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a b s t r a c t
During exposure to high strength static magnetic ﬁelds, humans report vestibular symptoms such as vertigo,
apparent motion, and nausea. Rodents also show signs of vestibular perturbation after magnetic ﬁeld exposure at 7 tesla (T) and above, such as locomotor circling, activation of vestibular nuclei, and acquisition of
conditioned taste aversions. We hypothesized that the acute effects of the magnetic ﬁeld might be seen as
changes in head position during exposure within the magnet. Using a yoked restraint tube that allowed
movement of the head and neck, we found that rats showed an immediate and persistent deviation of the
head during exposure to a static 14.1 T magnetic ﬁeld. The direction of the head tilt was dependent on the
orientation of the rat in the magnetic ﬁeld (B), such that rats oriented head-up (snout towards B+) showed
a rightward tilt of the head, while rats oriented head-down (snout towards B−) showed a leftward tilt of the
head. The tilt of the head during magnet exposure was opposite to the direction of locomotor circling immediately after exposure observed previously. Rats exposed in the yoked restraint tube showed signiﬁcantly
more locomotor circling compared to rats exposed with the head restrained. There was little difference in
CTA magnitude or extinction rate, however. The deviation of the head was seen when the rats were motionless within the homogenous static ﬁeld; movement through the ﬁeld or exposure to the steep gradients of the
ﬁeld was not necessary to elicit the apparent vestibulo-collic reﬂex.
© 2011 Elsevier Inc. All rights reserved.

1. Introduction
The resolution of magnetic resonance imaging (MRI) machines can
be increased with ultrahigh magnetic ﬁelds, e.g. N7 tesla (T). There is increasing evidence, however, that exposure to high magnetic ﬁelds
causes vestibular perturbations in humans and rodents. Humans report
feelings of nausea, vertigo, and subjective rotation of the body during
exposure to, or while moving through, high magnetic ﬁelds of 4 T and
above [1–7]. Humans may also show deﬁcits in visual–motor tasks
after exposure to magnetic ﬁeld in or around MRI machines that may
be related to vestibular perturbation [8–10]. It has been proposed that
the high magnetic ﬁelds cause vestibular sensations by interacting
with the endolymph within the semicircular canals or the otoconia of
the saccule and utricle, or by induction of current in sensory nerves
[2,11,12].
The effects of high magnetic ﬁelds on rodents have been assessed
from the behavior of rats and mice after exposure to the magnetic
ﬁeld [13]. In locomotor tests after exposure to 4 T, rats show decreased
rearing; after exposure to 7 T and above, rats also walk in tight circles
[14,15]. The direction of circling is dependent on the orientation of the
rat within the magnetic ﬁeld: the rat walks counterclockwise if exposed
with its head towards B+, and clockwise if exposed with its head
⁎ Corresponding author. Tel.: + 1 850 644 4907.
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towards B−. Similarly, rats and mice swim in circles after magnetic
ﬁeld exposure [16]. Exposure to magnetic ﬁelds at 7 T or above can
serve as the unconditioned stimulus for conditioned taste aversion or
avoidance (CTA) learning, suggesting that exposure has an aversive
component [14,15,17]. Consistent with stimulation of the vestibular
system, magnetic ﬁeld exposure induces c-Fos in vestibular and visceral
relays of the rat brainstem [18,19]. The effects of the high magnetic ﬁeld
on locomotion and CTA are maximal after head exposure [20]. Locomotor circling, CTA, and c-Fos responses are abolished by chemical labyrinthectomy [21].
In addition to these delayed effects observed after the magnetic
ﬁeld exposure, we hypothesize that the high magnetic ﬁeld has an
acute effect on rodents, such that they receive vestibular stimulation
during magnetic ﬁeld exposure comparable to the self-reports of
humans. Vestibular perturbation is usually inferred from the posture
or locomotion of the effected animal; the narrow inner diameter
(6 cm) of our 14.1 T magnet, however, precludes observing the full
range of postures in a freely-moving, unrestrained rat during the actual
exposure to the magnetic ﬁeld.
A prominent component of vestibular responses is the vestibulocollic reﬂex (VCR), which stabilizes head position in space during involuntary head and body movement [22]. For example, rotation of the
whole body causes compensatory head movements counter to the
direction of rotation [23,24]. The VCR can also be elicited artiﬁcially,
e.g. by electrical stimulation of the afferents of the semicircular canals
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[25] or by transmastoid galvanic stimulation [26]. It is possible, therefore,
that magnetic exposure might elicit a VCR response via its interactions
with the vestibular apparatus of the inner ear.
While the rat cannot move freely within the magnet, the bore is
wide enough to allow a range of head movements. We therefore
exposed rats to 14.1 T in a restraint tube with a yoke that constrained
body movements but allowed relatively free head movements.

