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Abstract

Hypothesis: Magnetic vestibular stimulation (MVS) elicits nystagmus in C57BL/6J mice but not
head tilt mice lacking Nox3, which is required for normal otoconial development.

Background: Humans have vertigo and nystagmus in strong magnetic fields within MRI
machines. The hypothesized mechanism is a Lorentz force driven by electrical current entering the
utricular neuroepithelium, acting indirectly on crista hair cells via endolymph movement
deflecting cupulae. We tested an alternate hypothesized mechanism: Lorentz action directly on
crista hair cell stereocilia, driven by their currents independent of the utricle.

Methods: Before MVS, vestibulo-ocular reflex (VOR) responses of 8 C57BL/6J mice and 6 head
tift mice were measured during whole-body sinusoidal rotations and tilts using video-oculography.
Mice were then placed within a 4.7 Tesla magnetic field with the horizontal semicircular canals
approximately Earth-horizontal for >1 minute in several head orientations, while eye movements
were recorded via infrared video in darkness.

Results: Outside the magnet, both C57BL/6J and /ead tilt mice had intact horizontal VOR, but
only C57BL/6J mice exhibited static counter-roll responses to tilt (normal utiruclo-ocular reflex).
When placed in the magnet nose-first, C57BL/6J mice had left-beating nystagmus, lasting a
median of 32.8s. When tail-first, nystagmus was right-beating and similar duration (median 28.0s,
p>0.05). In contrast, head tilt mice lacked magnetic field-induced nystagmus (p<0.001).

Address for correspondence: Bryan K Ward, M.D., Department of Otolaryngology- Head and Neck Surgery, Johns Hopkins
University, 601 N. Caroline Street Suite 6260, Baltimore, MD 21287, Phone: (215) 740-4562, Fax: (410) 614-8610,
bward15@jhmi.edu.

Data from this project was presented as a poster at the Association for Research in Otolaryngology in San Diego, CA in February,
2016 and has not been submitted elsewhere for publication.

The authors have no financial disclosures to report pertinent to this project.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ward et al.

Page 2

Conclusions: C57BL/6J mice generate nystagmus in response to MV'S, while mice deficient in
Nox3 do not. This suggests (1) a normal utricle is necessary, and (2) functioning semicircular
canals are insufficient, to generate MVS-induced nystagmus in mice.

INTRODUCTION

Static magnetic fields like those in magnetic resonance imaging (MRI) machines have been
shown to induce nystagmus in humans and the mechanism is thought to be peripheral
vestibular stimulation via a magneto-hydrodynamic forcel. With elimination of visual
fixation: (1) all humans with intact peripheral vestibular function have a mixed horizontal
and torsional nystagmus while lying in static magnetic fields of at least 1.5 Tesla (T); (2) the
direction of nystagmus changes with the pitch of the head and with direction of entry into
the magnet bore; (3) the nystagmus persists throughout the duration of time in the magnetic
field (up to 90 minutes thus far)2; (4) the nystagmus does not depend on motion into or out
of the field; and (5) the effect on eye movement scales with the intensity of the magnetic
field®. Despite the nystagmus persisting, the perception of rotation adapts quickly 3.

A Lorentz force is exerted by a magnetic field on a charged particle or a conductor carrying
electrical current. When the charged particles are ions moving through a fluid, the force
tends to cause the fluid to flow in a direction perpendicular both to the magnetic field and
the direction of the ionic current. This phenomenon is the basis of magnetohydrodynamics.
In the inner ear a Lorentz force, engendered by both a strong static magnetic field and
current entering utricular hair cells, is believed to create a force that acts on the endolymph
above the utricle, causing semicircular canal cupular deflection and consequently, an
observable nystagmus. This phenomenon has subsequently been corroborated in humans by
other groups, and models have predicted that in strong MRI machines the forces are
sufficient to deflect the cupulae 3-5. Built upon both assessments of nystagmus direction in
humans with functioning and diseased labyrinths and models of hair cell currents, the
present theory of magnetic vestibular stimulation (MVS) is that the stimulated labyrinthine
structures are the lateral and superior semicircular canals 6-8, and that the utricle is the
primary current source 14, Experimental evidence, however, regarding the source of current
that generates this force, as well as the affected inner ear structures is needed.

