pressure and blood flow to both the calf and forearm. They also
noted that the otolith organ activation during head extension did not significantly affect the
cardiovascular parameters.

Ray and colleagues performed microneurography studies to assess the influence of the
vestibular system on both MSNA and SSNA (239, 259). They determined whether the
HDNF stimulus previously described by Essandoh et al. (95) affected MSNA or SSNA,
arterial blood pressure, heart rate, calf blood flow, calf vascular resistance, or skin blood
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flow conductance. Baseline measures were recorded with the subjects lying prone and the
head and neck extended to emulate the head upright (vertex to zenith) position. The
frequency of MSNA bursts increased 63+£23% during the 10-minute period that the head was
subsequently flexed down (HDNF), as illustrated in Fig. 19. During the first minute of head
flexion, heart rate increased from 71+2 to 76+3 beats/min, and the increased heart rate was
sustained while the head flexion stimulus continued. Although systolic blood pressure did
not change, diastolic blood pressure increased slightly from 80 = 3mmHg to 82 + 3 mmHg
after the first minute in the HDNF. The stimulus also elicited a decrease in calf blood flow
and an ~12% increase in calf vascular resistance, with the greatest change occurring in the
first two minutes of HDNF. In a subsequent series of experiments Ray and colleagues
demonstrated that partial (50%) HDNF elicited smaller changes in MSNA than did larger
head movements, indicating that the cardiovascular responses depended on the magnitude of
the stimulus (143). However, HDNF did not cause a change in SSNA, demonstrating that
the stimulus does not have the same effects on all sympathetic efferent fibers (239).

In a later study, Ray and colleagues (204) compared MSNA activity in both the arm and leg
during HDNF, and showed that both increased similarly. These changes were accompanied
by a decrease in blood flow in the calf and arm, although vasoconstriction was 61% greater
in the calf than the arm. However, there was little change in mean arterial blood pressure,
suggesting that vasoconstriction in the limbs was offset by vasodilation in other vascular
beds. When monitored over longer periods (30 min) of HDNF, MSNA remained the same
for the duration of the stimulus (143). The parallel changes in arm and leg MSNA evoked by
HDNF in humans differed from the patterned responses in animals, where reciprocal
changes in forelimb and hindlimb blood flow were elicited by vestibular stimulation (see
section “Patterning of Vestibulosympathetic Reflexes” above). It is unclear whether the
differences in responses in humans and animals were related to use of different techniques to
activate vestibular afferents, or to species differences. One study in female human subjects
showed that vestibular stimulation can produce divergent changes in arm and leg vascular
resistance during some phases of the menstrual cycle, indicating that humans have a similar
capacity to generate patterned VSR that animals do (178).

The influence of HDNF on MSNA has also been examined in upright subjects. Watenpaugh
et al. (301) showed that while 60° head-up body tilt caused MSNA to increase, in
accordance with previous studies (49), small (<30°) changes (flexion or extension) in head
orientation during the head-up body tilt did not alter the MSNA responses. The authors
interpreted the findings as suggesting that head orientation (and otolith organ stimulation) in
the upright posture evokes minimal changes in sympathetic nerve activity. However, Ray’s
group (252) found that even though resting MSNA was greater in subjects that were seated
upright or positioned 60° head-up on a tilt table than subjects who were prone, head-down
flexion still elicited changes in MSNA.. The studies by Watenpaugh et al. (301) and Ray’s
group (252) differed, in that the latter experiments made use of larger head rotations. These
findings suggest that whereas otolith organ activation during head movements alters
sympathetic nerve activity in humans, the head movements required to produce the
responses are relatively large. Thus, vestibulo-sympathetic responses are different than other
vestibular-elicited responses in humans, such as vestibulo-ocular reflexes, which are evoked
by head movements of magnitudes < 1° (23, 118, 120).
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Ray et al. (239, 259), like Essandoh and colleagues (95), postulated that the cardiovascular
system effects of HDNF were due to activation of the vestibular endorgans, particularly the
otolith organs. They argued that the increase in MSNA during HDNF was not due to
engagement of the baroreflex, since arterial blood pressure remained unchanged during the
initial period of the stimulus, although it subsequently slowly increased. They noted that
such an increase in blood pressure would be expected to be associated with a decrease in
sympathetic nerve activity, whereas in their studies increases in MSNA were observed.
Furthermore, their subjects had no change in central blood volume, as measured with
impedance cardiography, during the head down position and thus no modulation (loading or
unloading) of cardiopulmonary baroreceptors (259).