2. Methods
2.1. Animals
Adult female Sprague–Dawley rats (8–10 weeks old, 175–200 g;
Charles River) were housed individually in polycarbonate cages in
the temperature-controlled (22 ± 2 °C, 30–40% humidity) animal
facility at the National High Magnetic Field Laboratory at The Florida
State University. The light/dark cycle was 12:12 with lights on at
0700 h. All conditioning trials were conducted during the light
cycle. The rats had free access to pelleted Purina Rat Chow 5001 and
deionized–distilled water except as speciﬁed otherwise. All procedures
were approved by the Institutional Animal Care and Use Committee of
Florida State University (protocol #0912).

2.2. Magnet
A 600 MHz Magnex Cryo magnet with an 89 mm bore and a ﬁxed
central ﬁeld (B0) strength of 14.1 T was used. The magnet was located
approximately 50 m from the animal facility. The magnetic ﬁeld was
orientated vertically so that the positive pole was at the top of the
magnet. The lower opening of the magnet's bore was 73 cm above
the ﬂoor, and the bore extended for 157 cm; the center of the bore at
14.1 T was 50 cm from the lower opening of the bore. Shim magnets
extending along the magnet's bore for approximately ±15 cm from
the magnet core stabilized the magnetic ﬁeld to give a central core
ﬁeld of uniform strength. The magnet was operated without radiofrequency pulses, so rats were exposed to a static magnetic ﬁeld only.

2.3. Exposure
Rats were placed in restraint tubes for sham- or magnet-exposure.
The restraint tubes were 30 cm in length with an inside diameter of
5.6 cm and an outside diameter of 6.4 cm. Two types of restraints
were used. The type of restraint tube which we have used in previous
studies holds the head of the rat almost completely immobile within a
plug at the rostral end of the tube and held in position by nylon
screws. The inside of this rostral plug was fabricated in a cone shape
to accommodate the head of the rat. A 1-cm hole was bored in this
plug at the apex of this cone to allow fresh breathing air. A second
type of restraint tube was constructed for this study that allowed relatively free head movements (“free-head restraint”). Hinged plates at
the rostral end of the tube could be closed around the neck of the rat
to form a yoke through which the head projected (see Fig. 1). In both
types of tube, a second plug was inserted into the caudal end of the
tube and was adjusted to restrain the bodily movements of the rat. A
hole in the center of this plug accommodated the rat's tail.
Restrained rats were transported from the animal facility to the
14.1 T magnet in approximately 30 s. Rats exposed to the magnetic
ﬁeld were inserted 60 cm into the bore of the magnet for 30 min at
14.1 T (“magnet exposure”). As controls for the effects of restraint,
some rats were “sham-exposed” by placing them in the restraint
tubes and inserting them into an opaque PVC pipe placed in the same
room as the magnet but beyond the 500 μT line of the high magnetic
ﬁeld.

Fig. 1. Examples of restraint tubes used in this study. On the left, a rat is shown in the
restraint tube used in previous studies which holds the head almost completely immobile
within a plug at the rostral end of the tube. On the right, a rat is shown in the restraint tube
with a yoke that constrained body movements but allowed relatively free movement of
the head and neck.