Earlier behavioral studies in rats and mice also indicate the labyrinth is involved in
producing magnetic field-induced vertigo in strong static magnetic fields ®-11. Rats avoid
static magnetic fields of at least 2T, and these reactions can be extinguished following
labyrinthectomy 9. Rats exposed to a 14T magnetic field also show c-fos induction in the
brainstem (indicating neural activation), a finding that is then prevented by labyrinthectomy
12 Furthermore, mice placed in different pitch positions in an MRI have varying amounts of
post-exposure circling depending on the pitch angle, consistent with a Lorentz force
hypothesis as explained above 13. These findings indicate that strong magnetic fields
influence the mouse labyrinth in ways that may be consistent with the nystagmus observed
in humans.

A mouse model of strong magnetic field-induced nystagmus would allow exploration of this
phenomenon using mutant mice with targeted inner ear lesions. An unanswered question in
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the mechanism of MVS is the relative contributions of the semicircular canal cupulae and
otolith maculae to the current that generates a Lorentz force, in particular whether the
current entering the semicircular canal cristae is capable of generating a Lorentz force
sufficient to displace its cupula. The utricular macula, with both its close proximity to the
superior and lateral canal cupulae and its greater hair cell count—and presumed greater
current density—is thought to be primarily responsible for generating the force that
displaces the cupulae 14, Mice deficient in Nox3 (the gene that encodes NADPH oxidase)
lack otoconia in those mice homozygous for the mutation 14, but have anatomically intact
hair cells and synapses 1°. While these mice have expected impairment of peripheral otolith
organ function 1617  they are capable of generating a vestibulo-ocular reflex (VOR) 17,
indicating functioning semicircular canals. We hypothesize that MVS elicits nystagmus in
C57BL/6J mice with normal utricular and semicircular canals, but not in mice lacking Nox3,
which is required for normal otoconial development.

MATERIALS AND METHODS

We measured eye movements in darkness in C57BL/6J mice and in head tilt mice deficient
in otoconia, while in different orientations inside a 4.7 T magnetic field. Eye movement
responses of C57BL/6J mice (n=8) to the static magnetic field were compared to those of
head tilt mice (n=6). Prior to placement in the MRI, vestibular function was characterized in
each mouse by transient horizontal rotations to assess semicircular canal function and by
static tilts to assess ocular counter-roll and otolith function. All experiments were approved
by the Johns Hopkins Animal Care and Use Committee, in compliance with all applicable
laws and guidelines.

Animal Preparation

To minimize head and body movements during experimentation, the mouse’s head was
restrained to pitch the animal’s head 30° ‘nose-down’ from the Earth horizontal position
(Figure 1A)18, With the animal in this position, the axes of the animal’s horizontal
semicircular canals (SCC) were aligned to within 10° of the Earth-horizontal when the
holding container was in the Earth-horizontal position1®.

Video-Oculography

A MRI-compatible video-oculography (VOG) system was used to measure eye movements
in horizontal and vertical directions. Eye movement recordings were obtained using marker
arrays that were secured to the mouse’s pupil after administering general and topical
anesthesia (Figure 1B). For all experiments, the mouse was positioned so that a video
camera focused on the pupil and markers of the right eye. The mouse was placed in darkness
to preclude visual fixation suppression of nystagmus. When entering the bore nose first, the
magnetic field lines were directed from the animal’s tail towards its head. Horizontal and
vertical eye movement data were computed and stored using custom-designed software to
track the position of the eye marker windows and eye velocity was then obtained using
software and techniques as described previously18:20.21,22
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Head tilt mice

B6.129S1-Nox3het-3J/GrsrJ mice (head tilt mice) with mutations in the Nox3 gene were
used to assess influence of otoconia on MVS. Mice heterozygous for the Nox3het-3J
mutation were obtained from the Jackson Laboratory (Bar Harbor, ME). The Nox3het-3J
allele has been made congenic on a background of C57BL/6J strain. All physiologic
comparisons were therefore made to C57BL/6J mice. The mice were bred for two
generations prior to testing. Forced swim testing was performed on all head tilt mice at 3
months of age to screen for likelihood of the desired phenotype?3. Later, to confirm that the
screened mice had two copies of the mutation, Sanger sequencing was also performed24.
Two copies of this mutation were identified in all 6 presumed head tilt mice used in the
study, and no copies in either of two control wild type C57BL/6J mice.

Vestibulo-ocular Reflex testing

Prior to placing the mice in the magnetic field, a quantitative VOR assessment was
performed in all mice in response to static tilt position, sinusoidal horizontal rotations and
horizontal transient accelerations. Head tilt mice should lack compensatory eye movements
in response to head tilt due to absent otoconia, but continue to have residual VOR function
in response to horizontal rotations!’. Experimental protocols were completed as described
previously18.

