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Condit ions  associated with nausea and vomit ing,  such as 
motion sickness or side effects of medications, are commonly 
associated with a clinical picture consistent with parasym- 
pathetic activation and sympathetic withdrawal. It can be postu- 
lated, therefore, that vestibular stimulation contributes to sym- 
pathetic withdrawal. To test this hypothesis five normal volun- 
teers, 24-33 years old, were studied during caloric vestibular 
stimulation while monitoring musde sympathetic nerve activity 
directly through a needle electrode placed in a peroneal nerve. 
The ear was irrigated with water at a flow rate of 450 ml/min 
and 37°C. The water temperature was sequentially lowered by 
7°C intervals until intolerable side effects developed or a tem- 
perature of 16°C was reached. Nystagmus was induced in all 
subjects, but heart rate, blood pressure, muscle sympathetic 
nerve activity and plasma norepinephrine levels did not change 
significantly during or after caloric stimulation, even when the 
subjects felt dizzy and nauseated. No evidence of sympathetic 
withdrawal was observed in any subject either by muscle sym- 
pathetic nerve activity or plasma norepinephrine measurements. 
In conclusion, we have found that selective vestibular stimula- 
tion is not accompanied by significant changes in the sympa- 
thetic nervous system function. In particular, no sympathetic 
withdrawal was observed. It could be argued that lack of sympa- 
thetic stimulation is an inadequate response to the symptoms 
associated with caloric stimulation. 
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Introduction 

Vestibular stimulation, such as induced by motion 
sickness or vestibular dysfunction, is accompanied by 
nausea, sometimes advancing to vomiting. In most 
species studied, the phenomenon of vomiting depends 
critically on input to or direct pharmacological stimu- 
lation in the vicinity of the nucleus of the solitary 
tract (NTS). 1 Significantly, the NTS receives third- 
order afferent inputs from the vestibular system I and 
the fastigial nucleus, and these afferent neurons also 
impinge on the nucleus ambiguous and the dorsal 
motor nucleus of the vagus. 2 There is also a close reci- 
procal axonal connectivity between the NTS and the 
area postrema, another important chemoreceptor trig- 
ger zone for emesis. 3 The NTS is also important in 
cardiovascular regulation. It is in these nuclei where 
the first synapse of the carotid sinus baroreflex is 
located,  4 and the NTS provides  an i m p o r t a n t  
inhib i tory  influence on the rostral ventrolateral  
medulla, such that stimulation of this nucleus results 
in sympathetic inhibition. 5 The NTS, therefore, may 
provide a link between neurovestibular input  and 
sympathetic regulation. 

There is significant evidence of an interaction 
between vestibular and sympathetic pathways. 6 The 
nature of this interaction, however, is not completely 
defined. Earlier studies showed that caloric stimula- 
tion of the labyrinth in rabbits elicited a decrease in 
blood pressure. 7 However, electrical stimulation of the 

vestibular nerve induces either an increase in splanch- 
nic sympathetic nerve activity or a decrease in renal 
sympathetic nerve activity. 6 

There is indirect evidence that such a link may also 
exist in humans. In a variety of clinical circumstances, 
for example, nausea and vomiting are closely linked to 
parasympathetic activation and concomitant sympa- 
thetic withdrawal. Furthermore, many drugs that can 
cause nausea and vomiting (e.g. cryptenamine, digi- 
talis) also elicit this pattern of autonomic disturbance. 
Finally, the pharmacological management of nausea 
and vomiting frequently employs agents that attenuate 
parasympathetic tone (scopolamine, promethazine, 
prochlorperazine, etc.) or enhance sympathetic activa- 
tion (ephedrine, methylphenidate, amphetamine). 

An interaction between neurovestibular and auto- 
nomic pathways may be of importance not only in the 
clinical situations described above, but may also be of 
relevance in space flight. The neurovestibular system is 
especially challenged by the environment of weight- 
lessness. 5 It undergoes a complex adaptive process as 
astronauts reach microgravity, which is probably piv- 
otal in the development of the space motion sickness 
syndrome. Space motion sickness occurs in two-thirds 
of astronauts, reducing their work efficiency, interfer- 
ing with their nutri t ion and contributing to their 
sense of disorientation. Of  interest, there is evidence 
that sympathetic activity is decreased in space. Plasma 
norepinephrine levels, measured in a limited number 
of astronauts, are low during the first day of space 
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f l ight ,  when  space m o t i o n  sickness is mos t  
prominent. 8 Taken together, these observations sug- 
gest that neurovestibular disturbance and its attendant 
effects could contribute to the impaired sympathetic 
activity observed in space. 

