1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Magn Reson Med. Author manuscript; available in PMC 2022 March 01.

-, HHS Public Access
«

Published in final edited form as:
Magn Reson Med. 2021 September ; 86(3): 1544-1559. doi:10.1002/mrm.28799.

Long-term behavioral effects observed in mice chronically
exposed to static ultra-high magnetic fields

Ivan Tkacl, Michael A Benneyworth?, Tessa Nichols-Meade?, Elizabeth L Steuer3, Sarah N
Larson?!, Gregory J Metzger!, Kamil Ugurbill

1Center for Magnetic Resonance Research, University of Minnesota, Minneapolis, MN, USA

°Mouse Behavioral Core, Department of Neuroscience, University of Minnesota, Minneapolis,
MN, USA

SN Bud Grossman Center for Memory Research & Care, Department of Neurology, University of
Minnesota, Minneapolis, MN, USA

Abstract

Purpose: The primary goal of this study was to investigate whether chronic exposures to ultra-
high B fields can induce long-term cognitive, behavioral or biological changes in C57BL/6 mice.

Methods: C57BL/6 mice were chronically exposed to 10.5 T or 16.4 T magnetic fields (3-hour
exposures, 2 exposure sessions per week, 4 or 8 weeks of exposure). /7 vivo single-voxel IH MRS
was used to investigate possible neurochemical changes in the hippocampus. In addition, a battery
of behavioral tests, including Morris water maze, balance beam, rotarod and fear conditioning,
were used to examine long-term changes induced by By exposures.

Results: Hippocampal neurochemical profile, cognitive and basic motor functions were not
impaired by chronic magnetic field exposures. However, the balance beam walking test and the
Morris water maze testing revealed By induced changes in motor coordination and balance. The
tight-circling locomotor behavior during Morris water maze tests was found as the most sensitive
factor indexing By induced changes. Long-term behavioral changes were observed days or even
weeks subsequent to the last By exposure at 16.4 T but not at 10.5 T. Fast motion of mice in and
out of the 16.4T magnet was not sufficient to induce such changes.

Conclusions: Observed results suggest that the chronic exposure to magnetic field as high as
16.4 T may result in long-term impairment of the vestibular system in mice. Although observation
on mice may not directly translate to humans, nevertheless, they indicate that studies focused on
human subject safety at very high magnetic fields are necessary.
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INTRODUCTION

Since the introduction of the first 7 tesla magnet for human imaging approximately

two decades ago (1), research at this ultra-high magnetic field has demonstrated unique
advantages for numerous applications in MR imaging of the human body, particularly
functional brain mapping (1-3) and brain MR spectroscopy (4,5). This progress ultimately
led to clearance of 7T MRI scanners for clinical use for the human brain and extremities

in the United States and the European Union. Based on the successes achieved at 7 T, and
anticipated increases in the signal-to-noise ratio with magnetic fields (4-7) there is growing
interest in moving significantly beyond 7 T to magnetic fields of 10.5 T (8-10) and beyond.
Such a move, however, raises critically important questions about the safety of subjects
exposed to such high static magnetic field (By).

To date, there is no reported evidence that ultra-high By field significantly affects vital signs
(11,12) and cognitive function (13). A comprehensive investigation of cognitive, vestibular
and physiological functions of subjects exposed to 10.5 T has been recently published (14).
Initial results of this study suggested that the exposure of research subjects to 10.5 T does
not have major or unexpected effects that would slow or halt further enrollment in imaging
studies of the head and torso at 10.5 T (8,10). However, increased B strength does enhance
adverse sensory effects, such as vertigo, dizziness, nausea, metallic taste, nystagmus and
magnetophosphenes (13, 15-18). These adverse subjective sensory perceptions affect not
only subjects of MRI examination, but also those working in the fringe field surrounding
magnets (19).

The effects of By on biological and behavioral functions have been investigated using
several animal models (20-31). Although adverse biological effects were not observed in
male and female adult rats or their progeny when exposed sub-chronically to the 9.4T

field (20), rats and mice exposed to ultra-high Bg (4 — 20 T) showed tight circling in an
open field (26,27) or circling swimming in a pool (31) immediately after removal from

the magnet. The direction of circling (counter-clockwise or clockwise) depended on the Bg
orientation (parallel or anti-parallel) relative to the rostral — caudal body axis (25-27). The
amplitude of circular motion was modulated by the angle between B and rostral — caudal
body axis, with maximal and minimal effects corresponding to parallel and perpendicular
orientation, respectively (31). Such a circling locomotion has been observed only within

a short period (< 3 min) after removal from the magnet (25). Partially restrained rats that
were able to move their head and neck showed an immediate and persistent deviation of the
head position (rightward tilt if parallel to By, leftward tilt if anti-parallel to Bg) in a 14.1T
magnet (22). The tilt of the head during magnet exposure was opposite to the direction of
locomotor circling. Fast motion of rats across a steep By gradient (inserting and removing
from the 14.1T magnet) suppressed the rearing, but was not sufficient to induce the acute
circling after removal from the magnet (21). It has been reported that with the exception

