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orted side effect of exposure to the high magnetic fields found in magnetic
resonance imaging machines. Although it has been hypothesized that high magnetic fields interact with the
vestibular apparatus of the inner ear, there has been no direct evidence establishing its role in magnet-
induced vertigo. Our laboratory has shown that following exposure to high magnetic fields, rats walk in
circles, acquire a conditioned taste aversion (CTA), and express c-Fos in vestibular and visceral relays of the
brainstem, consistent with vestibular stimulation and vertigo or motion sickness. To determine if the inner
ear is required for these effects, rats were chemically labyrinthectomized with sodium arsanilate and tested
for locomotor circling, CTA acquisition, and c-Fos induction after exposure within a 14.1 T magnet. Intact rats
circled counterclockwise after 30-min exposure to 14.1 T, but labyrinthectomized rats showed no increase in
circling after magnetic field exposure. After 3 pairings of 0.125% saccharin with 30-min exposure at 14.1 T,
intact rats acquired a profound CTA that persisted for 14 days of extinction testing; labyrinthectomized rats,
however, did not acquire a CTA and showed a high preference for saccharin similar to sham-exposed rats.
Finally, significant c-Fos was induced in the brainstem of intact rats by 30-min exposure to 14.1 T, but
magnetic field exposure did not elevate c-Fos in labyrinthectomized rats above sham-exposed levels. These
results demonstrate that an intact inner ear is necessary for all the observed effects of exposure to high
magnetic fields in rats.

© 2009 Published by Elsevier Inc.
1. Introduction

Vertigo is a commonly-reported side effect of exposure to static
high magnetic fields as found in magnetic resonance imaging (MRI)
machines. Surveys of technicians working around 1.5 T [1] and 4 T [2]
magnets found statistically significant occurrences of vertigo, dizzi-
ness and nausea particularly associated with movement through the
high fields. Users of a 7 T magnet have reported subjective sensations
of movement and falling [3], and subjects in studies conducted with
an 8 T magnet reported vertigo when moving in or out of the MRI
machine [4–6]. These reports suggest a transient influence of high
magnetic fields on the vestibular system, leading to vertigo.

As MRI machines are increasingly employed for interventional
procedures [7], there may also be effects on medical personnel
working within the fringe fields of large magnets. For example, while
performing neurobehavioral tasks within a 1.5 T MRI machine or
immediately outside 1.5, 3, and 7 T magnets, subjects showed deficits
in hand-eye coordination and visual tracking [8–10]. This also
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suggests a magnet-induced perturbation of vestibular inputs, or
their integration with visual and proprioceptive information.

Although it is hypothesized that high magnetic fields interact with
the vestibular apparatus of the inner ear [11,12], there has been no
direct evidence establishing a role for the inner ear inmagnet-induced
vertigo. In this study, we tested the role of the inner ear using chemical
labyrinthectomy in an animal model of magnetic field-induced
vertigo. Rodents were restrained within superconducting magnets
used for nuclear magnetic resonance, or within large resistive
magnets. At the behavioral level, magnetic field exposure suppressed
normal rearing and induced tight locomotor circling in a counter-
clockwise direction for the first few minutes following exposure
[13,14]. Furthermore, when the magnetic field exposure was paired
with a novel taste solution (e.g. saccharin), a conditioned taste
aversion (CTA) was induced [13–16] similar to that seen after pairings
of taste with rotation or motion sickness. At the neural level, magnetic
field exposure induced significant c-Fos immunoreactivity, a marker of
neuronal activation, in specific vestibular and visceral nuclei within
the rat brainstem [17].

Because these magnet-induced responses parallel responses to
vestibular stimulation, rats may be experiencing vertigo similar to the
self-reports of humans after magnetic field exposure. We hypothesize
that the magnetic field interacts directly with the vestibular apparatus
niversity from ClinicalKey.com by Elsevier on July 16, 2019.
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of the inner ear. The behavioral effects of exposure within large
magnets are proportional to the duration of exposure and intensity of
the static field at the center of the magnet [13,14]. Movement through
the magnets and exposure to the large gradients surrounding the
center of the magnet are not sufficient to induce circling and CTA [18].
Therefore, we hypothesize that the static magnetic field per se
interacts with the inner ear during exposure, which results in c-Fos
induction and the observed post-exposure behaviors.

In this report we tested the role of the inner ear in these responses
using chemical labyrinthectomy by intratympanic injections of the
ototoxic chemical, sodium arsanilate [19–22]. Labyrinthectomized and
intact rats were tested in 3 separate experiments to assess the acute
effects ofmagneticfield exposure on locomotor activity (circling and the
suppression of rearing in Experiment 1), acquisition of CTA after
repeated pairing consumption of a novel saccharin solution with
magnetic field exposure (Experiment 2), and finally the induction of c-
Fos in vestibular and visceral relays of thebrainstemafter acutemagnetic
field exposure (Experiment 3). In all experiments, a consistent magnetic
field exposure of 30 min within a 14.1 T superconducting magnet was
employed, based on our previous reports that parameterized the effects
of exposure intensity, duration, and positionwithin high-strength static
magnets [13,16,18,23–25].While 14.1 T is stronger than anyMRImachines
currently in clinical use, experimental MRI machines are now available
withmagnetsup to9.4T (forusewithhumans [26]) and20T(forusewith
animals [27]). In addition, we assessed the consequences of labyrinth-
ectomy using a maximal stimulus, with the assumption that if the lesion
blocked the effects of a 14.1 T magnetic field, then it would also block the
effects of lower intensity fields.

2. Materials and methods

2.1. Animals

Female Sprague Dawley rats (200–225 g; Charles River Labora-
tories, Wilmington, MA) were housed individually in polycarbonate
cages in a temperature-controlled colony room at the US National
High Magnetic Field Laboratory at The Florida State University. The
rats were maintained on a 12 h light/dark cycle with lights-on at 7:00
A.M. All procedures were conducted during the light cycle. The rats
had ad libitum access to Purina Rat Chow and deionized–distilled
water except where specified otherwise. Different rats were used in
each experiment.

2.2. Chemical labyrinthectomy

Bilateral labyrinthectomy was performed by intratympanic injections
(50–100 µl/ear) of sodiumarsanilate (15mg in 50 µl of 0.15MNaCl). This
procedure destroys the hair cells of the peripheral vestibular receptors.
Sham-lesioned rats received intratympanic injections of saline vehicle
instead of sodium arsanilate and are referred to as intact rats. Rats were
given 7–17 days to recover from surgery prior to exposures.