However, these arguments are not explicit evidence that demonstrates that the vestibular
system is responsible for increased MSNA during HDNF. To rule out other possible effects
of HDNF on the regulation of sympathetic nerve activity during HDNF, Ray and colleagues
introduced a variety of controls in their experiments. For example, they blindfolded subjects
so no visual inputs were present that could affect blood pressure. Gender was excluded as a
factor, as men and women exhibited similar changes in MSNA, calf blood flow, and calf
vascular during HDNF (236). A potentially significant confounder of the HDNF stimulus is
activation of neck muscle mechanoreceptors, which is known to produce changes in
sympathetic nerve activity in quadruped animals (37). In order to test whether activation of
neck receptors during HDNF elicited changes in MSNA, Ray and colleagues compared the
effects of HDNF on MSNA in subjects that were prone or lying on the left or right side
(238). They also considered the effects of horizontal rotation of the head (yaw) on MSNA.
Consistent with their previous studies, HDNF in the prone position produced a significant
increase in MSNA. In contrast, neither yaw head rotation nor head flexion in subjects lying
on their side affected MSNA. These findings show that activation of heck mechanoreceptors
during HDNF in prone subjects was not responsible for the observed changes in MSNA.
Based on the results of another series of experiments, Ray et al. concluded that changes in
MSNA during HDNF were not due to activation of extra-vestibular receptors or increases in
cerebral pressure, since head extension in prone subjects did not alter MSNA (238).

Using an alternate approach to examine the influence of head displacement on autonomic
regulation of cardiovascular function, Lee et al. (179) demonstrated that HDNF of prone
subjects significantly changed heart rate variability. In particular, there was an increase in
the low-frequency and decrease in the high-frequency components of heart rate variability
during HDNF, suggesting an increase in sympathetic nervous system activity. Furthermore,
there was a lowering of the standard deviation of intervals between heart beats during
HDNF, suggesting a withdrawal of parasympathetic influences on heart rate. The alterations
in heart rate variability during HDNF were not apparent when subjects were in the lateral
decubitus (side lying) position.

Cui et al. (72) considered changes in MSNA elicited by quite a different stimulus paradigm
that activates otolith organ receptors: sinusoidal linear accelerations along the x-axis
(forwards and backwards). MSNA burst rate decreased during the sinusoidal linear
accelerations but heart rate, thoracic impedance, and mean arterial pressure did not change.
In a subsequent study, the same group (71) showed that y-axis (side-to-side) linear
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acceleration also produced changes in MSNA. There was no change in mean arterial
pressure, indicating the changes in sympathetic nerve activity were not due to activation of
baroreceptors. Respiration was controlled at 0.25 Hz, and thus the MSNA decrease was not
due to respiratory changes.

More recently, linear acceleration was used by other investigators to ascertain the effects of
selective stimulation of otolith organs on sympathetic nerve activity. For example, Grewal et
al. (128) recorded SSNA in subjects with eyes closed during sinusoidal antero-posterior (x-
axis) and medio-lateral (y-axis) sinusoidal displacements of low frequency and amplitude.
Subjects either could only barely distinguish the presence of movements, but not their
direction, or did not perceive any movement. There was no change in blood pressure, heart
rate, respiration rate, sweating or skin blood flow during the movements. However, SSNA
was significantly modulated by the sinusoidal displacements with two response peaks noted.
Both x-axis and y-axis accelerations elicited the responses. The group also demonstrated that
the linear acceleration paradigm similarly increased lower limb MSNA (134). These
findings deviated from those of Cui et al., who demonstrated that horizontal plane linear
acceleration diminished MSNA. It is noteworthy that the stimuli used in the studies were
quite different, in that Cui et al. delivered accelerations that were much higher in frequency
and magnitude than those used in the recent experiments. These observations suggest that
sympathetic nerve responses to vestibular stimulation can vary tremendously on the basis of
the properties of the stimulus that is delivered.

These results differed from those of Ray (239, 259) and Essandoh (95), which showed that
only one direction of head movement (HDNF) elicited changes in MSNA. However, there
are important differences in the stimuli used in these studies. HDNF affects both the
utriculus and sacculus, whereas linear acceleration in the horizontal plane, with the head
vertical, mainly activates the utriculus. In addition, the large head movements during HDNF
provided a much larger stimulus to otolith organs than the linear accelerations used by Cui et
al. These observations provide further support for the argument that very large stimuli must
be applied to the otolith organs in order to produce substantial cardiovascular system
responses.