2.4. Experiment 1. Head tilt during magnet exposure
Rats (n= 18) were placed in free-head restraint and either exposed
to 14.1 T magnet or sham-exposed. Heads-up rats (n = 6) were also
sham-exposed for 30 min either the day before or the day after magnet
exposure. Separate groups of rats were exposed with their heads down
in the 14.1 T magnet (n= 6) or sham-exposed with their heads down in
the PVC “sham-magnet” (n= 6).
An additional 4 rats were anesthetized with sodium pentobarbital
(50 mg/kg) and exposed to 14.1 T in the heads-up position for 5 min
to assess the effects of the magnetic ﬁeld on unconscious rats.
During exposure, rats were videotaped to record any head movements. A ﬁber optic light source was used to illuminate the bore of the
magnet. The videocamera was placed at the 500 μT line of the magnet
(i.e. 3 m from the magnet to avoid interference from the high ﬁeld),
and the rats were imaged inside the magnet through a mirror above
or below the bore of the magnet.
To quantify the position of the head, videotape was digitized onto a
Macintosh computer and single frames were extracted at 1 min intervals
across the 30-min exposures. A triangle was constructed from the position of the right eye (point R), left eye (point L), and nose (point N).
Within this triangle, the median (line NM) of the nose vertex (angle
RNL) with the line connecting the two eyes (line RL) was found. The
degree of head tilt was quantiﬁed as the angle (NMR) of median NM
with the eye line RL; the more the rat's head titled towards the side,
the greater this angle deviated from the perpendicular (see Fig. 2).
2.5. Experiment 2. Locomotor circling and conditioned taste aversion
Eight days prior to conditioning day, rats (n = 16) were placed on a
water restriction schedule under which they received daily water access in one drinking session, during which a water bottle was presented
simultaneously with an empty bottle to accustom the rats to a 2-bottle
choice. The ﬁrst daily session was 3 h in length and the session times
were diminished each day so that for two days before conditioning
the rats received water access in a single 10-min session. On the
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The strength of the CTA induced by the magnet was measured with
daily 24-h, 2-bottle preference tests that were initiated the day after
conditioning. (Note that this measures conditioned taste avoidance,
without explicitly measuring orofacial rejection responses to intraoral
infusions typical of strong aversions [27]. However, provocative vestibular stimulation has been shown by others to condition intraoral rejection [28].) Two bottles were placed on the cages, one containing
saccharin and the other distilled water. Fluid consumption was measured every 24 h and a preference score was calculated as the ratio of
saccharin to total ﬂuid consumption:
ðsaccharin intakeÞ=ðsaccharin intake þ water intakeÞ
The preference tests were continued for 14 post-conditioning test
days. The left/right position of saccharin and water bottles on the rats'
cages was reversed each day. Because saccharin access during the preference tests was not paired with any treatment, the preference tests
constituted extinction trials.
2.6. Statistics
Comparisons between groups on single-day data were analyzed
with appropriate ANOVAs or t-tests (Statistica). Results collected
over multiple 2-bottle preference test days were analyzed by 2-way
ANOVA, with groups as one factor and test days as the second factor,
which consisted of repeated sampling of the same subjects across
test days. Post-hoc comparisons were made with the Tukey's HSD
test. Data are presented as the mean ± standard error of the mean.
3. Results
3.1. Experiment 1

Fig. 2. Examples of rats during (A) sham exposure, (B) 14.1 T magnetic ﬁeld with head up,
and (C) 14.1 T magnetic ﬁeld with head down. Panels on the left are frames from the video
recording. Panels on the right demonstrate the quantiﬁcation of head tilt calculated as the
angle from the nose (N) to the midpoint (M) between the position of the left eye (L) and
right eye (R). A deviation from the perpendicular towards the rat's right was assigned a
negative angle (A), while a deviation towards the rat's left was assigned a positive angle (C).

conditioning day, rats were given access to 0.125% sodium saccharin solution (saccharin) for 10 min. Mean saccharin intake on conditioning
day across all rats was 6.5 ± 0.6 g; there was no signiﬁcant difference
between groups.
Immediately following saccharin access, rats were placed in restraint
tubes and exposed to 14.1 T for 30 min as described above. Half the rats
were restrained in “free-head” tubes (n = 8), and half were placed in
tubes with full head and body restraint (n = 8).
After 30-min exposure within the bore of the magnet, each rat was
released into an open polycarbonate cage (37 cm wide by 47 cm long
by 20 cm high) with chip bedding. The locomotor behavior of each rat
was recorded on videotape for 2 min after release into the cage. (Most
rats exhibited locomotor effects of the magnetic ﬁeld for less than
1 min; thus, 2 min of recording captured most of the phenomena of
interest.) The rat was then returned to its home cage and ad libitum
water was returned. The videotapes were scored later by an observer
blind to the rats' treatment. Instances of tight-circling behavior were
quantiﬁed. Rats were scored as “circling” if they moved continuously
around a full circle with diameter less than the length of the rat's
body. Partial circles or circles interrupted by stationary pauses were
not counted. Rearing behavior (both forepaws off the ﬂoor of the
cage and one or both forepaws on the side of the cage) was also
scored at this time. Rats were then returned to their home cage and
given ad libitum access to water overnight.