2.3. Magnet

Exposure to the high magnetic field was conducted in a super-
conducting magnet with a vertical bore designed for biochemical
nuclear magnetic resonance (NMR) studies. The 14 T magnet was a
600 MHz Bruker Cryo magnet with an 89 mm bore and fixed field
strength of 14.1 T. It contained a shim magnet extending along the
magnet bore for approximately ±15 cm from the magnet's core, which
was used to stabilize the magnetic field and give a central core field of
uniform strength (we have previously mapped themagnetic field along
the vertical axis [18]). Themagnetic field was oriented vertically so that
the positive polewas at the top of themagnet. Themagnetwas operated
without radiofrequency pulses, so rats were exposed only to a static
magnet field (B). During insertion into the magnet, however, the
Downloaded for Anonymous User (n/a) at Florida State Univers
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magnetic field would have been experienced as a time-varying field
(dB/dt), relative to the moving rat. Also, the magnetic field gradient
changes rapidly between the bore of themagnet and the central core, so
that the rats experiencedgradients of up to54T/mduring insertion [25].

2.4. Magnet exposure and sham exposure

Prior to exposure to the magnetic field (“magnet exposure”) or
sham exposure, rats were placed in a Plexiglas restraint tube that had
an inside diameter of 56 mm and an outside diameter of 64 mm. A
cone shaped plug with a 1 cm hole at the apex was inserted in the
rostral end of the restraint tube to accommodate the head of the rat
and to allow fresh air for breathing. A second plug was inserted in the
caudal end of the restraint tube and could be adjusted to restrain the
movement of the rat. It had a 1 cm hole in the center to accommodate
the rat's tail. When in the tube, the rat was almost completely
immobile. Restrained animals were carried individually to the 14 T
magnet where the rat was inserted head-up into the bottom of the
vertical bore of the magnet. The rat was quickly raised by hand (at a
speed of approximately 0.5–1m/s) from the floor through themagnet
until the rat was in the core of the magnet. In its final position, the
head of the rat was located 65 cm from the opening of the bore of the
magnet, such that the head and body were completely within the
homogenous 14 T central field. We have previously demonstrated that
maximal effects of the magnetic field are experienced when the rats
are in this position; exposure to lower field strengths and higher
gradients are not as effective [18]. Rats remained in the 14 T MF for
30 min. Previous measurements of temperature found that rats
maintain a constant body temperature in the restraint tube for the
duration of exposure bothwithin the core of a similar magnet or when
restrained outside the magnet at room temperature [15].

To control for restraint and handling, additional rats were sham-
exposed. Sham-exposed ratswere inserted into identical restraint tubes.
Then, the sham-exposed rats were inserted vertically into an opaque
polyvinylchloride pipewith dimensions and conditions similar to those
of the bore of the 14 T magnet. The sham apparatus was located in the
same room as the 14 Tmagnet, but placed outside the 5 gauss field. One
MF-exposed rat andone sham-exposed ratwere treated simultaneously.

2.5. Locomotor activity

Following MF or sham exposure, rats were removed from the
magnet or sham-magnet, and carried to a locomotor test cage located
within 4 m of the magnet (just outside the 5-gauss line). Within 30 s
after exposure, the rostral plug of the restraint tubewas removed; and
the rat was allowed to emerge into an open polycarbonate cage (37 cm
wide by 47 cm long by 20 cm high). The floor of the cage was covered
with chip bedding. The locomotor behavior of each rat was recorded
on videotape for 2 min after release into the cage. Then, the rat was
returned to its home cage and carried back to the animal facility. An
observer blind to the rats' treatment scored the videotapes later.
Instances of tight circling behavior and rearing behavior (both
forepaws on the side of the cage) were quantified. Circles were
counted if the rat moved continuously around a full circle with a
diameter less than the length of the rats' body. Partial circles or circles
interrupted by stationary pauseswere not counted, because full circles
provided an unambiguous measure that has been consistent across
scorers, and because all rats walking in a constrained area must make
some partial turns regardless of treatment.

2.6. Statistical analysis

All data were analyzed using Statistica software (Statsoft, Tulsa,
OK) as described below. When the ANOVA revealed a significant
difference, Newman–Keuls multiple comparison test was performed
to determine significant differences between specific groups.
ity from ClinicalKey.com by Elsevier on July 16, 2019.
opyright ©2019. Elsevier Inc. All rights reserved.



38 A.M. Cason et al. / Physiology & Behavior 97 (2009) 36–43
2.7. Experiment 1: Locomotor activity

In order to access the role of the inner ear in the locomotor effects of
the highmagnetic field, rats underwent bilateral labyrinthectomy (LBX,
n=8) or sham-lesioning (intact, n=8) and thenwere observed after a
single sham exposure and then retested on the following day after a
single exposure to 14 T. On the first test day, rats were individually
restrained outside the magnet for 30 min (sham exposure). Following
restraint, the rats were released into the open-field testing chamber.
Locomotor behavior was recorded on videotape for 2min. The rats were
then returned to their home cages. On the following day, the rats were
restrained and exposed individually within the 14 T magnetic field for
30 min (magnet exposure). After magnet exposure, the rats were
released into the open-field testing chamber and locomotor behavior
was recorded on videotape for 2 min.

The videotapes were later scored for circling and rearing behavior. A
2-way repeatedmeasures ANOVAwas calculated for the total number of
circles and number of rears following sham and magnet exposure. The
twomain factorswere group (LBXor intact) and exposure (the repeated
measure).
2.8. Experiment 2: Conditioned taste aversion

In order to access the role of the inner ear in the acquisition of
magnet-induced CTA, a total of 22 rats underwent either bilateral
labyrinthectomy (LBX, n=10) or sham lesioning (intact, n=12) and
then were observed following 3 pairings of saccharin and exposure to
the high magnetic field.

Twelve to 14 days after surgery, rats were conditioned using a
procedure similar to earlier experiments [13–15,18,24]. Rats were placed
onawater-restriction schedule. The initial sessionwas3h, and the session
times were diminished each day across 8 days so that the day before
conditioning the rats received their water in a single 10-min session.