Yet another approach that has been employed to determine whether inputs from the
vestibular otolith organs contribute to regulation of sympathetic nerve activity is the
monitoring of MSNA during off-vertical axis rotation (OVAR) (167). This work entailed
continuous rotation of the body at constant velocity about its longitudinal axis with the axis
of rotation tilted by 15 degrees from Earth vertical. After a brief period (10-12s), the signals
from the semicircular canals are lost as they adapt to constant velocity rotations (23, 118,
120). However, the otolith organs are activated during this stimulus, as the body is tilted
relative to gravity during the rotations. Since the direction of tilt rotates about the body,
OVAR can be used to determine the best tilt direction for producing a response. An
additional advantage of this stimulus is that the neck is not moved relative to the body.
OVAR was performed in the dark, and the intervals between heart beats, lower limb MSNA,
respiratory rate, and eye movements were recorded. The OVAR stimulus elicited maximal
MSNA activity when the nose was tilted upwards (see Figs. 20 and 21). The responses were
unaffected when subjects held their breath during rotations, indicating that they were not due
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to respiratory entrainment to stimuli. It was also shown that the latency of changes in MSNA
was too short for the responses to be due to baroreceptor activation. This study suggests
nose-up displacement modulates MSNA in the lower limbs, and argued that similar
stimulation of the otolith organs would occur during standing, such that the responses would
be helpful in offsetting postural hypotension. Notably, however, changes in MSNA elicited
by OVAR differ from those produced by HDNF, where the nose is tilted downwards. There
were significant differences in the experimental paradigms between these studies, such as
subject posture relative to gravity, use of dynamic versus static stimuli, and neck
displacement in one study but not the other. All of these stimulus components may have
influenced the way the central nervous system processed the respective stimuli.

Summary—Direct recordings from sympathetic nerves have shown that MSNA increases
when the head is flexed downwards in prone or upright healthy individuals (204, 252, 259).
Although pitching the head activates both vestibular and extra-vestibular receptors, the
physiological effects of the stimulus appear to be due to activation of the otolith organs. A
single study examining heart rate variability suggests that HDNF may also modulate
parasympathetic regulation of heart rate (179), although this observation needs to be
confirmed. Use of OVAR stimuli (167) also indicated that inputs from otolith organs affect
sympathetic nerve activity in humans, although the direction of head tilt producing an
increase in sympathetic nerve activity was opposite during OVAR and HDNF stimuli. Use
of linear acceleration to activate the otolith organs showed that both side-to-side and fore-aft
movements can alter MSNA (71, 72, 128, 134), although the responses could either be
excitatory or inhibitory depending on the properties of the stimulus. These observations
demonstrate that inputs from the vestibular otolith organs affect sympathetic nervous system
activity in humans. However, the direction of head movement eliciting the responses varies
in accordance with stimulation technique, and presumably the extra-vestibular receptors
activated by the technique. Thus, these findings suggest that sympathetic nervous system
responses to vestibular stimulation in humans may be highly integrative, in that they are
modulated by a variety of different signals.

Whereas head-up rotations produce changes in sympathetic nerve activity and blood
pressure in animals (312, 327), a variety of different directions of movement altered
sympathetic nerve activity in humans. Although there is no experimental evidence to
demonstrate why such species differences exit, one possible explanation relates to the
variety of initial postures from which humans can execute postural changes (e.g., standing
from a prone, supine, or lateral decubitus position). It is feasible that the nervous system
adapts to the vestibular stimuli that accompany postural changes in each individual, such
that the direction of vestibular stimulation that triggers a change in sympathetic nervous
system activity in one person might not have the same effect in another. Further experiments
will be needed to test this hypothesis.

Influences of Vestibular Stimulation on Cardiovascular Regulation in Healthy Individuals:
Activation of Semicircular Canals

Although most studies of vestibulo-sympathetic responses in humans utilized stimuli that
activate otolith organ receptors, a few also considered the effects of stimulation of
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semicircular canal receptors. Invariably, these studies utilized stimuli that activated the
horizontal semicircular canals, and there is little evidence in humans to determine whether
inputs from the vertical semicircular canals (i.e., the anterior and posterior canals) affect
sympathetic nerve activity.

Ray et al. (240, 309) examined the effects of passive (0.1 Hz) or active (0.6 and 1 Hz) active
horizontal (yaw) rotations of the head on MSNA, SSNA, mean arterial blood pressure, heart
rate and skin blood flow. None of these parameters were affected substantially by the
stimulus. However, there are a number of caveats that must be considered when interpreting
these data. First, the passive rotations were delivered at a slow frequency that would have
not substantially altered the firing rate of semicircular canal afferents (102). Although 1 Hz
sinusoidal rotations of the head would provide an appreciable stimulus for horizontal
semicircular canal afferents, the central nervous system can respond differently to active and
passive rotations of the head (74).