Magnet Experimental Protocol

The mouse was secured in a 3D printed sphere of acrylonitrile butadiene styrene plastic
(Figure 1C). All mice were placed inside the magnetic field with heads pitched so that the
horizontal semicircular canals were approximately aligned with the magnetic force vector.
Eye movements were recorded throughout each placement into the magnet bore. Mice were
placed into the magnet bore for at least 30 seconds each in the nose first and tail first
positions. Note that no scans were performed; only the static field of the MRI machine was
used. For additional methods details on animal preparation, design of the testing apparatus,
forced swim testing, and Sanger sequencing, please see methods Supplementary Digital
Content 1.

Data Analysis

For each head orientation position in the bore, VOG eye position data were converted to
head-fixed rotation vectors from which canal-plane referenced eye rotation velocities were
computed. Eye and head data are reported in a right-hand-rule head coordinate system
centered on the skull stereotactic origin as described previously by our laboratoryl8. The
number of beats of nystagmus over the duration in the MRI, nystagmus frequency, and mean
slow-phase eye velocity was calculated for each static head position. Nonparametric
between groups tests were used to compare results of C57BL/6J mice and head tilt mice. All
data was analyzed with Stata 10 (StataCorp, Inc., College Station, TX, USA) and p<0.05
were considered significant.
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RESULTS

Head tilt mice had no or minimal eye movement response to static tilt across the axes
assessed, when compared to C57BL/6J mice (Figure 2). However, head tilt mice
demonstrated intact VOR in response to transient horizontal rotations and sinusoidal rotation
(Figure 3), but with slightly lower gain in response to transient accerletaions (Figure 3, right
panel).

Magnetic field-induced nystagmus

C57BL/6J mice demonstrated a nystagmus that varies with position relative to the magnetic
field. After nose-first entry into the magnetic field, C57BL/6J mice developed a left-beating
nystagmus lasting a median of 32.8 seconds (Figure 4). On tail-first entry into the magnet
bore, the direction reversed and was of similar duration (median 28.0s, p>0.05). C57BL/6J
mice additionally had null positions at 90 degrees relative to the magnetic field vector, where
minimal nystagmus was observed. SPV could be reliably calculated for 5 C57BL/6J mice on
nose-first entry and had a mean velocity of 118.0 (SD 81.5) degrees per second when
entering the magnet nose first (see figure 4 for example). Despite the conservation of VOR
in response to sinusoidal and transient rotations, head tilt mice had no nystagmus inside the
magnetic field in any of the tested orientations (Figures 4 and 5). To ensure the head tilt
mice were not oriented in a ‘null’ position in the head first or tail first orientations, they were
additionally positioned with their nose 30 degrees up and 30 degrees nose down from
horizontal. Again, nystagmus was not observed in these additional orientations.

DISCUSSION

Mice with intact vestibular function have nystagmus in strong static magnetic fields, and this
response is dependent on the presence of Nox3 or functioning otolith end organs. C57BL/6J
mice had a primarily horizontal nystagmus that changed direction with body position
relative to the magnetic field, reversing from left-beating on nose-first entry to right-beating
on tail-first entry into the magnetic field. As in humans, the direction of the magnetic field
vector with respect to the head influences the direction of nystagmus, suggesting that the
mechanism generating this nystagmus response depends upon the polarity of the magnetic
field.

Several mechanisms have been proposed for the interactions of magnetic fields with the
inner ear (See recent reviews 22:26) many of which have been ruled out as causing
nystagmus. Notably, there has never been ferromagnetic particles detected in the mammalian
inner ear. Static magneto-hydrodynamics is thought to be the origin of the nystagmus
humans experience inside strong magnetic fields like MRI machines. Static magneto-
hydrodynamics (MHD) requires no gross head movement—only a static magnetic field and
an ionic current—to produce a Lorentz force on a conductive fluid (See figure,
Supplementary Digital Content 2). In the presence of a strong magnetic field, normal ionic
currents present in neural/vestibular tissue produce sufficient force within vestibular organs
to account for the observed nystagmus, depending on the alignment of the head with the
magnetic field 14,
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Similarities between mouse and human MVS