On conditioning days, the conditioned stimulus was 0.125% (wt/vol)
sodium saccharin in deionized–distilled water. Rats were given a single
pairing of saccharin and exposure to the magnetic field (n=6 LBX, n=6
intact) or sham exposure (n=4 LBX, n=6 intact) on 3 consecutive days.
On each conditioning day, all rats were given access to saccharin for
10minandwere required to consumeat least 2ml (five rats failed todrink
2 ml during this 10-min presentation of saccharin, and their bottles were
returned to the cage for an additional 5 min during which time they met
the criterion).

Immediately after saccharin access, rats were individually
restrained and either inserted into the 14 T magnet for 30 min
(magnet exposure) or sham-exposed for 30 min. Rats were then
released from restraint into the open-field testing chamber and
locomotor behavior was recorded on videotape for 2 min. Rats were
then returned to their home cages without access to water. After the
last pairing, rats were given ad libitum access to water.

Two-bottle, 24-h preference tests were begun on the day after the
last conditioning trial and continued for 14 days to test for CTA
acquisition and rate of extinction. Each day two bottles were placed on
the cages, one containing the saccharin solution and the other
containing distilled water. Fluid consumption was measured every
24-h and a preference score was calculated as a ratio of saccharin
intake to total fluid intake. The preference tests were continued for 14
post-conditioning days. Because saccharin access during the pre-
ference tests was not paired with any exposure, the preference tests
constituted extinction trials. A CTA was considered significant if the
preference score of the magnet-exposed group was significantly less
than the preference score of the sham group. A CTA was considered
extinguished when the average saccharin preference of magnet-
exposed rats was not significantly different from the sham-exposed
rats. Thus, preferences across the extinction trials showed the
persistence and rate of extinction of the CTA.
Downloaded for Anonymous User (n/a) at Florida State Univ
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Total number of circles and rears observed after sham or magnet
exposure on thefirst dayof conditioningwere analyzed by 2-wayANOVA.
The two main factors were group (intact or LBX) and exposure (sham or
magnet). Significant differences in conditioning day intake were
determined using 2-way repeated measures ANOVAs that compared
intake by group across the 3 conditioning days. Likewise, significant
differences in preference scores were determined using 2-way repeated
measures ANOVAs that compared the preference scores of sham-and
magnet-exposed rats across 14 days of 2-bottle preference tests following
3 pairings. The two main factors were group (sham-exposed intact,
magnet-exposed intact, sham-exposed LBX, ormagnet-exposed LBX) and
test day (the repeated measure).

2.9. Experiment 3: c-Fos induction

In order to access the role of the inner ear in the neural effects of
the magnetic field exposure, the brainstem of labyrinthectomized rats
and intact rats was processed for c-Fos expression induced by sham or
magnet exposure. Rats underwent either bilateral labyrinthectomy
(LBX, n=12) or sham surgery (intact, n=10) as described above.

Rats were placed in the restraint tube and either inserted upward
into the 14 T magnet and exposed to the magnetic field for 30 min
(n=6 LBX rats and n=6 intact rats), or sham-exposed for 30 min
(n=6 LBX rats, n=4 intact rats). Following magnet or sham-
exposure, rats were released into the open-field chamber and
locomotor behavior was recorded on videotape for 2 min. Rats were
then returned to their home cage and left undisturbed for 60 min.

One hour after the end of magnet or sham exposure, rats were
overdosedwith sodiumpentobarbital. Ratswere examinedat 1hbecause
c-Fos protein is maximally expressed 1–3 h after stimulation in many
neural tissues [28];wehavepreviously reported c-Fos induction in the rat
brainstem1haftermagnet exposure [17].Once completelyunresponsive,
rats were transcardially perfused, first with 100 ml heparinized isotonic
saline containing 0.5% NaNO2, thenwith 400ml 4% paraformaldehyde in
0.1 M sodium phosphate buffer. Brains were removed, blocked and post-
fixed for 2 h and transferred into 30% sucrose for cryoprotection.

2.10. Tissue processing

Coronal sections were cut at 40 µm on a freezing, sliding
microtome. Seventy sections were cut through the medulla from the
caudal subpostremal end of the nucleus of the solitary tract (NTS;
bregma −13.8 mm) to the rostral extent of the medial vestibular
nucleus (MeV; bregma −11.0 mm). In addition, 30 sections were cut
through the pons from the caudal supragenualis nucleus (SG; bregma
−10.52 mm), through the locus coeruleus (LC) to the rostral tip of the
lateral parabrachial nucleus (latPBN; bregma −9.3 mm). Coordinates
are from the atlas of Paxinos and Watson [29].

Alternative tissue sections were processed for c-Fos immunohis-
tochemistry. Free floating sectionswerewashed twice in 0.1M sodium
phosphate-buffered saline (PBS), thenpermeabilized in 0.2% Triton,1%
bovine serum albumin (BSA) in PBS for 30 min. After two washes in
PBS–BSA, sections were incubated overnight with a rabbit anti-c-Fos
polyclonal antiserum raised against human c-Fos residues 4–17
(Oncogene Sciences Ab-5, 1:20,000 dilution). After incubation for 1 h
with a biotinylated anti-rabbit goat antibody bound secondary anti-
body was amplified with a Vector Elite ABC kit. Antibody complexes
were visualized by a 5 min reaction with diaminobenzidine.

2.11. c-Fos data analysis

Images of brain regions (720×540 µm,1.1 pixels/µm)were digitized
with a MTI CCD72S grayscale camera mounted on an Olympus AX70
microscope. Cells expressing positive c-Fos immunohistochemistry
were counted automatically by a Macintosh image analysis program
(MindsEye, T. Houpt). Cells were counted in several visceral nuclei,
ersity from ClinicalKey.com by Elsevier on July 16, 2019.
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Fig. 1. Open-field locomotor behavior was scored for tight circling (A) and rearing
(B) following 30min of sham exposure (test day 1) and 30min exposure to 14 Tmagnetic
field (test day 2). A) Intact rats (white bars) circledmore aftermagnet exposure than sham
exposure. Labyrinthectomized rats (LBX, black bars) circled more than sham-exposed
intact rats but less than magnet-exposed intact rats; magnet exposure did not increase
circling in LBX rats. CW=clockwise, CCW=counterclockwise. B) Exposure to magnetic
field suppressed rearing in intact rats but not LBX rats. ⁎ pb0.05 vs. intact rats after same
treatment; † pb0.05 vs. sham-exposed intact rat.