To determine whether activation of the horizontal semicircular canal participates in the
withdrawal of sympathetic activity during motion sickness, Costa et al. (68) recorded
integrated MSNA in subjects during caloric vestibular stimulation of one ear. This unilateral
caloric stimulation was sufficient to induce nystagmus in all subjects, which indicated
unilateral activation of a horizontal semicircular canal. Unilateral caloric vestibular
stimulation did not affect blood pressure, heart rate or MSNA, suggesting that unilateral
stimulation of a horizontal semicircular canal does not alter muscle blood flow. In contrast,
Cui et al. (73) reported that caloric vestibular stimulation modulates MSNA recorded from
the tibial nerve. There were several differences between the two studies. First, Cui et al. (73)
measured MSNA burst area from rectified and integrated neurograms, while Costa et al. (68)
considered peak amplitudes of the sympathetic bursts. It is thus likely that the methodology
used by Cui et al. was more sensitive in discerning changes in sympathetic nerve activity. In
addition, Cui el al. alternately provided hot and cold water irrigations to the two ears,
whereas Costa et al. provided warm water irrigation to only one ear canal. All cold water
irrigations induced nystagmus, whereas only some (27/56) of the warm irrigations evoked
nystagmus, suggesting that cold stimuli were more effective in activating the horizontal
semicircular canal. Although blood pressure did not change, cold water irrigation induced an
increase in heart rate. Importantly it was noted that heart rate increased before caloric
irrigation was initiated, suggesting a cognitive component to the cardiovascular response.
Warm water irrigation of the ear canal induced a smaller increase in heart rate. Although
two peaks of MSNA occurred in response to cold water caloric stimuli, the initial peak could
also be produced by immersing the hand in cold water, suggesting that the response was
nonspecific. Furthermore, the warm stimulus only produced a single increase in MSNA
activity with a similar temporal onset as the delayed response following cold stimuli. Those
subjects exhibiting nystagmus had larger responses than those without nystagmus, and there
was a significant linear correlation between MSNA response magnitudes and the maximum
slow phase velocity of the nystagmus that was evoked. However, it is impossible to
determine whether the differences in findings between the two studies were related to higher
sensitivity of methodology used in the Cui et al. study (73), or the fact that the responses in
this study were nonspecific and due to noxious properties of the stimulus.
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Summary—The contributions of inputs from semicircular canals on the regulation of
sympathetic nervous system activity have not been adequately examined in human subjects.
There has been no conclusive study of the effects of stimulation of the anterior and posterior
semicircular canals on sympathetic nerve activity, and studies that activated the horizontal
semicircular canal have technical problems. Although studies in animals have provided little
evidence to suggest that semicircular canal inputs substantially contribute to the regulation
of peripheral blood flow and blood pressure (327), this issue deserves more consideration in
experiments conducted on humans.

Combined Effects of Stimulation of Cardiovascular and Vestibular Receptors on
Regulation of Blood Pressure

Experiments in animals led to the hypothesis that vestibulo-sympathetic responses
supplement baroreceptor responses in maintaining stable blood pressure during postural
alterations. Ray (237) tested this hypothesis in human subjects by combining the unloading
of baroreceptors through lower body negative pressure with stimulation of the otolith organs
through HDNF. This study demonstrated that increases in MSNA resulting from diminished
activation of cardiopulmonary receptors are augmented by otolith organ stimulation. The
increases in MSNA were equivalent to the summation of the individual sympathetic nerve
responses to baroreceptor unloading and vestibular stimulation. The author concluded that
although vestibulosympathetic and baroreceptor reflexes are independent, the two
complement each other. This conclusion is consistent to that of Bent et al. (29), (see
“Vestibulosympathetic Reflexes Evoked by Electrical Stimulation in Humans” above).

In a subsequent study (92), HDNF was combined with the infusion of drugs that raised
(phenylephrine) or lowered (nitroprusside) blood pressure. Nitroprusside infusion induced a
decrease in mean arterial pressure and increases in heart rate and MSNA. Consistent with
the previous study using lower body negative pressure (237), HDNF augmented the
increases in MSN resulting from the unloading of baroreceptors following nitroprusside
administration. However, HDNF did not affect MSNA when blood pressure was raised
using phenylephrine. These findings provide further evidence to suggest that VSR protect
against hypotension.