Sham-exposed rats showed only few and transient movement of
the head, and maintained the head in a straight posture across the
30-min period (Fig. 2A). Rats that were sham-exposed upside down
appeared to display mild dorsoﬂexion, but otherwise kept the head
straight. When quantiﬁed, the angle of the snout remained parallel
to the body (Figs. 2A, 3A, and 4).
Within seconds of being introduced into the bore of the 14.1 T
magnet, rats tilted their heads to one side. (Example video can be
seen at http://www.houptlab.org/freehead.mp4). Rats introduced
head-up tilted the head to the right (Fig. 2B). Rats introduced headdown (upside down) tilted the head to the left (Fig. 2C). Rats also
tended to tilt the snout slightly in the ventral direction, but this was
not quantiﬁed. There was a signiﬁcant interaction of exposure (sham
vs. magnet) and orientation (head-up vs. head-down) on the mean
angle of the snout across the 30-min exposure (F(1, 20) = 50.7,
p b 0.0001; Fig. 3A). Rats exposed upside-down in the magnet showed
a greater average deviation (44 ± 9° clockwise) than rats exposed
head-up (26±3° counterclockwise), but the difference in magnitude
of snout deviation was not signiﬁcant (p= 0.07). It is possible that
hanging upside-down evoked additional postural reﬂexes that could
have ampliﬁed the average snout deviation and increased the variability.
After the ﬁrst few seconds, most rats in the magnet showed only
occasional movements and maintained the head in a tilted position for
the remainder of the 30-min period (Fig. 4). There was a signiﬁcant effect
of group for both head-up and head-down exposures (F(1, 290) =19.28
and 24.6, p b 0.001 respectively).
Across all 1-min observations and rats, the range of head-tilt in the
head-up position was from 4° clockwise to 54° counterclockwise while
in the magnet, and from 15° clockwise to 25° counterclockwise during
sham-exposure. While upside down, the range of head-tilt was more
variable: from 84° clockwise to 6° counterclockwise while in the magnet, and from 90° clockwise to 90° counterclockwise during shamexposure.
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Fig. 3. A. Mean± s.e.m. head tilt during 30-min sham-exposure (white bars) or exposure
to 14.1 T (black bars) in head-up orientation or head-down orientation. The data shown is
the average across rats of the individual head tilt averaged at 1-min intervals across
the 30 min exposure time for each rat. B. Data replotted from previous report [14] demonstrating locomotor circling immediately after 30-min exposure to 14.1 T while restrained
in the head-up or head-down orientation. Note that rats walked in circles after exposure in
the direction opposite to head tilt during exposure observed in the present study. *pb 0.05
vs. sham exposure.

The ﬁrst full minute of video recordings from the “head-up” group
were examined frame-by-frame to determine if rats showed small nystagmus of the head during exposure. Aside from a 2–3 Hz motion due to
breathing, no periodic turning of the head or rapid re-orientation of the
head, characteristic of nystagmus, was observed.
The rats were brieﬂy observed while still restrained after removal
from the magnet. No pronounced head-tilt or head movement in any
direction was seen.
Rats anesthetized with sodium pentobarbital showed no head
movements in the bore of the magnet (data not shown). Thus the
tilt of the head within the magnet was an active response by the
rat, and not a passive physical effect of the magnetic ﬁeld.

Fig. 4. Mean ± s.e.m. across all rats of individual head tilts calculated at 1-min intervals
across 30 min of sham-exposure (white circles) or exposure to 14.1 T (black circles) in
the head-up orientation (A) or head-down orientation (B). Rats in the magnet maintained a stable degree of head tilt throughout the 30-min exposure.