Fig. 2. Locomotor activity (A, B) andCTA acquisition (C) after the pairing of saccharin and
14 T magnetic field exposure. After the first exposure, there was no difference between
sham-exposed and magnet-exposed labyrinthectomized rats (LBX, black bars) in either
circling (A) or rearing (B). Compared to sham exposure, magnet exposure suppressed
rearing in intact rats (white bars); the increase in circling aftermagnet exposure in intact
rats was not significant. ⁎ pb0.05 vs. intact rats after same treatment, † pb0.05 vs. sham-
exposed intact rats. (C) In 2-bottle preference tests following 3 pairings of saccharin and
exposure, sham-exposed rats (white symbols) showed a high preference for saccharin.
Magnet-exposed intact rats (black circles) acquired a strong CTA, as shown by a
significantly lower preference for saccharin that persisted for the first 12 days of testing.
The saccharin preference of magnet-exposed LBX rats (black squares) was not different
fromsham-exposed intact rats or sham-exposed LBX rats on anyday, demonstrating that
LBX rats did not acquire a magnet-induced CTA.

39A.M. Cason et al. / Physiology & Behavior 97 (2009) 36–43
including NTS (mean of 11 sections per rat), LC (3 sections), and latPBN
(8 sections). Stained cells were also quantified in the MeV (20 sections
per rat), nucleus prepositus (Prp; 20 sections), nucleus supragenualis
(SG; 9 sections) and superior vestibular nucleus (SuV; 9 sections), all of
which express c-Fos after vestibular stimulation [30]. Bilateral cell
countswere averaged across sections of each nuclei within each rat; the
mean counts were then averaged across rats in each experimental
group. Two-wayANOVAswere used to determinedifferences in number
of c-Fos-positive cells within each nuclei, with surgical group (intact or
LBX) and exposure (sham- or magnet-exposed) as the factors.

3. Results

3.1. Experiment 1: Locomotor behavior

Two-way ANOVA revealed a significant interaction of surgical
group and exposure for both circling [total number of clockwise and
counterclockwise circles; F(1,14)=18.26; pb0.001] and rearing [F
(1,14)=47.48; pb0.001] (see Fig. 1). Following sham exposure, intact
rats reared but did not walk in circles in either direction. After magnet
exposure, however, rearing was suppressed andmost of the intact rats
walked (7 of 8) in counterclockwise circles.

Conversely, all LBX rats showed both rearing and circling after both
sham exposure and magnet exposure. Following sham exposure, LBX
rats circled both clockwise and counterclockwise; after magnet
exposure, LBX rats circled only in the counterclockwise direction.

In this experiment, sham and magnet exposures were not
counterbalanced within groups so that all intact and LBX rats
experienced restraint during sham exposure first, and subsequently
experienced a second restraint during magnet exposure. An unde-
tected interaction might have occurred, therefore, between repeated
restraint on the response to the magnetic field. In other words,
repeated restraint might have either enhanced the response of intact
rats or diminished the response of LBX rats after magnet exposure.
Nonetheless, LBX rats failed to show the same response as intact rats
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to magnet exposure, and we have no reason to believe that LBX rats
are any more sensitive to repeated restraint than intact rats.

3.2. Experiment 2: Conditioned taste aversion

On the first conditioning day, there was a significant effect of
surgical group (but not exposure) on total number of circles observed
[F(1,18)=15.88, pb0.001], such that LBX rats circled more in either
direction than intact rats, regardless of sham ormagnet exposure. Four
of 6 intact rats showed counterclockwise circling after magnet
exposure, but the increase in number of circles was not significant
(Fig. 2A). Therewas a significant interaction of group and exposure on
ity from ClinicalKey.com by Elsevier on July 16, 2019.
opyright ©2019. Elsevier Inc. All rights reserved.



Fig. 3. Examples of c-Fos induction in visceral nuclei of the brainstem after 30-min sham exposure in an intact rat (A, D), or after 30-min exposure to 14.1 T magnetic field in an intact
rat (B, E) or LBX rat (C, F). AP=area postrema, cc=central canal, NTS=nucleus of the solitary tract, latPBN=lateral parabrachial nucleus, medPBN=medial parabrachial nucleus
st=solitary tract, IV=fourth ventricle.
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rearing [F(1,18)=16.5, pb0.001]. Rearing by intact rats was signifi-
cantly reduced after magnet exposure compared to both sham-
exposed intact rats and magnet-exposed LBX rats (Fig. 2B).

There was no significant difference in saccharin intake on the first
day of conditioning, among the four groups (mean intake 7.2±0.5 g).
On the second day of conditioning, the mean intake of the magnet-
exposed intact rats was 6.2±1.0 g, and the intake of the other 3
groups was 10.6±0.9 g. Across the 3 days of conditioning, however,
there was a significant interaction of group and day [F(6,36)=2.57,
pb0.05], such that by the third day of conditioning the saccharin
intake of intact rats undergoing magnet exposure (5.9±0.2 g) was
Fig. 4. Examples of c-Fos induction in vestibular nuclei of the brainstem after 30-min sham
intact rat (B, E) or LBX rat (C, F). LC=locus coerelus, MeV=medial vestibular nucleus, SuV=
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significantly lower than the saccharin intake of the other three groups
(12.2±1.0 g).

During 2-bottle preference tests after 3 pairings of saccharin and
sham- or MF-exposure, 2-way ANOVA revealed a significant interaction
of group and extinction day [F(39,234)=2.22, pb0.0005]. The
preference scores of magnet-exposed intact rats were significantly
lower than both magnet-exposed LBX rats and sham-exposed rats for
the first 12 days of extinction (Fig. 2C). Magnet-exposed LBX rats were
not different from sham-exposed rats on any test day. Thus, intact rats
formed a significant CTA after MF exposure, while LBX rats showed no
CTA at all.
exposure in an intact rat (A, D), or after 30-min exposure to 14.1 T magnetic field in an
superior vestibular nucleus, SGe=supragenualis nucleus.

ersity from ClinicalKey.com by Elsevier on July 16, 2019.
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3.3. Experiment 3: c-Fos induction

As in the previous experiments, exposure to the 14 T magnetic field
induced counterclockwise circling (9.3±3.3 circles over 2 min) and
suppressed rearing (1.2±0.8 rears over 2 min) in intact rats. After both
sham- and magnet exposure, LBX rats showed high levels of rearing
(magnet: 5.3±1.3, sham: 5.3±1.5) and circling in both the clockwise
(magnet: 4.3±1.5, sham: 6.2±2.3) and counterclockwise directions
(magnet: 13.0±4.4, sham: 14.7±3.1).