Wilson et al. (308) examined the effects of HDNF and HDNE on middle cerebral artery
blood flow velocity measured using Doppler ultrasound in prone and supine subjects.
Although changes in head position did not affect head blood flow in the absence of other
physiological perturbations, both HDNF and HDNE produced changes in blood flow during
the application of lower body negative pressure. However, cerebro-vascular resistance was
greater during HDNE compared to HNDF during lower body negative pressure. Serrador et
al. (255) examined the effects of sinusoidal head movements and centrifugal stimuli on
cerebral blood flow. Both stimuli modulated cerebral blood flow velocity, depending on the
frequency of stimulation. Since the centrifugal stimuli selectively activated otolith organs, it
was concluded that otolith inputs triggered the changes is cerebral blood flow. The changes
in cerebral blood flow were in opposition to changes in blood pressure and not fully
dependent on changes in end-tidal CO,. On the basis of these findings, the authors
concluded that activation of the vestibular apparatus, specifically the otolith organs, directly
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affects cerebral blood flow regulation, independent of blood pressure and end tidal CO,
changes.

Summary—Several studies have provided evidence that VSR complement baroreceptor
responses in regulating blood pressure during postural changes that result in an unloading of
baroreceptors (92, 237). Vestibular stimulation also elicits changes in cerebral blood flow
(255, 308) that appear to be mediated by different neural mechanisms than regulate systemic
blood flow. Consequently, vestibular-elicited reflexes may contribute to maintenance of
stable blood pressure during postural changes through two separate mechanisms.

Conclusion

Evidence accumulated during a period of over 30 years, from experiments on both animals
and human subjects, has conclusively demonstrated that the vestibular system contributes to
the regulation of blood distribution in the body and blood pressure during movement and
changes in posture. These findings have come from experiments that included stimulation of
vestibular receptors in normal individuals, as well as observations of altered physiological
function following the loss of labyrinthine inputs. Furthermore, neuroanatomical and
neurophysiological experiments in animals have demonstrated that brainstem areas that
regulate cardiovascular functions, including nucleus tractus solitarius and the rostral
ventrolateral medulla (RVLM), receive both direct and multisynaptic inputs from the
vestibular nuclei. In addition, vestibulosympathetic responses are modulated by signals from
the cerebellum and higher brain centers.

Experiments in both human subjects and animals have shown that inputs from vestibular
otolith organs, and not the semicircular canals, play the primary role in regulating
sympathetic nervous system activity. In contrast, most other vestibular-elicited responses,
such as vestibulo-spinal and vestibulo-ocular reflexes, are elicited following an integration
of inputs from both the otolith organs and semicircular canals. Another major difference
between vestibulosympathetic responses and other vestibular-elicited responses is the
magnitude of head movements required to produce the responses. Whereas vestibulo-ocular
and vestibulo-spinal reflexes are elicited during head rotations of only a few degrees,
vestibulosympathetic responses only occur during large head movements. The neural
mechanisms responsible for the calibration of vestibulosympathetic responses are not
currently known, but experiments in animals have shown that the responses are exaggerated
in anesthetized or decerebrate preparations. Thus, the calibration of the responses likely
requires inputs from higher brain centers, raising the possibility that the gain of
vestibulosympathetic responses can be altered based on the perception of whether
posturally-related perturbations in blood pressure are likely to occur.

Studies in both animals and humans have also shown that vestibulosympathetic responses
interact with baroreceptor responses, such that vestibulosympathetic responses are enhanced
when blood pressure is low and diminished when blood pressure increases. This evidence
supports the notion that the two responses are complementary, and act together to maintain
cardiovascular homeostasis during postural changes. There is some evidence that the latency
of vestibulosympathetic reflexes is shorter than that of baroreceptor responses. In addition,
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unlike baroreceptor responses, vestibulosympathetic responses can be activated at the onset
of movements that affect blood distribution in the body, even before blood pressure changes
appreciably.

The sympathetic nervous system responses to vestibular stimulation differ based on the
properties of the vestibular stimulus. For example, abrupt linear accelerations of the head
can elicit either an increase or decrease in the activity of muscle vasoconstrictor efferents
based on the frequency, amplitude, and time course of the accelerations. Some vestibular
stimuli such as head down neck flexion selectively activate muscle sympathetic efferent
fibers, whereas others such as low-frequency sinusoidal linear acceleration in the horizontal
plane or low-frequency sinusoidal galvanic vestibular stimulation can partially entrain the
activity of both skin and muscle sympathetic efferent fibers. It is unclear how vestibular
stimuli are parsed by the central nervous system to elicit such a variety of physiological
responses, but it is clear that the nature of the vestibular stimulus may determine the pattern
of the vestibulosympathetic response.

Although many of the characteristics of vestibulosympathetic responses are similar in
human subjects and animal models, there are some species-specific differences. For
example, vestibular-elicited changes in sympathetic nervous system activity are
anatomically patterned in at least some animals such as felines, as they differ between the
upper and lower body. In contrast, there is little evidence of such anatomical response
patterning from experiments on human subjects. Additional studies will be required to
discern the particular characteristics of vestibulosympathetic responses that deviate between
species, and the physiological significance of these differences.

