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Abstract

Blood pressure (BP) and heart rate (HR) were studied in isoflurane-anesthetized Long-Evans rats
during sinusoidal galvanic vestibular stimulation (sGVS) and sinusoidal oscillation in pitch to
characterize vestibular influences on autonomic control of BP and HR. sGVS was delivered
binaurally via Ag/AgCI needle electrodes inserted over the mastoids at stimulus frequencies
0.008-0.4 Hz. Two processes affecting BP and HR were induced by sGVS: 1) a transient drop in
BP (~15-20 mmHg) and HR (~3 beat*s™1), followed by a slow recovery over 1-6 min; and 2)
inhibitory modulations in BP (~4.5 mmHg/g) and HR (~0.15 beats*s~1/g) twice in each stimulus
cycle. The BP and HR modulations were approximately in-phase with each other and were best
evoked by low stimulus frequencies. A wavelet analysis indicated significant energies in BP and
HR at scales related to twice and four times the stimulus frequency bands. BP and HR were also
modulated by oscillation in pitch at frequencies 0.025-0.5 Hz. Sensitivities at 0.025 Hz were 4.5
mmHg/g (BP) and ~0.17 beat*s1/g (HR) for pitches of 20-90°. The tilt-induced BP and HR
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modulations were out-of-phase, but the frequencies at which responses were elicited by tilt and
sGVS were the same. The results show that the SGVS-induced responses, which likely originate in
the otolith organs, can exert a powerful inhibitory effect on both BP and HR at low frequencies.
These responses have a striking resemblance to human vasovagal responses. Thus, SGVS-
activated rats can potentially serve as a useful experimental model of the vasovagal response in
humans.
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Introduction

Vestibular system projections to cardiovascular centers in the CNS modulate blood pressure
(BP) and heart rate (HR) in response to changes in head and body position relative to gravity
(YYates and Miller 1994; Yates 1996; Balaban and Porter 1998; Yates et al. 1999; Ray 2000;
Abe et al. 20084, b, 2009; Carter and Ray 2008; Tanaka et al. 2009). Upon standing, neural
activity initiated in the vestibular system operates in conjunction with the baroreflex to
maintain stable blood flow in the head. Concurrently, blood flow to the legs is down-
regulated by increases in peripheral resistance in order to combat gravity-dependent blood
pooling in the lower extremities (Yavorcik et al. 2009). Kaufmann and colleagues (Kaufman
et al. 2002) have shown that muscle sympathetic nerve activity (MSNA), which produces
constriction of peripheral blood vessels in the legs, is generated during off-vertical axis
rotation (OVAR), a pure otolith and body tilt receptor stimulus in the steady state. Thus,
vestibular system activity controlling BP and HR can originate in the otolith organs.

Steps of galvanic vestibular stimulation have been used in many studies to activate the
vestibular end organs and cause changes in BP and HR (see Courjon et al. 1987; Abe et al.
2008b, 2009 for review). Although all parts of the end organ are activated by galvanic
currents (Goldberg et al. 1982), the finding that ocular roll but not nystagmus is induced by
galvanic stimulation (Watson et al. 1998; MacDougall et al. 2002, 2003, 2005) has provided
strong evidence that the major effect of the galvanic stimulus is on the otolith organs, not the
semicircular canals.

In a series of provocative experiments, Macefield and colleagues (Elam and Macefield 2001;
Elam et al. 2002; Bent et al. 2006; Grewal and James 2009; James and Mace-field 2010;
James et al. 2010) have demonstrated that sinusoidal galvanic vestibular stimulation (SGVS)
has a powerful facilitatory effect on the generation of MSNA in the legs. Given the low
frequency of the sinusoidal stimulus and the postural sway evoked by sGVS in standing
human subjects, these authors (Bent et al. 2006; Grewal and James 2009) also conclude that
itis likely that this stimulus primarily activates the otolith organs.