Even though an association between vestibular 
stimulation and reduced sympathetic activity seems 
likely, to our knowledge this hypothesis has not been 
tested. Therefore, the purpose of the present study was 
to determine the effect of vestibular stimulation on 
sympathetic nerve activity. Vestibular stimulation was 
produced by exposing the tympanic membrane to 
cold water (caloric stimulation). Sympathetic activity 
was monitored by direct recording of sympathetic 
nerve traffic (microneurography) and concomitant 
measurements of plasma norepinephrine. 

Methods 

Five healthy volunteers of both genders were studied. 
They were 24-33 years old (mean 29 ± 2). Subjects 
were not taking any medications and had no history 
or evidence of ear disorders or vestibular problems. 
The  p ro toco l  was approved  by the Vanderb i l t  
University Institutional Review Board. Volunteers 
were informed of the characteristics of the study and 
gave written consent. 

Instrumentation 
Subjects were studied fasted and in the supine posi- 
tion. Heart rate was monitored by surface electrocar- 
diography coupled to a rate computer. Blood pressure 
was measured continuously with an automated device 
(Finapres 2300; Ohmeda,  Englewood, CO, USA). 
Signals were displayed on a TA-2000 thermal array 
recorder (Gould Inc., Cleveland, OH, USA). 

Nystagmus was monitored by electro-oculography 
(electronystagmography) with electrodes placed in 
both temporal areas and connected through an iso- 
lated preamplifier to a universal signal conditioner 
(Gould Inc.). A reference electrode was taped to the 
skin of the glabella. Ear irrigation was performed with 
a Varistaltic peristaltic pump (Manostat, New York, 
NY, USA) set at 0.4 mA to obtain a 450 ml /min  
water infusion rate. Water temperature was main- 
tained constant during each irrigation with a Isotemp 
immersion circulator (model 730; Fisher Scientific, 
Pittsburgh, PA, USA). 

Measurement of muscle sympathetic nerve activity 
Sympathetic nerve activity was measured as previously 
described? The approximate location of the right per- 
oneal nerve at the level of the fibular head was deter- 
mined by transdermal electrical stimulation (10-60 V, 
0.01 ms), which produced painless muscle contraction 
of the foot. Electrical stimulation was done with a 
stimulator connected to an isolation unit ($88 and 
SIUTB; Grass Instruments, Quincy, MA, USA). A 

tungsten needle electrode, with a shaft diameter of 
200 }am and an uninsulated tip diameter of 1-5 lam, 
was inserted into the nerve. A similar electrode with a 
larger uninsulated tip was inserted subcutaneously 
near the recording electrode to serve as a reference 
electrode. The recording electrode was posit ioned 
within the nerve to obtain multiunit  recordings of 
sympathetic efferent activity. Placement of the elec- 
trode was guided by electrical stimulation (1-4 V, 
0.01 ms), which produced muscle twitches of the foot 
but not paresthesia. The electrode was then switched 
to a recording mode and fine adjustments of its posi- 
tion were made to obtain a satisfactory recording site 
as described below. Recorded signals were fed to a pre- 
amplifier (amplification 1000) and were filtered using 
a band width between 700 and 2000 Hz. The filtered 
signal was rectified, amplified (amplification 100) and 
integrated in a resistance-capacitance network using a 
time constant of 0.1 s (Nerve Traffic Analysis System 
662C-3; University of Iowa Bioengineering, Iowa 
City, IA, USA). The final signal was monitored using 
a storage oscilloscope (SI 11A; Tektronics, Beaverton, 
OR, USA) and recorded after fourfold amplification 
(TA-2000 recorder; Gould Inc.). 

Criteria for an adequate muscle sympathetic nerve 
activity recording were as follows: (a) electrical stimu- 
lation produced muscle twitches but no paresthesia; 
(b) stretch of the tendons in the foot evoked proprio- 
ceptive afferent signals, whereas cutaneous stimulation 
by slight stroking of the skin did not; (c) held expira- 
tion increased neural activity at a site where arousal 
stimuli did not; and (d) nerve activity increased dur- 
ing hypotensive phase of the Valsalva maneuver and 
was suppressed after the release of Valsalva during 
blood pressure overshoot. Muscle sympathetic nerve 
activity was also moni tored throughout  the study 
using a loudspeaker. This helped in the identification 
of potential artefacts, such as electrostatic discharges, 
which were also identified in the integrated neuro- 
gram by their rapid onset and shorter duration. 