The nystagmus velocity in C56BL/6J mice peaked shortly after magnetic field entry, and
persisted for tens of seconds after the mouse was stationary in the center of the strong static
magnetic field. These findings argue against a mechanism that relies upon motion through
the magnetic field like electromagnetic induction, as motion-induced effects would peak
during movement into the magnetic field and would be absent inside the center of the
magnetic field. Furthermore, the directions of nystagmus responses observed are those that
would be predicted by a static magnetohydrodynamic mechanism (/.e. a Lorentz force,
figure, Supplementary Digital Content 2) 1.7,

The velocity of the eye movements in mice demonstrated an exponential decay from a peak
SPV, that occurs afterentry into the magnetic field. This is a finding seen with a constant
deflection of the cupula as occurs in a constant acceleration input, in which a static
deflection of the cupula is induced, such as rotation at constant acceleration 27. We have
hypothesized that the stimulus for MVS is similar to a constant acceleration input in that it
induces a constant pressure on the semicircular canal cupula.

In prior reports, all humans tested had a null position where no nystagmus was seen, and this
null position was hypothesized to occur when the head was pitched such that the plane of the
horizontal semicircular canals and utricles was orthogonal to the magnetic field vector 1.
Based on the static MHD hypothesis, a null should occur when aligning net utricular current
with the magnetic field vector. When these vectors are aligned, there is no cross product and
no Lorentz force generated. It was also predicted that a null position could occur when,
despite a Lorentz force being generated sufficient to displace the cupula, the direction of the
force vector is not aligned with its shear sensor (the canal cupula). This situation occurred
when the C57BL/6J mice demonstrated little or no eye movements (except in one mouse)
when entering the magnetic field left-ear first or right-ear first (Figure 6). In current MRI
machines, it is not possible to orient the human labyrinth in this position with respect to the
magnetic field.

Differences between mouse and human MVS

Although the directions of nystagmus and the presence of an initial peak in eye velocity are
similar between mice and humans, there are differences in both the amplitude of the peak
eye velocity as well as in the longer-term dynamics of the eye movement responses in mice.
A vestibular nystagmus has slow and fast phases; and the slow-phase component of a
vestibular nystagmus is driven by the vestibular system. In humans, there is a characteristic
peak in the velocity of the slow-phase component shortly after entering the magnet, followed
by a slowly-declining plateau 1. The maximum recorded peak slow-phase velocity (SPV) in
humans in a 7T magnetic field is 40 degrees per second, and the mean SPV of the plateau is
approximately 10 degrees per second 7. The peak SPV of the C57BL/6J mice in a weaker
4.7T magnetic field was substantially greater than that of the humans exposed toa 7T
magnetic field.

An explanation for this difference in SPV may be differences in dimensions of the mouse
semicircular canals relative to the human’s and the ways in which a Lorentz force scales
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with decreasing labyrinth size relative to how the mechanics of a head acceleration scales
with decreasing labyrinth size. The pressure on the cupula due to head rotations decreases
much more quickly with labyrinthine dimensions than the pressure on the cupula due to a
Lorentz force. Using a simple first-order steady-state approximation equation from Oman
and Young 28, the pressure on the cupula during a head rotation is proportional to the
diameter of the canal torus squared. The pressure on the cupula generated by a Lorentz
force, however, is proportional to a linear dimension. Figure 6 shows that although the
magnitude of the Lorentz force decreases linearly with labyrinth size, the sensitivity of the
crista to a rotational force decreases more (/.¢e. by a factor of three). Thus a mouse with a
smaller labyrinth would experience a re/atively larger force on the cupula than a human.
This could account for approximately 3 times the difference in pressure on the cupula. Of
course this needs to be confirmed in animals with various sized labyrinths, but it may
explain some of the differences we observe in SPV.

There are also differences in the longer-term dynamics of the eye movement responses in
mice compared to humans. In humans, nystagmus persists during the entire exposure in the
MRI (up to 90 minutes) and can be modeled as a cascade of adaptation parameters with
increasing time constants 27. This slowly-declining plateau in eye movement velocity is
absent in mice. In C57BL/6J mice, the nystagmus decayed in most instances within
approximately 30 seconds. Furthermore, in humans, an aftereffect occurs in which
nystagmus beats in the opposite direction, reflecting adaptation inside the MRI 1:27. This
was observed in C57BL/6J mice in less than half of trials, with a few beats of nystagmus in
the opposite direction upon withdrawal from the magnet. These differences in adaptation
dynamics may be explained by interspecies differences in processing of vestibular input
between mice and humans. The time constant of the mouse VOR as compared to the human
is significantly smaller 29,

Effect of Nox3 on MVS

We found that MVS nystagmus was absent in Nox3-deficient or head tilt mice that lack
functional otolith organs, despite the presence of a VOR in response to horizontal head
rotations. To ensure that the nose-first or tail-first positions were not by chance in the
mouse’s null position, we reoriented these mice in different pitch positions. No nystagmus
was seen in any position for Nox3-deficient mice. This implies that a functioning otolith end
organ is critical for the development of magnetic field-induced nystagmus.