Although sGVS has been used to evoke MSNA, its effects on BP and HR are not known.
The purpose of the present experiments was to explore this in a small animal model, the
anesthetized rat. Unexpectedly, we elicited vasovagal responses in many of these animals
(Cohen et al. 20104, b). In humans, a vasovagal response is characterized by a sudden
reduction in BP and HR, which is frequently associated with dizziness and syncope (Lewis
1932). It is more common in females than males, frequently occurs in families, and can be
provoked by a wide variety of stimuli that activate the autonomic system (Bracic and
Stefanovska 1998; Connolly et al. 1999, 2003; Atiga et al. 2007; Alboni et al. 2008, 2010;
Alshekhlee et al. 2008; Daas et al. 2009; Lewis 1932; Rea and Thames 1993; Gert van Dijk
2003; Suzuki et al. 2003; Giuseppe and Dinelli 2006; Robertson 2008; Pirodda et al. 2009).
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The exact manner in which vestibular activation elicits vaso-vagal syncope is not known,
although the diagnosis is frequently supported using a head-up tilt test, which activates
vestibular and body tilt receptors. Moreover, although such responses have been described
in animals (Gert van Dijk 2003), there is no robust animal model of the response in which
the neural mechanisms and physiology of the vaso-vagal response can be investigated
adequately. In this study, we used an implanted telemetric BP transducer to assess the
impact of sGVS on BP and HR in the anesthetized rat and compared it to the effect of head/
body tilt. The data demonstrate that the response to SGVS in the anesthetized rat is a
possible animal model of the disorder and that an otolith-autonomic link plays an important
role in eliciting this response.

Seven adult, male Long-Evan rats (Harlan Laboratories, MA) weighing 300-400 g were
used in these studies. All experiments were approved by the Institutional Care and Use
Committee of the Mount Sinai School of Medicine.

Surgical procedures

The implantation of a blood pressure measurement device and a head fixation mount were
accomplished during the same aseptic surgical session. Throughout the surgery, rats were
kept on a heating-pad controlled by the feedback of a rectal temperature probe. The surgery
and testing were conducted under isoflurane anesthesia (4% induction, 2% maintenance).

Implantation of bolts to allow fixation of the head during experiments

After induction of anesthesia, rats were placed in a stereotaxic frame, and a round patch of
skin was removed from the calvarium. The latter was freed from periosteum and four sterile
stainless steel screws were secured into small holes drilled around the perimeter of the skull.
The screws were secured with dental acrylic cement, and two nuts were encased in semisoft
acrylic. These were used to immobilize the head during experiments.

Cannulation of carotid and femoral arteries and implantation of telemetric blood pressure
sensors in the aorta

In one rat (#579), a transducer catheter was introduced via a small arteriotomy implanted in
the femoral artery and advanced into the abdominal aorta. The catheter was secured with
two ties around the femoral artery. In a second rat (#578), the catheter was introduced into
the external carotid artery. For this procedure, the neck muscles were retracted laterally to
expose the artery, which was retracted downward while the catheter was inserted. The
ligature that tied the artery was then released. Blood pressure (BP) was recorded as
described below. Both rats were euthanized at the end of the experiments.

In all other rats, a telemetric blood pressure sensor (DSI, St Paul, MN) was implanted in the
abdominal aorta. These animals were utilized in a series of experiments performed over the
next 2 months. After placing a 2-cm incision in the groin, the femoral artery was isolated
and clamped with two mini-clamps. The transducer catheter was inserted into the vessel via
a small arteriotomy and, after removing the cranial clamp, was advanced into the abdominal
aorta. The catheter was secured with two ties around the artery, and the body of the sensor
was placed into a subcutaneous pocket in the animal’s flank. The pocket was closed with a
purse-string suture and the skin incision with surgical staples. After recovery from
anesthesia, animals were returned to their cages. Post-surgical pain was managed with
buprenorphine (0.05 mg/kg BID, SQ) for 3 days, and rats were available for experiments 7—
10 days after the surgery.
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Sinusoidal galvanic vestibular stimulation (sGVS)

During testing, the heads of the rats were immobilized using the head mounts attached to a
cylindrical holder for the animal’s body. Sinusoidal currents generated by a computer-
controlled stimulator (Kaufman et al. 2002) were delivered via two Ag/AgCl needle
electrodes inserted into the skin over the mastoids, behind the external auditory meati. sGVS
was given binaurally in six animals (#578, #579, #588, #602, #618, #619) with currents of
1-4 mA and frequencies of 0.008 to 0.5 Hz. Current and frequencies were randomized, and
15-30 min were allowed to elapse between stimuli to reduce possible effects of habituation.