While the existence of vestibular influences on the regulation of blood flow has now been
unequivocally established, the clinical implications of the responses are less certain. There is
no evidence that loss of labyrinthine inputs in either human subjects or animals has a
deleterious effect on the maintenance of cardiovascular homeostasis. Undoubtedly, part of
the reason why loss of labyrinthine inputs does not adversely affect the control of blood
pressure is the presence of redundant mechanisms such as the responses to high-pressure and
low-pressure baroreceptors. Visual signals play an important role in stabilizing posture in
patients with labyrinthine dysfunction, and similar “sensory substitution” related to
vestibulosympathetic responses may also occur. An important caveat is that all prior studies
have considered vestibulosympathetic responses under laboratory conditions where the
subjects were likely highly vigilant. It may only be possible to discern the physiological
significance of vestibulosympathetic responses during experiments conducted in “real
world” conditions, where postural perturbations can be truly unexpected.
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Primary connections of the sympathetic and parasympatheti%: nervous system that control blood flow and blood pressure.
Parasympathetic preganglionic neurons (PrG) whose cell bodies are located in the brainstem send axons principally through the
vagus nerve to postganglionic neurons (PoG) whose cell bodies are located in ganglia near the heart. Parasympathetic PrG
release the neurotransmitter acetylcholine (Ach) onto nicotinic (N) receptors on the cell body and dendrites of parasympathetic
PoG. Parasympathetic PoG release acetylcholine onto muscarinic receptors on the surface of autorhythmic (pacemaker) cells in
the heart, particularly those in the sinoatrial node. The binding of acetylcholine to these muscarinic receptors induces a decrease
in heart rate.

Sympathetic PrG whose cell bodies are located in the thoracic and lumbar spinal cord send axons to PoG whose cell bodies are
located in prevertebral or paravertebral ganglia. Like parasympathetic PrG, sympathetic PrG release Ach onto nicotinic
receptors located on the cell body and dendrites of sympathetic PoG. Sympathetic PoG project to the heart, and release the
neurotransmitter norepinephrine (NE) onto B4 receptors located on the surface of pacemaker cells. The binding of
norepinephrine to these receptors induces an increase in heart rate.

Sympathetic PoG additionally release norepinephrine onto 1 receptors located on myocytes in the ventricles of the heart.
Binding of neurotransmitter to these receptors induces an increase in contractility of the muscle cells. Furthermore, sympathetic
PoG innervate smooth muscle in the walls of blood vessels, primarily arterioles. Norepinephrine released from PoG binds
primarily to a receptors on the surface of vascular smooth muscle. Binding of norepinephrine to these receptors causes
vasoconstriction, and results in decreased blood flow through the affected vessels.

In addition, sympathetic PrG release acetylcholine onto nicotinic receptors on adrenal chromaffin cells. Binding of acetylcholine
to these receptors induces the release of epinephrine (E) and some norepinephrine from the chromaffin cells. Epinephrine
preferentially binds to B receptors, and elicits an increase in heart rate and ventricular contractility by binding to B, receptors in
the heart. Epinephrine also binds to B, receptors associated with vascular smooth muscle in particular vascular beds, including
arterioles in skeletal muscle. Binding of epinephrine to B, receptors results in vasodilation. However, when epinephrine levels
are high, the hormone binds to a receptors and causes vasoconstriction. Thus, epinephrine can result in an increase or decrease
in blood flow to a particular tissue, depending on the amount of the hormone released into the bloodstream.
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Fig. 2.

Pressures (mm Hg) in the large arteries (red) and veins (blue) when lying supine or standing.
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Fig. 3.

Average changes in femoral artery (top panel) and vein (middlegpanel) blood flow during 20°, 40°, and 60° head-up tilts. Bottom
trace: instantaneous blood accumulation at each time period, determined by subtraction of percent difference from baseline in
venous blood flow from percent difference from baseline in arterial blood flow. Symbols designate changes in blood flow and

blood accumulation elicited by 40° and 60° tilt that were significantly different from those resulting from 20° tilt (ANOVA test).

Adapted from (331), with permission.
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Fig. 4.
Section through the head showing the middle and inner ear. The portion of the inner ear containing the vestibular system
endorgans is shaded in yellow.
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Fig. 5.

Effect of increasing mean blood pressure (BP) by injecting an galpha adrenergic agonist on averaged superior mesenteric nerve
responses elicited by a train of electrical stimuli delivered to vestibular afferents. Arrows indicate the latency of the stimulus.
When blood pressure was hormal (98 mmHg, top), stimulation of the vestibular nerve elicited large changes in sympathetic
nerve activity. However, when blood pressure was raised modestly (132 mm Hg, bottom), the responses were attenuated.
Vertical calibration, 1 uV; time scale, 100 msec. Adapted from (170), with permission.
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Fig. 6.
Effects of electrical vestibular stimulation (indicated by a bar at the bottom of traces) on arterial blood pressure (top trace) and
brachial artery (middle trace) and femoral artery (bottom trace) blood flow. Adapted from (168), with permission.
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Fig. 7.