Some features of head tilt mice are important to keep in mind when interpreting these
results. Despite having an intact VOR in response to head rotations, head tilt mice, however,
have reduced VOR gain 7. The inner ear morphology of these mice previously have been
well characterized and have shown intact hair cells with ribbon synapses in the utricle 15,
They additionally appear to have spontaneous discharge from the superior vestibular nerves
30, As shown in this study, however, the otolith-ocular reflexes are absent, and other studies
have also shown an absence of otolith-mediated potentials 1617,

Based on the current hypothesized mechanism of MVS, the utricle is the primary source of
the current that generates the Lorentz force, as the utricle has the largest density of hair cells
coupled with its close proximity to the lateral and superior semicircular canal cupula. This
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force is then sensed by the semicircular canals as a constant acceleration. Theoretically, any
hair cells in the inner ear can generate a Lorentz force, but the current must be great enough
and in the proper direction to generate a force that must then be strong enough to deflect the
cupula. While head tilt mice have been found to have a spontaneous discharge from superior
vestibular nerve afferents 1°, the afferent response differs from that of control mice 1° and it
is unknown whether there is current flowing through the endolymph and into the apical
portion of the utricular hair cells. We hypothesize that without the mass of otoconia on
utricular hair cells that these hair cells carry less current. This hair cell current is required
based on the MHD hypothesis of MVS to generate nystagmus. The results of this study
imply that functioning semicircular canal cristae are insufficient to generate nystagmus in a
strong magnetic field.

Magnetoreception

Limitations

The physiology underlying animal migration remains controversial. Among vertebrates,
many species have been reported to be sensitive to magnetic fields 31. Orientation with
respect to magnetic fields in mammals has additionally been reported for species of
subterranean rodents 3233, and more recently for laboratory mice 34. Furthermore, rodents
have been shown to use this magnetic field cue for path integration 33. Several theories for
transduction of magnetic field cues have been proposed, including light-dependent radical
pairs and ferromagnetic particles like magnetite. Subterranean rodents that live entirely in
darkness, are unlikely to benefit from a light dependent radical pair mechanism of
magnetoreception. Furthermore, magnetite has not yet been detected in mammals. Although
the strength of the magnetic field used in these experiments far exceeds that of the Earth’s
magnetic field, a labyrinthine signal generated by a Lorentz force could be a polarity-
sensitive mechanism by which mice could orient with respect to a North/South magnetic
pole.

This study has several limitations in part due to the technical challenges of obtaining video
oculography in mice in an MRI. We adapted a previously developed system in our
laboratory for use in an MRI, and for simplicity, we limited the eye movement analysis to
the horizontal component, as this appeared to be the principal component. This technique
could be further validated for obtaining accurate 3-dimensional eye movements. There was
variability in the eye velocity in those C57BL/6J mice from which we could obtain clean
velocity data, similar to the variability seen in humans depending on the location of the
‘null’ position!. Additional investigations could assess variability in null position among
mice, as well as the influence of varying magnetic field intensities on the slow-phase eye
velocity.

Future directions and Clinical Implications

MRI has revolutionized the diagnosis and treatment of neurological disease and the
scientific understanding of the function of the brain, yet we know surprisingly little about
the effects of magnetic fields on brain function. People near MRI scanners occasionally
report dizziness and this is most prominent with 7T magnets. The potential health
implications of these symptoms are unknown; however, we reported a case of a patient who
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experienced a medical complication after entering an MRI scanner, due to the dizziness
caused by the MRI machine 3°. Although human studies provided evidence that magnet
induced nystagmus is evoked by magneto-hydrodynamic forces, they are insufficient to fully
characterize this effect and to work out why it occurs. By clarifying the characteristics and
mechanisms of MVS, a mouse model can allow for further exploration of the health and
safety of people exposed to MRI scanners with high-strength magnets. As a first step
towards this goal, this study has found that functioning otoconial organs are required for
MVS to occur and that intact crista hair cells are insufficient to produce the nystagmus
observed in strong MRI machines. The observations here and in other work in humans with
vestibular disease®5 clarify the pathophysiology underlying vertigo in MRI scanners and
may translate to new diagnostic tests for patients with dizziness and vertigo. Furthermore,
we anticipate MVS may become a useful technique for vestibular rehabilitation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Methods for recording eye movements in mice in an MRI. A) The mouse is positioned such