Head and body tilts

To test responses to tilt, animals (#599, #602) were placed in the body holder, which was
secured to the platform of a tilt-table that could be oscillated by a computer-controlled
motor. Animals were stimulated in the roll or pitch planes by orienting the head and body
around the naso-occipital (roll) or interaural (pitch) axes at frequencies of 0.004 to 0.5 Hz.

Regardless of the nature of the stimuli, the parameters of stimulation such as frequency and
angle of tilt were randomized and 15-30 min was allowed to elapse between stimuli to
reduce possible effects of habituation.

Data collection and analysis

BP in response to sGVS was recorded continuously using customized A/D conversion
hardware (Grass Technologies, West Warwick, RI) and Polyview software (Grass
technologies) and stored at a rate of 1 kHz. BP data from the telemetric sensors were
collected via a wand receiver (DSI, St Paul, MN) at 1 kHz with 12 bit resolution (Data
Translation, Inc) using our data collection program. The data were converted for analysis
using our VMF data analysis software.

BP was utilized to obtain heart rate (HR) off-line, as shown in the inset of Fig. 1a. The peaks
of the rapid increases in BP (top trace) were detected (Fig. 1 inset, vertical dashed lines, 2nd
trace). HR was identified from the peaks in BP (Fig. 1 inset, 1st trace). Stored pulses were
converted to instantaneous frequency (beat*s™1) and stored in a separate channel for further
analysis. Mean square sinusoidal fits to the data were used to estimate variations of BP and
HR to the sinusoidal oscillations.

Wavelet transforms of the sGVS stimulus, BP, and HR were utilized to assess the temporal
changes of the signals for specific frequency bands or scales. The analysis was performed
using Matlab (Mathworks, Inc.) and its implementation of the Daubechies function, dby as
the mother wavelet. This wavelet implementation filters the data using 8 coefficients and
can encode functions that have variability of polynomials of the order 3. The order of the
function was sufficient to capture the dominant frequency components of the transient signal
with the scaling function and the higher frequencies with multiples of this scale.

For analysis of the tilt responses using sine wave fits, the significance of the fits of the data
was determined using a reduced case of ANOVA (F statistic) (YYakushin et al. 1995, 2011).
The significance of the regression lines for the functional relationships between the stimuli

and responses was determined by the critical r value (Daniel 1995). The difference between
two groups of data was determined using t test with a Bonferroni correction.
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sGVS induced two relatively independent responses, which are demonstrated in the
responses of two rats in Fig. 1. At the onset of stimulation, there was a transient drop in BP
and HR that slowly recovered over periods that could last as long as 6 min (Fig. 1a). The
changes in BP and HR associated with these transient changes were significant (P < 0.001).
The largest decreases in BP and HR were in the first hemicycles (~10 s) of stimulation (Fig.
1b, inset).

Four animals were tested with various stimulus parameters. Transient responses were
defined as 10 mmHg or larger sudden drops in BP in response to sGVS. The transient, slow
components of the responses to SGVS were evoked at least once in each of the animals and
were elicited many times in others (Fig. 2a, b, Rat 588, Table 1), although overall these
transient responses were only present in 20 = 8% of stimulation trials. One of the first rats
tested had distinct transient response when stimulated at 0.025 Hz at 3 mA. Two other
animals were repeatedly tested with this stimulus (Rat #618 three and nine times; Rat 619
ten times). No transient responses were observed in these animals. The shortest latency of
the responses in BP and HR were ~2 s. The general profiles of the transient responses were
similar in all animals in which the response was evoked, but the amplitude of the initial drop
in BP and HR and the time course of recovery varied (Fig. 2a, b). These data indicated
marked differences in susceptibility to SGVS between rats and considerable variability in
response within individual subjects.

In the examples shown in Fig. 1b, the mean BP decreased by about 10-20 mmHg and HR
decreased from about 3.5-4 to 2.5-3 beat*s™1. When the HR dropped, the subsequent
changes in BP during systole were large (Fig. 1b, inset), presumably due to increased filling
of the heart in accordance with Starling’s Law (Starling 1918). There was no consistent
correlation between the frequencies and current levels of sGVS that were effective in
inducing the transient component of the responses. Thus, the variability in evocation of the
responses in Fig. 2a, b was typical.