A: Averaged splanchnic nerve responses to 15° head rotationsgin vertical planes. The rotations were delivered at 0.2 Hz; in the
left diagram the head was rotated in the clockwise direction, and in the right diagram the head rotations were in the
counterclockwise direction. During both stimuli, maximal nerve activity occurred during nose-up head rotations. B: Polar
diagram of vestibular vector orientations for splanchnic nerve responses to vestibular stimulation. The position of a symbol
indicates the direction of tilt that produced maximal sympathetic nerve activity. Abbreviations: CED, contralateral ear down tilt;
IED, ipsilateral ear down tilt; ND, nose down tilt; NU, nose up tilt. Adapted from (327), with permission.
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Fig. 8.
Bode diagrams of responses of the splanchnic nerve to head rotations. The responses whose characteristics are depicted were

elicited by performing sinusoidal head rotations in the best plane for producing a response. Different symbols are used to
designate responses from each animal. Responses gains were standardized by dividing the gain at each frequency by the average
gain across frequencies. Data are plotted with respect to stimulus position. Adapted from (327), with permission.
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Page 62

The average effects of removal of vestibular inputs on femoral artery (hindlimb; left column) and brachial artery (forelimb; right
column) blood flow and vascular resistance during 60° head-up tilts. Blue lines depict average changes in blood flow and
vascular resistance prior to vestibular lesions; red lines and green lines respectively show tilt-related changes in blood flow and
vascular resistance during the first week and subsequent three weeks after removal of vestibular inputs. Symbols designate post-
lesion changes in blood flow and vascular resistance during tilts that were significantly different from those recorded when
vestibular inputs were present. Error bars indicate S.E.M. Adapted from (307), with permission.
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Fig. 10.

Neural regions that generate and modify the gains of vestibulosympathetic reflexes (VSR) and baroreceptor reflexes.
Abbreviations: BA, baroreceptor afferent; BP, blood pressure; IML, intermediolateral cell column; 10, inferior olivary nucleus;
IX, cerebellar lobule 1X, uvula; NTS nucleus tractus solitaries; PBN, parabrachial nucleus; RF, reticular formation; RVLM:
rostral ventrolateral medulla; VA, vestibular afferent; VN, vestibular nucleus complex.
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Fig. 11.

Cardiac-locked muscle sympathetic bursts are modulated by dynamic vestibular inputs. Experimental records from one subject.
Spontaneous muscle sympathetic nerve activity was recorded from the peronei motor fascicle of the common peroneal nerve,
and is presented as the filtered neurogram (nerve) and as an RMS-processed signal (RMS nerve). In each panel, the top trace

indicates the onset and phase of the sinusoidal modulation when applied (B-D) and the bottom trace records the ECG. Each
panel spans a 4 s data period. A, baseline activity; B-D, consecutive sequences obtained during sinusoidal galvanic vestibular

stimulation (GVS) at 0.5 Hz. The rectangles illustrate the relationship between the sympathetic burst and the cardiac rhythm (c)

and the vestibular rhythm (v). Reproduced from (29), with permission.
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Fig. 12.
Correlations between muscle sympathetic bursts and cardiac and vestibular rhythms. A, cross-correlation histograms of the

relationship between muscle sympathetic nerve activity (MSNA) and the electrocardiogram (ECG; white histogram) and
autocorrelogram of the ECG (black histogram). B-C, cross-correlation histograms between ECG and galvanic vestibular
stimulation (GVS) and respiration (inspiratory peaks) and GVS. A 0.5 Hz sine wave has been superimposed on the histogram to
illustrate the timing of the GVS; it has been inverted for clarity. D-E, cross-correlation histograms of MSNA with respect to the
vestibular input (GVS), in white, or to a control sine wave (control), in black. Data in panels A-D are from the same subject
represented in Fig. 11; data in panel E were obtained from another subject. 20 ms bins in all panels. n = the numbers of counts
comprising the histograms. Reproduced from (29), with permission.
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Fig. 13.
Variation in relative contributions of cardiac and vestibular rhythms over time. Cross-correlation histograms of the relationship

between muscle sympathetic nerve activity (MSNA) and galvanic vestibular stimulation (GVS; white histogram) and the
electrocardiogram (ECG, black histogram) after dividing the data into four consecutive 30 s segments, each composed of 15
cycles of GVS (0.5 Hz). The relative influences of the cardiac and vestibular rhythms changed during the course of stimulation.
The muscle sympathetic nerve activity (MSNA)—ECG cross-correlograms have been compressed vertically to better illustrate
these temporal relationships: 100 spikes is represented by one division on the vertical scale for these data. 20 ms bins in all
panels. n = the numbers of counts comprising the histograms. Same subject as in Fig. 11 and Fig 12A-C. Reproduced from (29),
with permission.
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Fig. 14.
Cross-correlation histograms between muscle sympathetic nerve activity (MSNA) and sinusoidal galvanic vestibular stimulation