3.4. c-Fos expression in visceral relays

Two-way ANOVA revealed a significant interaction of surgery
(intact or labyrinthectomy) and exposure (sham or magnet exposure)
on c-Fos expression in the NTS [F(1,18)=14.8; pb0.005], PBN [F(1,18)
=11.8; pb0.005], and LC [F(1,18)=28.0; pb0.001]. Compared to
either group of sham-exposed rats, there were significantly more c-
Fos-positive cells following magnet exposure in intact rats in the NTS,
PBN and LC (Figs. 3 and 5A). In the NTS, abundant c-Fos-positive cells
were observed in the medial divisions of the intermediate, subpos-
tremal, and caudal NTS while little or no c-FLI was observed in the
lateral divisions or rostral (gustatory) NTS. In the PBN, c-FLI was
concentrated in the external lateral, central lateral and ventrolateral
regions. In the LC, C-FLI was densely spread throughout the nuclei.

In contrast, both magnet-exposed LBX rats and sham-exposed LBX
rats had significantly fewer c-Fos positive cells than magnet-exposed
intact rats in the NTS, PBN, and LC.

3.5. c-Fos expression in vestibular relays

Two-way ANOVA revealed a significant interaction of surgery and
exposure on c-Fos expression in the MeV [F(1,18)=33.8; pb0.001],
Prp [F(1,18)=135.2; pb0.001], SuV [F(1,18)=23.7; pb0.001], and
SGe [F(1,18)=26.2; pb0.001]. Compared to either group of sham-
exposed rats, after magnetic field exposure there were more c-Fos-
positive cells in intact rats in the MeV, Prp, SuV and Sge (Figs. 4 and
5B). In particular, c-Fos positive cells were densely induced by
magnetic field exposure in the Prp and SG, while within the MeV
Fig. 5. Quantification of c-Fos positive cells in intact rats (white bars) or labyrinthectomized
visceral relays (B) of the rat brainstem. Labyrinthectomy significantly reduced the neurona
exposed levels. ⁎ pb0.05 vs. sham-exposed intact group; † pb0.05 vs. intact magnet-expose

Downloaded for Anonymous User (n/a) at Florida State Univers
For personal use only. No other uses without permission. C
and SuV, the pattern of c-Fos-positive cells was more scattered and
sparse.

However, magnetic field exposure induced significantly fewer c-
Fos-positive cells in LBX rats compared to intact rats in the MeV, Prp,
SuV and SGe. Furthermore, magnet-exposed LBX rats showed
significantly fewer c-Fos-positive cells than sham-exposed LBX rats
in the SuV.
4. Discussion

These experiments demonstrate that the vestibular apparatus of
the inner ear is a critical site for the behavioral and neural effects of
high-strength magnetic fields in rats. As in previous studies, exposure
to a high magnetic field induced locomotor circling, suppressed
rearing, induced CTA, and induced c-Fos expression in intact rats
[13,15,17]. In labyrinthectomized rats, however, magnetic field
exposure failed to suppress rearing, did not increase circling, failed
to induce CTA after 3 pairings with saccharin, and did not induce c-Fos
above control levels in visceral and vestibular relays of the brainstem.
Overall, magnet-exposed labyrinthectomized rats were indistinguish-
able from sham-exposed labyrinthectomized rats. These results
provide direct evidence for an interaction of high magnetic fields
with the inner ear as the mechanism for vertigo in humans.

In this and previous studies, exposure of intact rats within the bore
of high strength magnets suppressed rearing and induced tight
locomotor circling. The direction of circling is dependent on the
orientation of rats in the field. Rats exposed with their heads towards
the positive pole of the magnetic field circle counter clockwise, while
rats exposed with their heads towards the negative pole circle
clockwise [13,14]. These responses parallel the effects of vestibular
perturbations: whole-body rotation suppresses rearing [31] and
causes circular swimming [32], while unilateral treatments induce
locomotor circling [33]. The locomotor effects of vestibular stimula-
tion require an intact inner ear, e.g., labyrinthectomized rats are not
affected by whole-body rotation [31]. Similarly, labyrinthectomized
rats reared after both sham exposure andmagnetic field exposure, and
they did not show any increase in counterclockwise circling after
(LBX; black bars) after sham exposure or magnet exposure in vestibular relays (A) and
l response to 14.1 T MF exposure in all areas such that it was not different from sham-
d group. Abbreviations as in Figs. 2 and 4.
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magnetic field exposure. Thus the locomotor effects of magnetic field
exposure require an intact inner ear.

This interpretation is complicated, however, by the fact that
labyrinthectomized rats spontaneously exhibit tight, bidirectional
circling even after sham exposure. Spontaneous circling is frequently
observed in bilateral labyrinthectomized animals and mutant rodents
with vestibular deficiencies (e.g. [34–37]). While unilateral labyr-
inthectomized animals tend to circle towards the side of the lesion,
bilateral labyrinthectomized animals circle in either direction,
perhaps due to central asymmetries or an inability to regulate
directional turns [37]. Labyrinthectomized animals may also show
greater locomotor activity and less rearing [20,38], although in the
present study labyrinthectomized rats reared the same amount as
intact rats.

Given the baseline of spontaneous circling of LBX rats, it is difficult
to compare the circling response of intact and LBX rats. The more
informative comparison, therefore, is the circling between sham-and
magnet-exposed groups, rather than between the intact and LBX rats.
In both experiments 1 and 2, intact rats only showed circling behavior
after magnet exposure (Figs. 1A and 5A), consistent with our earlier
reports. If magnetic field exposure induced circling independent of the
vestibular system, we might expect an additive effect of magnetic
exposure and spontaneous circling in LBX rats. However, there was no
statistically significant difference in circling betweenmagnet-exposed
and sham-exposed LBX rats in either experiment (The apparent, but
non-significant, increase of circling in magnet-exposed LBX rats
compared to magnet-exposed intact rats after magnet exposure in
experiment 2 is probably due to variability in spontaneous circling by
the LBX rats.). In other words, magnetic field exposure had no effect
on circling of LBX rats in either experiment. We do not think this
reflects a ceiling on circling in LBX rats, as we have occasionally
observed individual intact rats circling 50+ times within the 2-min
test period.

Another potential confound is that in experiment 1 all rats were
first sham exposed and then exposed to the magnetic field, so it is
possible that prior experience of restraint (i.e. habituation to stress)
affected the locomotor response. However, the rats in experiment 2
were in balanced independent groups, and they showed the same
pattern of responding without prior restraint, so that habituation does
not account for the lack of locomotor response by the LBX rats.