Data analysis 
Plasma catecholamine levels were measured by high- 
pressure liquid chromatography and electrochemical 
detection, as described previously) ° Measurements of 
muscle sympathetic nerve activity were made from the 
original tracings of the integrated voltage neurograms 
by using a digitizer tablet coupled to Sigma Scan soft- 
ware (Jandel Scientific, Corte Madera, CA, USA) in a 
microcomputer. The amplitude of each 'burst' was 
measured in millimeters. Total activity was defined as 
the sum of 'burst' amplitude over a 30-s period and 
expressed in arbitrary units. Statistical analysis was 
done using the Number Cruncher Statistical Software 
(NCSS, Kaysville, UT, USA). Analysis of variance 
with repetitive measures was used for multiple com- 
parisons. Cri ter ion of significance was p < 0.05. 
Results are expressed as mean ± SEM. 
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Results 

Subjects were allowed to rest in a quiet room for 30 
min after instrumentation so that all cardiovascular 
and microneurographic parameters had returned to 
resting values. Baseline measurements were recorded 
(heart rate, blood pressure and muscle sympathetic 
nerve activity) and venous blood samples were drawn 
for plasma catecholamine determinations. Water was 
then instilled in the left ear at a temperature of 37°C 
for 5 min. The temperature was sequentially lowered 
by 7°C each time until intolerable side effects devel- 
oped as defined by the volunteer or until a tempera- 
ture of 16°C was reached. We waited 5 min between 
irrigations or until symptoms ceased. The subjects 
were informed ahead of time of all procedures that 
were to be performed, and that they might produce 
discomfort, in order to avoid anticipatory reactions. 
Subjects were asked to keep their eyes closed during 
caloric stimulation to avoid eye fixation. Nystagmus 
was elicited in all cases. The slow phase movements of 
the nystagmus were always directed toward the stimu- 
lated ear. Subjects were asked to score the discomfort 
felt during the ear irrigation performed with the cold- 
est water used (during caloric nystagmus) on a scale 
from 0 (no dizziness or nausea) to 10 (intolerable 
dizziness or nausea). Volunteers were not asked to dis- 
criminate between dizziness and nausea. Baseline heart 
rate, blood pressure and muscle sympathetic nerve 
activity did not change significantly during or after 
caloric stimulation in any subject, even in those who 
felt dizzy and nauseated. Only one out of five subjects 
did not develop symptoms (Table 1). 

Electronystagmography showed significant activity 
during caloric stimulation in every subject. On the other 
hand, neither muscle sympathetic nerve activity nor 
hemodynanlic parameters changed significantly during 
caloric stimulation compared to baseline or recovery 
recordings. The average time-course of the sympathetic 
and hemodynamic parameters recorded during the cold- 
est water irrigation are shown in Figure 1. A representa- 
tive tracing (subject 5) of these parameters is shown in 
Figure 2. The temperature at which nystagmus was first 
elicited was not related to the reported severity of symp- 
toms and is represented in Table 1 for each subject. 
Likewise, no correlation was observed between the sever- 

Table 1. Effect of caloric stimulation on vestibular symptoms 

Subject Irrigation Caloric Vestibular 
temperature nystagmus symptoms* 

(°C) (0-10 scale) 

1 30 + 8 
2 23 + 3 
3 30 + 8 
4 16 + 0 
5 23 + 7 

* Vestibular symptoms include dizziness and nausea. 
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Figure 1. Cardiovascular and sympathetic parameters during maxi- 
mal caloric stimulation in five normal volunteers. Line graphs show 
measurements taken during two 30 s periods before stimulation 
(PRE1 and PRE2), during the last minute of caloric stimulation 
(COLD1 and COLD2) and the first minute after stimulation was 
stopped (POST1 and POST2). Nystagmus was evoked in all cases. No 
significant differences were found in any of these parameters. 
Results are expressed as mean _+ SEM. MSNA, muscle sympathetic 
nerve activity; BP, blood pressure; HR, heart rate; DBP, diastolic BP; 
SBP, systolic BP 
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0, t sec 

Baseline Caloric StimuL Recovery 
Figure 2. Representative tracing obtained in subject 5 showing mea- 
surements of muscle sympathetic nerve activity (MSNA), blood pres- 
sure (BP), electronystagmography (ENG) and heart rate (HR) obtained 
during resting conditions (baseline), caloric stimulation and after 
recovery 

ity of symptoms and the observed changes in heart rate, 
blood pressure and muscle sympathetic nerve activity. 
Blood samples were collected 3 min after the end of 
each caloric stimulation or development of symptoms to 
measure plasma catecholamine levels. Baseline nor- 
epinephrine and epinephrine levels were 203 _+ 38 and 
15 -+7 pg/ml, respectively. Three minutes after a 5 min 
instillation of water at 37°C, plasma norepinephrine and 
epinephrine levels were 195 -+ 43 and 26 -+ 15 pg/ml, 
respectively. Three minutes after maximal caloric stimu- 
lation plasma norepinephrine and epinephrine levels 
were 225 -+ 64 and 20 -+ 10 pg/ml, respectively, and were 
not significantly different from baseline or after instilla- 
tion of water at 37°C. 