Superimposed on the transient responses were sinusoidal modulations of BP and HR (Fig.
1b inset, Fig. 2c). There were two modulations in BP and HR for each stimulus cycle, and
the modulations were close to being in-phase with each other (Fig. 2c). The amplitude of the
modulations was largest at the onset of stimulation and decreased or was maintained
throughout stimulation. Figure 1a illustrates this: the modulations were generated throughout
stimulation, until the slow component had recovered and returned to its pre-stimulation
steady state level (Fig. 1a, dashed horizontal line). In some instances (Fig. 1b), the
modulations could outlast the recovery of the transient component.

In contrast to the transient changes in BP and HR, in which there was no consistent
relationship with either frequency or strength of stimulation, there was a strong correlation
between the average amplitude of the modulations and the frequencies and current levels of
sGVS (Fig. 2d, e, f). Thus, the amplitudes of the modulations of BP and HR were larger for
larger current amplitudes (Fig. 2d). They were also best evoked at the lowest frequencies of
stimulation (0.04 Hz), were substantially diminished for stimulation frequencies above 0.5
Hz (Fig. 2e, ) and were never induced at frequencies above 0.4 Hz. The different
characteristics of the transient or ‘slow’ response and the modulations suggest that the two
components are produced by different neural processes.

Because the BP and HR signals contained a complex mixture of frequencies in response to
the stimulus, a wavelet analysis was performed that allowed better separation of the various
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time—frequency components that were generated by the stimulation as well as comparisons
with the distribution of the stimulus frequency bands (Harris 2004). This analysis also
enabled a determination of energy distributions that were evoked in BP and HR by the sGVS
(Figs. 3, 4). The wavelet analysis indicated that the temporal variations of BP (Fig. 3a) and
HR (Fig. 3b) in response to the stimulus (Fig. 3d) had the largest energy in scales associated
with HR and its harmonics (Fig. 4, shaded regions). These scales were not considered
further as they were not clearly associated with the stimulus. Rather, BP and HR signals
were examined in four frequency bands that were associated with the stimulus and its
harmonics (Fig. 3e-l).

The first band (Fig. 3e, f) represented a scale comprised of low frequencies (0-0.029 Hz).
When these bands were combined, the temporal behavior approximated the transient
response, which had a small, slow initial drop followed by an even slower return to a steady
state value for both BP and HR (Fig. 3e, ).

Three scales contained the stimulus frequency (0.025 Hz; Fig. 3g, h), twice the stimulus
frequency (Fig. 3i, j), and four times the stimulus frequency (Fig. 3k, I). For a stimulus
frequency of 0.025 Hz (Fig. 3c, d), which was most effective in generating the modulations
in BP and HR (Fig. 2e, f), most of the activity in the BP and HR signals was contained in the
bands that had twice the stimulus frequency (0.05 Hz; Fig. 3i, j). Of note, the modulations in
BP and HR declined as the stimulus continued in this instance. The same occurred in the
wavelet analysis of the trace in Fig. 2b (not shown). This confirms that the stimulus not only
evoked activity at the stimulus frequency but also at twice and four times that frequency.

The temporal responses associated with these different bands also showed a separation of
the transient and modulatory responses, since the latter persisted until the end of stimulation,
while the transient BP response, which essentially covered the low frequency band, lasted
only about 50 s (Fig. 3e).

The responses to a stimulus of 0.17 Hz, 2 mA (Fig. 1b) had an altered frequency band
distribution (not shown). The initial drop in the transient BP and HR responses induced by
stimulation at 0.17 Hz in Rat #588 were larger and faster than the response induced by the
0.04 Hz stimulus in Rat #578 (Fig. 3e, f). As in Fig. 3, there was less activity at scales
containing the stimulus frequency than at twice the stimulus frequency, and in this case even
greater activity in the band containing four times the stimulus frequency.