Consistent with the induction of motion sickness by magnetic field
exposure, intact rats acquired a strong and persistent CTA after 3
pairings of saccharin and restraint within the magnet. Labyrinthecto-
mized rats did not acquire a CTA, and their preference for saccharinwas
indistinguishable from the high saccharinpreference of sham-exposed
rats. The blockade of CTA by labyrinthectomy is likely to be specifically
caused by blockade of vestibular input, which can serve as the
unconditioned stimulus in CTA acquisition. For example, vestibular
stimulation by rotation can induce CTA in rats andhumans [39–43] and
labyrinthectomy blocks rotation-induced conditioned taste aversion
[21]. Ablation of the external vestibular apparatus also eliminates the
emetic response to motion in squirrel monkeys [44] and humans with
unilateral or bilateral labyrinthectomy experience less nausea than
subjectswith an intact vestibular apparatuswhen exposed to amoving
visual field [45]. Some gustatory nerves traverse themiddle ear, so it is
possible that an inner ear lesion might alter taste discrimination and
thus compromise CTA learning. Labyrinthectomized rats, however,
were still capable of detecting saccharin as evidenced by their high
preference for saccharin over water. Also, labyrinthectomy does not
cause a general deficit in CTA learning, because labyrinthectomized
rats are still capable of acquiring LiCl-induced CTA [21].

As with previous findings, restraint within the high magnetic field
induced significant c-Fos expression invisceral andvestibular relaysof the
brain stem of intact rats [17]. In contrast, exposure to the magnetic field
did not induce significant c-Fos expression in visceral or vestibular relays
of labyrinthectomized rats. These c-Fos results parallel thepatternof c-Fos
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induction in LBX and intact rats following vestibular stimulation. For
example,whole-body rotation induces c-Fos patterns in the rat brainstem
in a pattern similar to that seen after magnetic field exposure, and
labyrinthectomy blocks rotation induced c-Fos [30,46,47].

Thus, our behavioral and c-Fos results after magnetic field
exposure and labyrinthectomy are consistent with neural activation
of vestibular pathways via the inner ear. The exact site within the
inner ear affected by the magnetic field, and the mechanism of
sensory transduction remain undetermined. The intratympanic injec-
tions of sodium arsanilate used in these studies destroys the hair cells
of both the external vestibular organs and the auditory apparatus
[48,49]. Therefore, it is a logical possibility that the removal of
auditory input also diminished the response to the magnetic field. It is
hard to conceptualize, however, in what way the magnetic field might
interact with the cochlea to induce the responses we observe in rats.
For example, it is unlikely that auditory stimulation alone would make
rats walk in circles. Likewise, sound is not an effective unconditioned
stimulus in CTA learning. A strong auditory stimulus can induce c-Fos
in the rat brainstem, and the induction of c-Fos by sound is attenuated
by cochlear lesion [50]. Auditory stimuli induce very different patterns
of c-Fos compared to vestibular stimuli, however, with expression
predominately in auditory relays rather than vestibular relays [51].

Within the vestibular apparatus, it has been proposed that high
magnetic field might exert a magnetohydrodynamic force on the
endolymphwithin the semicircular canals, or an ansiotropic torque on
regular macromolecules such as the otoconiawithin the otolith organs
[12]. Chemical labyrinthectomy destroys both the semicircular canals
and otilithic organs, and thus abolishes the input of both rotational
acceleration and linear acceleration sensors to the central vestibular
network. Therefore, we cannot distinguish the contribution of the
semicircular canals or otolith organs to the effects of magnetic field
exposure. Future experiments will require either specific surgical
lesions or the use of mutant animals with deficits in specific
components of the external vestibular apparatus.

Although blockade by labyrinthectomy supports a direct effect on
the inner ear, the magnetic field could also be affecting the vestibular
system via inputs other than the inner ear. The central vestibular
system receives convergent sensory input from the visual and
proprioceptive systems and the inner ear; motion sickness arises
when conflicting information is provided by the different senses. By
removing a critical comparative input, labyrinthectomy also attenu-
ates vestibular perturbation derived from the other sensory systems,
e.g. responses to optokinetic stimuli [45]. Furthermore, visual
excitation (“magnetophosphenes”) is another commonly reported
side effect of exposure to high magnetic fields [52]. Different lesions,
such as optic enucleation, will be required to rule out a contribution by
pathways other than the inner ear.

The results of the present study do not distinguish between effects
induced by exposure to the static magnetic field at the center of the
magnet and effects induced by rapid movement through the high
gradients surrounding the magnet. When inserted into the magnet, the
moving rats experienced the static field as a time-varying magnet field
(dB/dt), and they passed through the spatially-varying gradient along the
vertical axis of thebore (dB/dz). This is similar to the experienceofhuman
subjectsmoving intoMRImachines, although humans are usuallymoved
slowerand, becauseof the largerdimensions of humanMRImachines, the
spatial gradients are less extreme. The vestibular perturbations around
large magnets have been ascribed to head movements within the field
gradients, and not as the result of static field exposure within the
homogeneous core per se [1,2,10]. The spatially-varying field gradient
would induce a force pulling magnetic materials towards the core, and
head movement would create a time-varying field that could induce
electrical currents in biological conductors. Thus the inner ear could be
mechanically or electrically stimulated bymovement in the gradient field
of themagnet. A static field can also exert amechanical effect, however. If
a structure with magnetic susceptibility is not aligned parallel to the
ersity from ClinicalKey.com by Elsevier on July 16, 2019.
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magnetic field, then it will experience torque to rotate into alignment.
Given the 3-dimensional structure of the vestibular apparatus, it may be
possible that oneormore components are experiencing torquewithin the
static field.

We have collected evidence for effects of both the field gradient and
the static field. In preliminary studies comparing the effect of rapid vs.
slow insertion into the 14 T magnet (e.g. 0.1 m/s vs. 1 m/s), we have
found that more rapid insertion results in greater post-exposure
circling. The suppression of rearing and the acquisition of CTA is not
affected by insertion speed, however. Furthermore, exposure to the
static core field of the magnet appears to contribute to the behavioral
effects. Insertion and removal alone does not induce circling, rearing or
CTA [13]. Also, the direction of circling after magnetic field exposure
depends on the rat's orientation within the static field, and not by
insertion [13,14]. The most effective position for inducing behavioral
effects is the center of the magnet, and exposure to the field gradient
on either side of the homogeneous core has significantly less effect
[18]. Therefore, we hypothesize that both passage through the field
gradient and exposure to the static field contribute to the behavioral
and neural effects of highmagnetic fields, and the vestibular apparatus
of the inner ear is required for both effects.