Discussion 

Conditions associated with nausea are commonly 
accompanied by clinical signs suggestive of parasym- 
pathetic activation and sympathetic withdrawal, lead- 
ing in some cases to neurogenic (vasovagal) reactions. 
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The space motion sickness observed during adapta- 
tion to the environment of microgravity is also tem- 
porarily associated with a decrease in plasma norepi- 
nephrine levels reflecting a decrease in sympathetic 
activity. This is an unexpected finding inasmuch as it 
could be predicted that the stress and activities associ- 
ated with space flight would produce sympathetic 
activation rather than withdrawal. It could be hypoth- 
esized, therefore, that motion sickness can induce or 
contribute to sympathetic withdrawal. 

On the other hand, studies on motion sickness have 
failed to reveal evidence of significant changes in car- 
diovascular autonomic function. Motion sickness 
induced by optokinetic stimulation, for example, pro- 
duced either no consistent changes in heart rate and 
blood pressure 11 or small increments in heart rate. 12,13 
Furthermore, Hu et  al. found a decrease in sinus 
arrhythmia during optokinetic stimulation, suggesting 
a decrease, rather than the expected increase in 
parasympathetic activity) 3 Other studies have shown 
an increase in heart rate and plasma catecholamine 
levels (epinephrine increasing more than norepineph- 
rine) during motion sickness induced in a rotating 
chair. Under these conditions, however, it is difficult 
to dissociate the effects produced by body movement 
to those produced solely by vestibular stimulation. 

The purpose of this study was to determine the 
effects of selective vestibular stimulation on sympa- 
thetic nerve activity. Two features of this study make it 
particularly different from previous human investiga- 
tions. First, we focused on the effects of selective 
vestibular stimulation in the absence of visual inputs 
or physical rotational movement. To our knowledge, 
the effect of selective vestibular stimulation on the 
autonomic nervous system has not been determined 
previously. Second, we directly monitored muscle 
sympathetic nerve activity using microneurographic 
techniques, a methodology not previously used in the 
study of motion sickness. This method is particularly 
sensitive when trying to monitor sympathetic with- 
drawal, which causes an abrupt reduction or even 
complete disappearance of the integrated sympathetic 
neurogram. 14 By comparison, plasma norepinephrine 
levels are not as sensitive an indicator of sympathetic 
withdrawal. 15 For example, phenylephrine increases 
blood pressure and induces a compensatory barore- 
flex-mediated sympathoinhibition. This is associated 
with a 67% reduction in muscle sympathetic nerve 
activity but only a 26% reduction in plasma norepi- 
nephrine levels. 16 Furthermore, changes in plasma 
norepinephrine are delayed in relation to changes in 
sympathetic nerve traffic. Nonetheless, a decrease in 
plasma norepinephrine can be detected after 3 min of 
phenylephrine infusion 16 and, therefore, should be 
evident  in our s tudy if sympa tho inh ib i t ion  had 
occurred. 

Our results indicate that vestibular stimulation, 
severe enough to produce nystagmus, dizziness and 

nausea, had no effect on heart rate, blood pressure, 
muscle sympathetic nerve activity or plasma norepi- 
nephrine levels. In particular, no evidence of sympa- 
thetic withdrawal was evidenced in any subject. These 
findings argue against our initial hypothesis that an 
interplay exists between vestibular input and auto- 
nomic cardiovascular control. It must be noted that 
measurements of sympathetic activity are restricted to 
the peroneal  nerve inne rva t ing  calf  muscles.  
Sympathetic withdrawal may still have occurred in 
other vascular beds but the lack of changes in heart 
rate and blood pressure do not fit with a significant 
alteration in au tonomic  cardiovascular function.  
Furthermore, the lack of changes in plasma norepi- 
nephrine levels do not fit with a significant decrease in 
overall sympathetic activity. 

It could also be argued that the side effects evoked 
by caloric stimulation in our volunteers should pro- 
duce sympathetic stimulation and that our failure to 
observe an increase in sympathet ic  activity is an 
abnormal response. It is possible, therefore, that 
vestibular stimulation indeed suppressed a compen- 
satory activation of the sympathetic nervous system. 
Even considering these caveats we can conclude that 
vestibular stimulation of the semicircular canal affer- 
ents does not produce sympathetic withdrawal. Our 
results agree with previous observations made with 
optokinetic stimulation, where autonomic cardiovas- 
cular regulation is not significantly affected. I~ This 
conclusion does not necessarily apply to other forms 
of mot ion  sickness. Because our s t imulat ion was 
restricted to the vestibular system, it remains possible 
that other conditions that evoke nausea can be associ- 
ated with sympathoinhibition. 

In conclusion, selective vestibular st imulation,  
strong enough to produce nystagmus and evoke nau- 
sea, is not accompanied by significant changes in 
autonomic nervous system function, as determined by 
the lack of changes in heart rate, blood pressure, 
plasma norepinephrine levels and muscle sympathetic 
nerve activity. 
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