The wavelet data were further analyzed by calculating the energy in the different bands for
BP and HR for the responses of Fig. 1a, b (Fig. 4). The bands associated with HR and its
harmonics had the largest energies (Fig. 4 gray bars), as expected, but were unrelated to the
stimulus and were not considered further. The transient response (bands #13) had a larger
energy percentage when the stimulus frequency was 0.17 Hz (Fig. 4c) than when it is 0.025
Hz (Fig. 4a). The energy of the bands that contained 1%, 2x, and 4x the stimulus frequency
also had different patterns for the two stimuli. When the stimulus frequency was low (Fig.
4a), frequencies in the BP signal associated with the stimulus (scales 12, 11, and 10) had
peak energy in the band containing 2x stimulus frequency (scale 11). When the frequency
was higher (Fig. 4d), the energy in the bands of the BP signal associated with the stimulus
(scales 9, 8, 7) progressively increased to a peak at 4x the stimulus frequency. Thus,
frequency bands of BP were activated differently, and had different energy distributions in
the various frequency bands, at the different stimulus frequencies (Fig. 4b, d).

Sinusoidal oscillation in pitch and roll

To provide a basis of comparison with the results of sGVS, BP and HR of the anesthetized
rats were tested in response to sinusoidal changes in the gravity vector in head coordinates.

Exp Brain Res. Author manuscript; available in PMC 2012 April 1.
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The animals were oscillated up to £90° around the naso-occipital (roll) and interaural (pitch)
axes. Because activation of the otolith organs and the semicircular canals during tilts was
essentially at a single frequency, BP and HR amplitudes were determined at the frequency of
oscillation. There were no consistent changes in BP or HR when animals were oscillated in
roll, but both BP and HR were modulated by oscillation in pitch (Fig. 5a). The bias level of
BP was lower at a higher than a lower anesthesia level (Fig. 5a) although the modulations in
BP and HR were not statistically different at both levels (3.2 vs. 3.6 mmHg, 0.052 vs. 0.058
beat*s™1, P > 0.05).

Oscillations in pitch induced changes in BP and HR that were out-of-phase with each other,
whereas they were in-phase during sGVS (Fig 1b, Inset; Fig. 2c). Thus, in contrast to the
findings obtained using sGVS, the decreases in HR observed during pitch were not likely to
be produced by changes in BP.

The changes in BP and HR during pitch tilt were characterized using the different
frequencies of oscillation (Fig. 5b) and different amplitudes of pitch (Fig. 5c. d, Rat #599).
BP was maximally altered by oscillation between 0.025 and 0.1 Hz (Fig. 5b, gray ellipse),
similar to the best frequencies of induction of the changes in BP and HR using sGVS. There
was a weaker response of BP to oscillation in pitch at 0.01 and <0.1 Hz. The amplitude of
the modulation in BP (Fig. 5¢) and HR (Fig. 5d), which were at the frequency of tilt,
increased steadily as the angle of tilt was increased. The sensitivity of BP to changes in head
and body position re gravity were constant at about 4.5 mmHg/g (Fig. 5e, bottom) at
frequencies of 0.025 and 0.05 Hz. HR also increased as a function of the angle of tilt, but
with greater variation (Fig. 5d). When the sensitivity to gravity was calculated, the data fell
along horizontal lines, suggesting that the sensitivity of BP and HR to head and body
position re gravity was constant.

The average sensitivity of HR, contrary to that of BP, was different at two frequencies of
SGVS. It was greater at 0.025 Hz (0.17 beat*s~1/g) than at 0.05 Hz (0.054 beat*s~1/g, P =
1.5*1075, t test) indicating dependence of HR sensitivity on stimulus frequency, but not on
tilt angle (Fig. 5d). Similar results were observed in Rat #602 (not shown).

Discussion

The major finding of this study is that sinusoidal galvanic vestibular stimulation (sGVS) at
low frequencies produces strong reductions in BP and HR in anesthetized rats. Two types of
changes were induced by sGVS: a large initial decrease in BP and HR, which slowly
recovered over periods as long as 6 min, and strong inhibitory modulation of BP and HR at
twice the frequency of stimulation. Thus, when appropriately stimulated, the portion of the
vestibular system processing otolith signals can exert a powerful inhibitory effect on both
BP and HR that simulates the changes observed in humans during vasovagal syncope. To
our knowledge, the vasovagal response to sGVS has not been described before, and there is
no adequate animal model for studying the vasovagal response. Our data suggest that the rat
could provide such a model.