We have previously measured the amount and direction of circling
induced by 30-min exposure of restrained rats within the same 14.1 T
magnet [14]. In order to compare magnet-induced head tilt with
magnet-induced circling, these data are replotted in Fig. 3B. Note that
the while rats exposed head-up showed a rightward (clockwise) head
tilt, head-up exposure induced leftward (counterclockwise) locomotor
circling immediately after circling (and vice-versa for head-down exposure.) Thus the direction of head tilt during magnetic ﬁeld exposure is
opposite to the direction of locomotor circling after exposure.
3.2. Experiment 2
Although most rats (12 of 16) showed some locomotor circling, rats
that were exposed with their heads free showed signiﬁcantly more locomotor circling compared to immobilized rats (6.0 ± 2.4 vs. 1.3 ± 0.6
circles/2 min, p b 0.05). Neither group of rats showed much rearing
(head-free 0.5 ± 0.3 vs. immobilized 0.3 ± 0.2 rears/2 min, n.s.)
Both groups showed a low preference for saccharin on the ﬁrst day
of 2-bottle testing (head-free 0.12± 0.04 vs. immobilized 0.18 ± 0.06,
n.s.), indicating acquisition of a strong CTA. Across 14 days of extinction
testing, there was a signiﬁcant effect of days (F(13, 15) = 7.89,
p b 0.001) but no effect of restraint and no interaction (Fig. 5.)
4. Discussion
Using a yoked restraint tube, we found that rats show an immediate and persistent deviation of the head during exposure to a static
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Fig. 5. Mean ± s.e.m saccharin preference across 14 days of 2-bottle extinction testing
for rats conditioned by saccharin paired with “head-free” exposure (black circles) or
immobilized exposure (white circles) to 14.1 T. There was no signiﬁcant difference between groups on any single day.

14.1 T magnetic ﬁeld. The direction of the head tilt was dependent on
the orientation of the rat in the magnetic ﬁeld, such that rats oriented
head-up (snout towards B+) showed a rightward tilt of the head,
while rats oriented head-down (snout towards B−) showed a leftward tilt of the head. The tilt of the head during magnet exposure
was opposite to the direction of locomotor circling immediately
after exposure observed previously. Allowing head tilt using the
yoked restraint tube during magnet exposure resulted in signiﬁcantly
more locomotor circling compared to rats exposed with the head
restrained. There was little difference in CTA magnitude or extinction
rate, however. (The divergence of extinction rates between groups
suggests that a signiﬁcant effect on extinction might be detected
with a larger sample size.)
4.1. Vestibulo-collic reﬂex
The deviation of the head during magnet exposure is reminiscent
of the VCR response to, e.g., whole body rotation [22]. VCR with compensatory head movements opposing the direction of rotation in any
axis can be demonstrated using electromyography of head and neck
muscles [23] or electromagnetic search coils attached to the head
[24]. The VCR receives contributions from both semicircular canal
stimulation (e.g. with sinusoidally varying rotation) and otolith organs (e.g. under constant rotation) [24]. We did not observe head
nystagmus during magnet exposure, which suggests that rats were
experiencing the equivalent of a static tilt, and not the equivalent of
continuous rotation.
The VCR can also be elicited with artiﬁcial stimulation or manipulation of the vestibular apparatus of the inner ear. In humans, transmastoid galvanic stimulation that induces the subjective experience
of the head tilting towards the cathode also induces deviation of the
head in the opposite direction towards the stimulating anode [29].
In cats, unilateral electrical stimulation of the afferents of individual
semicircular canals induced head movements which were in plane
with the stimulated canals, but opposite in direction to the movements that would normally excite the canals [25]. A VCR can also be
elicited by irrigation of the inner ear, with the head turning towards
the side receiving cold water [30]. An exaggerated VCR is also seen
in guinea pigs after unilateral labyrinthectomy, in which head deviations towards the lesioned side were seen for 72 h after surgery [31].
Thus, the deviation of the rat's head while within the magnet
could reﬂect a stimulation of the contralateral inner ear (as with electrical stimulation) or inhibiting the ipsilateral inner ear (as with cold
water irrigation or after unilateral labyrinthectomy) resulting in a
VCR response. The mechanisms of stimulation or inhibition are not