Acknowledgements

Supported by National Institute on Deafness and Other Commu-
nication Disorders Grants RO1DC4607 (TAH, JCS), F31DC6521 (AMC),
and T32DC0044 (AMC). We thank Drs. Timothy Cross and Zhehong
Gan of the United States National Magnetic Field Laboratory for
providing access to the magnet.

References

[1] de Vocht F, van Drooge H, Engels H, Kromhout H. Exposure, health complaints and
cognitive performance among employees of an MRI scanners manufacturing
department. J Magn Reson Imaging 2006;23:197–204.

[2] Schenck JF, Dumoulin CL, Redington RW, Kressel HY, Elliot RT, McDougall IL.
Human exposure to 4.0-Tesla magnetic fields in a whole body scanner. Med Phys
1992;19:1089–98.

[3] Glover PM, Cavin I, QianW, Bowtell R, Gowland PA.Magnetic-field-induced vertigo: a
theoretical and experimental investigation. Bioelectromagnetics 2007;28:349–61.

[4] Kangarlu A, Burgess RE, Zhu H, Nakayama T, Hamlin RL, Abduljalil AM, et al.
Cognitive, cardiac, and physiological safety studies in ultra high field magnetic
resonance imaging. Magn Reson Imaging 1999;17:1407–16.

[5] Chakeres DW, Bornstein R, Kangarlu A. Randomized comparison of cognitive
function in humans at 0 and 8 Tesla. J Magn Reson Imaging 2003;18:342–5.

[6] Yang M, Christoforidis G, Abduljali A, Beversdorf D. Vital signs investigation in
subjects undergoing MR imaging at 8T. AJNR Am J Neuroradiol 2006;27:922–8.

[7] Hall WA, Liu H, Martin AJ, Truwit CL. Intraoperative magnetic resonance imaging.
Top Magn Reson Imaging 2000;11:203–12.

[8] de Vocht F, vanWendel de Joode B, Engels H, Kromhout H. Neurobehavioral effects
among subjects exposed to high static and gradientmagnetic fields from a 1.5 Tesla
magnetic resonance imaging system-a case-crossover pilot study. Magn Reson
Med 2003;50:670–4.

[9] de Vocht F, Stevens T, van Wendel de Joode B, Engels H, Kromhout H. Acute
neurobehavioral effects of exposure to static magnetic fields: analyses of
exposure-response relations. J Magn Reson Imaging 2006;23:291–7.

[10] de Vocht F, Stevens T, Glover P, Sunderland A, Gowland P, Kromhout H. Cognitive
effects of head-movements in stray fields generated by a 7 Tesla whole-body MRI
magnet. Bioelectromagnetics 2007;28:247–55.

[11] Schenck JF. Health and physiological effects of human exposure to whole-body
four-tesla magnetic fields during MRI. Ann N Y Acad Sci 1992;649:285–301.

[12] Schenck JF. Safety of strong, staticmagneticfields. JMagnReson Imaging 2000;12:2–19.
[13] Houpt TA, Pittman DM, Barranco JM, Brooks EH, Smith JC. Behavioral effects of high

strength magnetic fields on rats. J Neurosci 2003;23:1498–505.
[14] Houpt TA, Pittman DW, Riccardi C, Cassell JA, Lockwood DR, Barranco JM, et al.

Behavioral effects on rats of high strength magnetic fields generated by a resistive
electromagnet. Physiol Behav 2005;86:379–89.

[15] Nolte CM, Pittman DW, Kalevitch B, Henderson R, Smith JC. Magnetic field
conditioned taste aversion in rats. Physiol Behav 1998;63:683–8.

[16] Lockwood DR, Kwon BS, Smith JC, Houpt TA. Behavioral effects of high strength static
magneticfields on restrained and unrestrainedmice. Physiol Behav 2003;78:635–40.

[17] Snyder D, Jahng JW, Smith JC, Houpt TA. c-Fos induction in visceral and vestibular
nuclei of the rat brainstem by a 9.4 Tmagnetic field. NeuroReport 2000;11:1681–5.

[18] Houpt TA, Cassell JA, Cason AM, Reidell A, G.J. G, Riccardi C, et al. Evidence for a
cephalic site of action of high magnetic fields on the behavioral responses of rats.
Physiol Behav 2007;92:665–74.
Downloaded for Anonymous User (n/a) at Florida State Univers
For personal use only. No other uses without permission. C
[19] Horn KM, DeWitt JR, Nielson HC. Behavioral assessment of sodium arsanilate
induced vestibular dysfunction in rats. Physiol Psychol 1981;9:371–8.

[20] Ossenkopp KP, Prkacin A, Hargreaves EL. Sodium arsanilate-induced vestibular
dysfunction in rats: effects on open-field behavior and spontaneous activity in the
automated digiscan monitoring system. Pharmacol Biochem Behav 1990;36:
875–81.

[21] Ossenkopp KP, Parker LA, Limebeer CL, Burton P, Fudge MA, Cross-Mellor SK.
Vestibular lesions selectivelyabolishbody rotation-induced, but not lithium-induced,
conditioned taste aversions (oral rejection responses) in rats. Behav Neurosci 2003;
117:105–12.

[22] Hunt WA, Rabin BM, Lee J. Effects of subdiaphragmatic vagotomy on the
acquisition of a radiation-induced conditioned taste aversion. Neurotoxicol Teratol
1987;9:75–7.

[23] Houpt TA, Cassell JA, Riccardi C, Kwon BS, Smith JC. Suppression of drinking by
exposure to a high-strength static magnetic field. Physiol Behav 2007;90:59–65.

[24] Cason AM, DenBleyker MD, Ferrance K, Smith JC, Houpt TA. Sex and estrous cycle
differences in the behavioral effects of high-strength static magnetic fields: role of
ovarian steriods. Am J Physiol 2006;290:R659–667.

[25] Houpt TA, Cassell JA, Riccardi C, DenBleyker MD, Hood A, Smith JC. Rats avoid high
magnetic fields: dependence on an intact vestibular system. Physiol Behav 2007;
92:741–7.