The steep initial drops in BP and HR that occurred within approximately 2 s from onset of
sGVS were found across rats. The latencies of these responses were consistent with latencies
of 1.4 s observed in BP of anesthetized cats in response to nose-up tilts (Woodring et al.
1997). The variability in the time course of recovery may imply that the slow responses
were due to differences in the levels of transmitter release and/or balance of sympathetic and
parasympathetic activity across animals, or to the release of neuro-modulators with variable
rates of uptake.
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The dramatic fall in BP and HR during the inhibitory modulations illustrated in the inset of
Fig. 1b suggests that the primary cause for the reduction in BP following sGVS was the
decrease in HR. This is most likely due to a stimulus-dependent activation of the
parasympathetic innervation of the heart, mediated through cells in the dorsal motor vagal
nucleus. In fact, axons of cells in the caudal vestibular nuclear complex have been observed
in the dorsal motor vagal nucleus and the solitary nucleus (Balaban and Beryozkin 1994;
Yates et al. 1994; Porter and Balaban 1997); these vestibular areas are a major target of
afferent fibers from the otolith organs (Yates et al. 1993a; Newlands and Perachio 2003)
Activation of the pathway to the dorsal motor vagal nucleus would shift the autonomic
balance toward increased parasympathetic activity, resulting in a reduction in sympathetic
tone and a decrease in HR. In this case, the decline in BP observed in response to sGVS
could be a downstream physiological effect of the reduction in HR. In addition, vestibular
projections in the solitary nucleus offer a more direct route for the vestibular system to
modulate BP through the neural pathways that mediate the baroreflex (for review, see
(Balaban 2004)). However, the most direct pathway supporting vestibular influences on the
sympathetic control of BP derives from the caudal vestibular nuclei and projects to the
vasomotor pre-sympathetic neurons in the rostral ventrolateral medulla (Holstein et al.
2011). Itis likely that the tilt stimuli in the present study activated this direct pathway,
causing a reduction in BP that was independent of the changes in HR.

The sensitivity of HR and BP to pitch tilts were independent of tilt angle in this study,
similar to the response of splanchnic nerve fibers to natural vestibular stimulation (Yates and
Miller 1994). Tilts in the roll plane were ineffective in our study, consistent with findings in
normal cats, in which only nose-up but not roll stimulation produce cardiovascular responses
(Yates and Miller 1994; Yates 1996; Woodring et al. 1997). However, linear oscillation
about any axis in the horizontal plane produces similar 7-9 mmHg oscillations of BP (Yates
etal. 1999; Zhu et al. 2007). Many studies indicate that BP and HR responses to sinusoidal
oscillation in pitch are of otolith origin (Lindsay et al. 1945; Spiegel 1946; Megirian and
Manning 1967; Tang and Gernandt 1969; Uchino et al. 1970; Doba and Reis 1974; Ishikawa
et al. 1979; Ishikawa and Miyazawa 1980; Yates et al. 1993b; Kerman and Yates 1998; Jian
et al. 1999; Kerman et al. 2000). Sympathetic nerve activity is modulated by otolith and not
canal-related inputs (Yates and Miller 1994). Furthermore, changes in BP induced by nose-
up tilt are held for as long as this position is maintained (Woodring et al. 1997), indicating
that activity for these responses was otolith related, not canal related. Body tilt receptors also
participate (Lindsay et al. 1945) in sensing tilt in the vestibular nuclei (Yates et al. 2000;
Woodring et al. 1997).