that its horizontal semicircular canals are roughly parallel to the Earth. B) The camera is

focused on the mouse’s right eye, where a marker is placed to allow tracking of the pupil
during all testing. C) The mouse container is a sphere that was printed using a 3D printer.
Infrared LEDs are used to illuminate the fluorescent marker such that the camera records
movement of the three squares on the marker.
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Eye Angular Position (degrees re head coordinates) for C57BL/6J mice (N=12) and Nox3 mice (N=3)
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Figure 2.
Head tilt (Nox3) mice have minimal eye movements in response to static, passive whole-

body tilts about an Earth-horizontal axis in a gravitational field (red and blue marks), as
compared to C57BL/6J mice (black marks). SD, standard deviation; deg, degrees; het, head
tilt.
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VOR response in head tilt (Nox3) mice A) Example of eye movement traces in response to
transient, rightward,horizontal whole-body rotation in a head-tilt mouse and an exceptionally
good example of a C57 mouse, with acceleration 3000 deg/s? for 100 msec to a 300 deg/s
constant-velocity plateau. Black trace represents the horizontal head velocity stimulus and
the red trace the horizontal component of the eye velocity response, which comprises an
initial, VOR-driven slow phase nystagmus during the constant-acceleration portion of the
stimulus and then an alternating series of rightward nystagmus quick phases (toward
negative values in this plot) and slow phases (positive value segments). Right panel shows
head tilt mice have a robust and well aligned 3D angular VOR in response to quick, passive
horizontal head rotations, with the horizontal component gain ranging from 0.3-0.7,
nevertheless this is lower than C57 litter mates, p<0.05. C) Responses to horizontal 100
deg/s peak sinusoidal rotations demonstrate median gain increasing from 0.3 to 0.7 across
frequencies from 0.5 Hz to 10 Hz, with other components of the 3D VOR small. VOR,
vestibulo-ocular reflex; LARP, left anterior-right posterior plane; RALP, right anterior-left

posterior canal plane
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Figure 4.
Eye movement recordings of a mouse entering in the nose-first Earth-horizontal position

(legend). Grey vertical bar signifies time of entry into the magnetic field. For C57BL/6J
mice, a horizontal nystagmus develops after nose-first entry into the magnetic field (A, left
panels). The velocity increases to a peak after entry, before decreasing over time while the
mouse remains in the magnetic field. No nystagmus was seen for head tilt mice (n=2 shown)
in the tested positions in the MRI machine (B, right panels).
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Figureb.
Group data for C57BL6/J mice (n=8) and Nox3 mice (n=6) entering the magnetic field in

each of 4 positions. C57 mice develop nystagmus in head-first and tail-first positions that is
not present in Nox3-deficient mice. *, p<0.01
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Hypothesis for increased velocity of mouse eye movements in the magnetic field relative to
prior reports in humans. Laboratory mice have much greater slow-phase nystagmus
velocities than humans, despite a weaker magnetic field. This may be explained by
differential scaling of the cupula pressures with labyrinth size due to a Lorentz force relative
to a head rotation. For head rotations, the torque force due to the moment of inertia of the
endolymph is related to the endolymph volume and the canal diameter. Therefore, cupula
pressure due to head rotation is proportional to the diameter of the canal squared. For
magnetic vestibular stimulation (MVS), the Lorentz force in the endolymph is related to the
ionic current flowing into the area of hair cells, and to the length over which the current
flows. Therefore, cupula pressure due to MVS is directly proportional to canal diameter. The
right panels are graphical representations of the relationships between pressure on the cupula
as a function of labyrinthine dimension, normalized for human labyrinthine size (1.0). The
right upper panel shows that as canal dimensions scale down linearly, the cupula pressure for
a Lorentz force (green line) scales slower than for a head acceleration (blue line), such that a
mouse should experience a relatively greater force (blue dots depict approximate relative
labyrinthine size for a mouse). The right lower panel adjusts for the relative MRI strengths
of prior human experiments in 7T MRI compared to those in mice. In a 4.7T MRI, mice
should experience an approximately 3 times greater cupula pressure than a human, and in a
7T scanner over a 4 times greater pressure, akin to a much greater head acceleration.
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