Our results also suggest that the circular locomotion seen in rats and
mice after magnet exposure is not a direct effect of the magnetic ﬁeld.
Rather, it may be an after effect of magnet exposure such that they
walk in the direction opposite to the direction of vestibular perturbation
experienced during magnet exposure. In other words, after a 30-min
magnet exposure with a rightward head tilt (i.e. compensatory to a
tonic leftward stimulation), upon release from the stimulation rats
demonstrate a transient leftward locomotion. Similar locomotor after
effects are seen after other forms of vestibular stimulation. For example,
after whole-body rotation, rodents swim in the direction opposite to
rotation [33]. After rotating optokinetic stimulation, human subjects
walk in the direction opposite to the direction of rotation [34].
Podokinetic afterrotation has also been well-characterized; after walking on a circular treadmill, humans show a transient tendency to walk in
the opposite direction [35]. Locomotor circling and postural changes
after magnet exposure are also transient (2–10 min) [14,16,36], and
may represent a similar post-stimulation vestibular response.
4.3. Comparison to human studies
In the psychophysical study of Glover et al., [2], humans being moved
into the bore of a 7 T magnet reported a sensation of falling forward or
backward (depending on orientation), but no left–right displacements.
Standing outside the magnet, some subjects showed a signiﬁcant
forward displacement of the head and reported the sensation of falling
forward. Although humans report vestibular perturbations during exposure to ultra-high magnetic ﬁelds, there have been no reports of humans
showing a reﬂexive head movement in response to the ﬁelds. However,
the presence of such a reﬂex has not been explicitly tested, e.g., by observing head movements in the absence of visual input or other cues
for orientation.
Furthermore, humans have not reported any left/right deviations
of the head (or clockwise/counterclockwise rotations) similar to the
apparent effect of high magnetic ﬁelds on rodents. One difference
between human and rodent studies may be the different orientation
of the vestibular apparatus relative to the magnetic ﬁelds. In rats
restrained within the 14.1 T magnet, the head and, e.g., the horizontal
canal lies parallel to the magnetic ﬁeld. In humans lying in an MRI
parallel to the magnetic ﬁeld, the head is turned 90° compared to a
rat, and, e.g., the horizontal canal is perpendicular to the magnetic
ﬁeld. We have previously found that the effects of magnetic ﬁeld exposure are minimal in rats exposed perpendicular to the ﬁeld [15], so it
may be that the vestibular system in the supine human is aligned in
such a way as to minimize interactions with the high magnetic ﬁeld.
Humans report greatest vestibular effects during whole-body movement into a high magnetic ﬁeld, or while moving the head within the
static ﬁeld. Humans can also show vestibular responses to much smaller
magnetic ﬁelds (e.g. 0.2 to 2.8 mT) if the ﬁelds are pulsed or timevarying. Application to the head of speciﬁc pulsed magnetic ﬁelds of
±200 μT improved standing balance in human subjects as measured
on a 3-D forceplate [37]. This effect can be modulated by ambient
light intensity (with eyes open), further suggesting a visual–vestibular
reﬂex modulation [38]. A decline in visual motor skills has also been
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observed after movement in the gradient ﬁeld of MRI machines [8] or
during head exposure to sinusoidal magnetic ﬁelds [39].
In rats, we have found that movement into and out of the 14.1
magnet cannot account for the entire response of the animal [40].
Rather, rats must be exposed to the static ﬁeld at the center of the
magnet for several minutes to observe maximal locomotor circling
or CTA [14,40]. The present results are consistent with these parameters. The head tilt in the rats was an effect of the static magnetic ﬁeld
and independent of gross movement through the ﬁeld.
Models have been proposed of the interaction of high magnetic
ﬁelds with the semicircular canals, otoconia, or vestibular nerves
[2,11,12]. However, these models relay largely on motion through a
static magnetic ﬁeld (or equivalently, exposure to a time-varying
magnetic ﬁeld). Future models should explain the persistent reﬂexive
response during static ﬁeld exposure observed here.
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