(sGVS) in one subject. The thick curve superimposed on the histograms is the smoothed polynomial that was fitted to the data.
The sinusoid above represents the galvanic stimulus, delivered at 0.08, 0.13 and 0.18 Hz. Each cross-correlation histogram
shows a large peak of modulation (primary peak), associated with the positive peak of the sinusoid, and a smaller peak
(secondary peak). The secondary peak was largest at 0.08 Hz and smallest at 0.18 Hz. Reproduced from (133), with permission.
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Page 68

Bilateral recordings of muscle sympathetic nerve activity, together with ECG, blood pressure and respiration, during sinusoidal
galvanic vestibular stimulation (GVS) at 0.08 Hz in one subject. Overall, sympathetic outflow was similar between the two
sides, but close inspection revealed subtle differences. In the expanded sections, the sympathetic bursts have been shifted back
1.25 s in time to account for peripheral conduction delays, allowing those bursts aligned with the cardiac cycle (‘c’) or vestibular

stimulus (“v’) to be identified. Reproduced from (93), with permission.

Compr Physiol. Author manuscript; available in PMC 2015 April 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Yates et al.

50+

45-

35+

30+

modulation Index %

20

Page 69

[ nonausea

Bl nausea

0.08 Hz

0.13 Hz 0.18 Hz

Fig. 16.

Modulation indices of primary peak of skin sympathetic nerve activity (SSNA) during sinusoidal galvanic vestibular stimulation
(sGVS) at different frequencies as a function of whether or not subjects reported nausea. It is evident that modulation indices
were higher in those subjects who reported nausea. Reproduced from (132), with permission.
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Fig. 17.

Mean and 95% confidence interval of mean of low frequency/high frequency (LF/HF ratio of heart rate variability during active
change in posture, as follows: 5 min supine rest, 5 min back-unsupported sitting, and 5 min upright stance. Data from seven
persons with unilateral vestibular failure and seven healthy age/sex matched volunteers at A: day 1, and B: week 2. From (158);
used with permission.
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Fig. 18.
Head-down neck flexion posture first used by Essandoh et al (95). A: The subject is prone, with neck slightly extended and the

chin resting comfortably on a soft-padded support at the edge of the table. This represents the head-up posture B: chin support is
removed, and subject’s head is lowered to maximally flex the neck. This represents the head-down neck flexion (HDNF)
posture.
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Fig. 19.
Recordings of muscle and skin sympathetic nerve activity in two subjects, during baseline and head-down neck flexion (HDNF)

conditions. Muscle sympathetic nerve activity was increased during HDNF, whereas skin sympathetic nerve activity was
unchanged during HDNF. From (239); used with permission.
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Fig. 20.

Hemodynamic, respiratory, and autonomic modulations during off-vertical axis rotation (OVAR) at 60°/s. A, Phase of
respiratory cycle; B, RR interval; C, diastolic blood pressure; D, change in MSNA,; E, changes in the naso-occipital and
interaural components of the gravity vector over each cycle of OVAR. Inserts on top indicate the direction of rotation and the
position of the head at various phases of the OVAR cycle. Data are the means + SE from 10 consecutive cycles of rotation in
seven subjects (LSD, left side down; NU, nose-up; RSD, right side down; ND, nose down). From (167); used with permission.
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Fig. 21.
Muscle sympathetic nerve activity (MSNA) during earth vertical axis rotation (EVAR) at 60°/s (A) and off-vertical axis rotation

(OVAR) at 24°/s (B) 60°/s (C) and 110°/s (D). The axis of rotation was tilted 15° during OVAR, resulting in a peak acceleration
of 0.269 along the interaural axis. Upper tracings, MSNA; Lower tracings, signal from the chair holding the subject. The
vertical breaks indicate 360° of rotation and, in B-D, the nose-up position. Inserts over the vertical breaks show the nose-up

position of the subject and the axis or rotation. Calibrations are for MSNA voltage and time. From (167); used with permission.

Compr Physiol. Author manuscript; available in PMC 2015 April 01.