In this regard, it is of interest that the gravitationally induced changes in BP and HR were
optimally produced at the same low frequencies as the inhibitory modulations in BP and HR
that were generated by sGVS (Fig. 2e, f and Fig. 5). These frequencies are also the same
optimal frequencies for generating counter-pitch and counter-roll in the rabbit during OVAR
and translation while rotating (TWRY), which are both pure otolith-induced responses
(Maruta et al. 2005, 2008). Although high-frequency eye movements can be induced in
frontal eyed species by otolith stimulation (Paige and Tomko 1991), this is not the case in
lateral-eyed species and otolith-induced eye movements are best generated by frequencies
below 0.1 Hz. Taken together, these studies indicate that BP and HR control through the
vestibular system is primarily mediated through the otolith system and has the same
frequency bounds as orienting eye movements such as ocular roll and vergence. In this
regard, it is of interest that the same low frequencies are critical for the generation of motion
sickness, which also involves the otolith system (Dai et al. 2011). Whether the semicircular
canals have the same access to BP and HR is not known, but from these results, the major
control of BP and HR in the vestibular system is derived from otolith signals.
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The wavelet analysis was particularly useful in identifying the frequency bands that were
elicited in BP and HR and in comparing the energies in these bands to that of the stimulus.
The changes in BP and HR induced by sGVS in the rat were similar to the changes in BP
and HR observed in a wavelet analysis of a *syncopal youth’ during a faint by Nowak et al.
(2008). The slow component in the rat and the wavelet-based frequency band distribution
bore a striking resemblance to the human data. As in humans, the slow response was not
elicited in all rats, nor could it always be elicited in susceptible rats, but it appeared many
times in a susceptible animal (Fig. 2a, b).

The wavelet analysis showed that the transient component of the alterations in BP and HR
was confined to low frequency bands, although the energy distribution for BP and HR were
somewhat different. Since sGVS mainly activates the otolith organs, the data suggest that
the otolithic system can exert a powerful inhibitory effect on both BP and HR whenever
activated, independent of direction of activation.

These frequency bands also demonstrated that there was significant energy at 4x the
stimulus frequency when the stimulus was 0.17 Hz, at the upper limit of frequencies that
could activate the simultaneous inhibitory modulation in BP and HR. Whether the energies
distributed in the high frequency band represented dispersion of the responses that were
more coherent at the lower frequencies of sGVS (0.025 Hz) or were due to activity
generated by the higher stimulus frequencies is not known. Regardless, the wavelet analysis
clearly demonstrated that despite the diffuse nature of the sGVS stimulus to the vestibular
end organs, the changes in BP and HR were associated with the stimulus frequency.

This study has concentrated on binaural sGVS, mirroring the work of Macefield and
associates. For this stimulation, the otolith afferents would be activated on both sides in
opposite polarity in each hemicycle of stimulation. The double response to each sinusoid
suggests that perhaps alternation in the anodal and cathodal currents between the two ears
had alternately activated the labyrinths on each side.

To our knowledge, there is no robust animal model of the vasovagal response (Gert van Dijk
2003). Treatments for vasovagal syncope vary from beta-blockers to implantation of
pacemakers (for recent reviews, see (Medow et al. 2008; Aydin et al. 2010), but many of
these treatments are not particularly successful in protecting affected individuals (Fenton et
al. 2000; Folino 2007; Wieling et al. 2009). The present study suggests that sGVS
stimulation in the rat can provide a useful animal model to study these responses.
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Fig. 1.

a Binaural sGVS in Rat #578 at 0.025 Hz, 4 mA (bottom trace) caused a drop in BP (1st
trace) and HR (2nd trace). BP and HR oscillated at twice the stimulus frequency (3rd trace).
The horizontal dashed line denotes the initial HR and extends to its recovery after the end of
the stimulus. Inset 1a, BP (1st trace), HR (2nd trace), and instantaneous HR (3rd trace)
determined from peaks of systolic BP. (See text for description). b sGVS of Rat #588 at 0.17
Hz, 2 mA (bottom trace) caused large modulations in BP (1st trace) and HR (2nd trace) at
twice the stimulus frequency (inset). Time base on abscissas in sec
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Filtered traces (0.05 Hz) of drops in BP (a) and HR (b) produced by stimulation at
frequencies of 0.04-0.4 Hz and stimulus currents of 2 and 4 mA, as noted in box in a. There
was an initial drop and recovery in both BP and HR in all recordings, but the time of
recovery varied. ¢ Modulations in BP (1st trace) and HR (2nd trace) of Rat #578, during 20
cycles of sGVS at 0.025 Hz. The black lines in the 1st and 2nd traces are the means of the
responses. The red line is a sinusoidal fit at double frequency. The bottom trace is the
stimulating sinusoid. d Increases in amplitude of sinusoids at 0.025 Hz when evoked by
stimulus currents of 2-4 mA. e, f Amplitude of the modulations in BP and HR (ordinates)
induced by different stimulation frequencies (abscissa)
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Wavelet analysis (Daubechies Wavelet, db4) of BP (a) and HR (b) to stimulation at 0.025
Hz and 4 mA. The approximation to the transient response was determined by the highest
energy band among the low frequency scales. These scales were combined up to the band
that had the highest energy (0-0.029 Hz). ¢, d Stimulus. The approximation to the transient
response had a small and slow initial drop for both BP (e) and HR (f). Three scales