[26] HighWB, Sikora J, Ugurbil K, GarwoodM. Subchronic in vivo effects of a high static
magnetic field (9.4 T) in rats. J Magn Reson Imaging 2000;12:122–39.

[27] Fu R, BreyWW, Shetty K, Gor'kov P, Saha S, Long JR, et al. Ultra-wide bore 900MHz
high-resolution NMR at the National High Magnetic Field Laboratory. J Magn
Reson 2005;177:1–8.

[28] Spencer CM, Houpt TA. Dynamics of c-Fos and ICER mRNA expression in rat
forebrain following lithium chloride injection. Mol Brain Res 2001;93:113–26.

[29] Paxinos G, Watson C. The rat brain in stereotaxic coordinates. 2nd ed. San Diego:
Academic Press; 1986. p. 240.

[30] Kaufman GD, Anderson JH, Beitz AJ. Fos-defined activity in rat brainstem following
centripetal acceleration. J Neurosci 1992;12:4489–500.

[31] Ossenkopp KP, Rabi YJ, Eckel LA, Hargreaves EL. Reductions in body temperature
and spontaneous activity in rats exposed to horizontal rotation: abolition
following chemical labyrinthectomy. Physiol Behav 1994;56:319–24.

[32] Semenov LV, Bures J. Vestibular stimulation disrupts acquisition of place
navigation in the Morris water tank task. Behav Neural Biol 1989;51:346–63.

[33] Kaufman GF, Shinder ME, Perachio AA. Correlation of Fos expression and circling
asymmetry during gerbil vestibular compensation. Brain Res 1999;817:246–55.

[34] Schirmer M, Kaiser A, Lessenich A, Lindemann S, Fedrowitz M, Gernert M, et al.
Auditory and vestibular defects and behavioral alterations after neonatal
administration of streptomycin to Lewis rats: similarities and differences to the
circling (ci2/ci2) Lewis rat mutant. Brain Res 2007;1155:179–95.

[35] Kaiser A, FedrowitzM, Ebert U, Zimmermann E, HedrichHJ,WedekindD, et al. Auditory
and vestibular defects in the circling (ci2) rat mutant. Eur J Neurosci 2001;14:1129–42.

[36] Rabbath G, Necchi D, deWaele C, Gasc JP, Josset P, Vidal PP. Abnormal vestibular control
of gaze and posture in a strain of a waltzing rat. Exp Brain Res 2001;136:211–23.

[37] Vidal PP, Degallaix L, Josset P, Gasc JP, Cullen KE. Postural and locomotor control in
normal and vestibularly deficient mice. J Physiol 2004;559:625–38.

[38] Ossenkopp KP, Eckel LA, Hargreaves EL, Kavaliers M. Sodium arsanilate-induced
vestibular dysfunction in meadow voles (Microtus pennsylvanicus): effects on
posture, spontaneous locomotor activity and swimming behavior. Behav Brain Res
1992;47:13–22.

[39] Braun JJ, McIntosh H. Learned taste aversions induced by rotational stimulation.
Physiol Psychol 1973;1:301–4.

[40] Green L, Rachlin H. The effect of rotation on the learning of taste aversions. Bull
Psychon Soc 1973;1:137–92.

[41] Hutchison SL. Taste aversion in albino rats using centrifugal spin as an
unconditioned stimulus. Psychol Rep 1973;33:467–70.

[42] Arwas S, Rolnick A, Lubow RE. Conditioned taste aversion in humans using
motion-induced sickness as the US. Behav Res Ther 1989;27:295–301.

[43] Fox RA, Corcoran M, Brizee KR. Conditioned taste aversion and motion sickness in
cats and squirrel monkeys. Can J Physiol Pharm 1990;68:269–78.

[44] Johnson WH, Meek J, Graybiel A. Effects of labyrinthectomy on canal sickness in
squirrel monkey. Ann Otol Rhinol Laryngol 1962;71:289–98.

[45] Johnson WH, Sunahara FA, Landolt JP. Importance of the vestibular system in
visually induced nausea and self-vection. J Vestib Res 1999;9:83–7.

[46] Kaufman GD, Anderson JH, Beitz A. Activation of a specific vestibulo-olivary
pathway by centripetal acceleration in rat. Brain Res 1991;562:311–7.

[47] Marshburn TH, Kaufman GD, Purcell IM, Perachio AA. Saccule contribution to
immediate early gene induction in the gerbil brainstem with posterior canal
galvanic or hypergravity stimulation. Brain Res 1997;761:51–8.

[48] Anniko M, Wersäll J. Experimentally (atoxyl) induced ampullar degeneration and
damage to the maculae utriculi. Acta Oto-laryngol 1977;83:429–40.

[49] Anniko M, Moller A. A physiological and morphological study of the cochlea of the
rat following treatment with atoxyl and neomycin. Acta Oto-laryngol
1978;86:201–11.

[50] Riera-Sala C, Molina-Mira A, Marco-Algarra J, Martinez-Soriano F, Olucha FE. Inner
ear lesion alters acoustically induced c-Fos expression in the rat auditory
rhomboencephalic brainstem. Hear Res 2001;162:53–66.

[51] Sato K, Houtani T, Ueyama T, Ikeda M, Yamashita T, Kumazawa T, et al.
Identification of rat brainstem sites with neuronal Fos protein induced by acoustic
stimulation with pure tones. Acta Oto-laryngol Suppl 1993;500:18–22.

[52] Lövsund P, Öberg PÅ, Nilsson SE, Reuter T. Magnetophosphenes: a quantitative
analysis of thresholds. Med Biol Eng Comput 1980;18:326–34.
ity from ClinicalKey.com by Elsevier on July 16, 2019.
opyright ©2019. Elsevier Inc. All rights reserved.


	Labyrinthectomy abolishes the behavioral and neural response of rats to a high-strength static .....
	Introduction
	Materials and methods
	Animals
	Chemical labyrinthectomy
	Magnet
	Magnet exposure and sham exposure
	Locomotor activity
	Statistical analysis
	Experiment 1: Locomotor activity
	Experiment 2: Conditioned taste aversion
	Experiment 3: c-Fos induction
	Tissue processing
	c-Fos data analysis

	Results
	Experiment 1: Locomotor behavior
	Experiment 2: Conditioned taste aversion
	Experiment 3: c-Fos induction
	c-Fos expression in visceral relays
	c-Fos expression in vestibular relays

	Discussion
	Acknowledgements
	References