contained the stimulus frequency (g, h), tw
the stimulus frequency (K, I). The stimulus

ice the stimulus frequency (i, j), and four times
activated these bands. Most of the activity for

this stimulus frequency (0.025 Hz) was contained in the band containing twice the stimulus

frequency (i, )
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Fig. 4.

Differences in energy distribution of BP in component frequency bands (a, ¢) between low
frequency (b) and high frequency (d) stimuli after wavelet decomposition. The abscissa
represents the scales (1-13) associated with specific frequency bands from the highest
frequency to the lowest frequency (left to right). The ordinate represents the energy in each
band as a percentage of the total. The gray bars are the energies associated with HR and its
harmonics. These bands had the largest energies, but are unrelated to the stimulus, and
were not considered. The transient response (band > #13) has a larger energy percentage
when the stimulus frequency was 0.4 (c) than when it was 0.025 Hz (a). The energy of
bands that contain 1x, 2x, and 4x stimulus frequency also have different patterns between
the two stimulus frequencies. When the frequency was low (a), bands of BP associated with
the stimulus (12, 11, and 10) have peak energy in the band containing 2x stimulus frequency
(band 11), whereas when the frequency was high (d), the BP bands associated with the
stimulus (d) (bands 9, 8, 7) progressively increase in energy with a peak at 4x stimulus
frequency

Exp Brain Res. Author manuscript; available in PMC 2012 April 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Page 18

4% "
2%
a 120 mmHg
o 90}
m S R =z
7 _ beat's™
E 57 w
T NN NN N
60 deg
= 0
'_
-60
0 50 100 150 200 250 300 350 400
Time (s)
b mmHg C , mmHg d beat*s™
6 . s, 6 aw 0.2 SR
. - A -
o 41e R 4 ’ ¥ ke o oo
m PO T o1
2 -' 2 . .- s e
L - .
.
0 0 0 .
mmHg/g ° mmHg/g beat*s-1/g
: s 0.3
>‘ : -
g 6 e . 5 A ate = .ot
2 . . . ~ * 02 el ”
] . A & ‘e w
& 3 ] 3 &
4] g [ 0.025Hz w 01 > & aee
M ® 005 Hz
0 - . . 0 " 0 . .
0.01 0.1 1 20 50 100 20 50 100
Oscillation Frequency (Hz) Tilt Angle (deg) Tilt Angle (deg)
Fig. 5.

a Modulations in BP (1st trace) and HR (2nd trace) in Rat #599 produced by + 90°, 0.025
Hz oscillation in pitch at two levels of isoflurane anesthesia (4 and 2%). Note that BP and
HR oscillated out-of-phase during changes in head and body position in pitch re gravity.
Changes in the level of anesthesia did not affect HR, but caused a rise of about 4 mm Hg in
BP. b Effect of frequency of head and body pitch on modulation of BP (b, top graph), and
on the sensitivity to gravity (b, bottom graph). The gray ellipses emphasize the frequency
range (0.01 < o < 0.1). c Effect of the angle of tilt of the head and body pitch on the
modulation in BP (c, top graph), and on sensitivity to gravity (c, bottom graph). BP was
modulated as a linear function of the tilt angle (c) and the sensitivity to gravity was the same
across angles (d, bottom graph). Effect of changes in the amplitude of modulation of head
and body pitch = 60° at frequencies below 1 Hz in Rat #599 on the modulation of HR (d, top
graph), and on the sensitivity to gravity (e, bottom graph)
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Transient (vasovagal) responses observed in experiments with random variation of stimulus frequency and

amplitude

Animal’st ID  Number of stimulation

Vasovagal response

Number (%)
Rat #578 23 6 26
Rat #579 14 3 21
Rat #588 17 3 18
Rat #602 13 1 8
Average 20 £ 8%
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