of circling locomotor activity, mice unrestrained during a 30-min 14.1 T exposure exhibited
larger behavioral effects (rearing, conditioned taste aversion) than the restrained group (32).
However, the opposite results were observed for partially restrained rats that were exposed
with their heads free (22). Repeated exposures of rats to 14.1 T (three 30-min exposures)
attenuated the behavioral responses (23). In addition, altered swimming behavior was also
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observed in zebrafish inside of strong magnets (29). Last but not least, B field induced
nystagmus was recently studied in mice inside the 4.7T magnet. The direction of nystagmus
depended on head orientation relative to the By field. It has been recently reported that a
long-term continuous exposure (28 days) of mice to high magnetic fields (2 T — 12 T) did
not affect routine blood tests and the function of the liver, kidneys or lipid metabolism (30).
In addition, histomorphological changes or pathological damage were not observed in any of
several mouse organs analyzed (heart, brain, liver, spleen, kidney, lung, testicle and femur)
after continuous 28-day-long exposure to the By field (30).

The sensation of vertigo (perception of self-motion) reported by MRI subjects and MR
technologists as well as the circling locomotion behavior of rodents removed from the
magnet suggest direct involvement of the vestibular system in the By field interaction with
the human or animal body (33). The first mechanism of the vestibular system interaction
with the By field was proposed nearly three decades ago (34). Since then other mechanisms
of magnetic vestibular stimulation have been proposed: (a) forces owing to differences

in diamagnetic susceptibility inside the vestibular system, (b) induced electrical currents
(Faraday’s law), and (c) motion-induced magnetohydrodynamic effects in endolymph

(35). Each of these three mechanisms requires either temporally or spatially varying
magnetic field or head motion. However, it has been discovered that all humans with

an intact labyrinth experience a long-term robust and persistent nystagmus (involuntary,
rhythmic movement of the eyes typically observed during head rotation) when exposed to
homogeneous By field without any motion (36,37). The direction and the slow phase eye
velocity depend on head orientation relative to By. The proposed mechanism for this effect
involves a Lorentz force resulting from the interaction of a strong Bg field with naturally
occurring ionic currents flowing through the inner ear endolymph into vestibular hair cells
(33,37). The Lorentz force causes the endolymph in the superior and lateral semicircular
canals to exert pressure on the cupula, inducing its constant deflection (27,32). Deflection of
the cupula bends the underlying hair cells either towards or away from the kinocilium,

thus mechanically opening gated ion channels on the hair cells and initiating afferent
vestibular signaling. This inner ear stimulation creates a sensation of rotation, and a constant
horizontal/torsional nystagmus observed in humans and rodents even in a static magnetic
field without any head motion (38,39). The sensations of nausea and dizziness are likely

to be the result of semicircular canal inputs to the brain and the conflict with other inputs
(from otolith organs and the visual system) rather than a direct consequence of magnetic
fields interacting with the central nervous system (36,39,40). The proposed mechanism of
the vestibular system interaction with the By field mediated by the Lorentz force can also
explain why the circling locomotor behavior of rats correlated with the duration of the By
exposure and not with motion through the Bg gradient (21).

Except for the nystagmus, which has been observed to persist during the entire testing
period of human subjects inside of the magnet (25 min) (37), the self-motion perception
(vertigo) was reported only for a short period of time after entering the By field or

shortly after removal from the field. The tight circling locomotor behavior of rodents (in
open field or during swimming in a pool) has been investigated and observed only after
immediate removal from the B field (25-27,31). Thus, knowledge about the persistence of
and recovery from adverse effects subsequent to By exposure is sparse. The primary goal
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of this study was to investigate whether chronic exposures to ultra-high By fields could
induce long-term cognitive, behavioral or biological changes. This idea and the rationale
behind this type of investigations was driven by the human subject safety concerns when

the human research at ultra-high By fields started to explore magnetic fields beyond 7 T
(9.4 T — Tiibingen and Minneapolis, 10.5 T Minneapolis). Effects of the chronic exposure to
ultra-high By fields were investigated at 10.5 T and 16.4 T using C57BL/6 mice. Testing of
mice included 1H magnetic resonance spectroscopy (MRS) and a battery of behavioral tests
(Morris water maze, rotarod, balance beam, and fear conditioning).

METHODS

Protocols for magnetic field exposure and testing

The data presented in the paper are a result of animal experiments conducted under two
separate protocols. Results from Protocol | informed and led to a modified study design for
Protocol Il (Figure 1). Both protocols were used to study the long-term effects of chronic
exposure to ultra-high By fields. All experiments were performed according to procedures
approved by the Institutional Animal Care and Use Committee (IACUC) at the University of
Minnesota.

2.1.1 Protocol I—Protocol I used two 4-week long periods with repeated exposures to
16.4 T magnetic field (number of mice N = 12, 3-hour long exposure sessions, two exposure
sessions per week). In order to minimize any confounding factors, the control group of mice
(N = 12) was exposed to a sham magnetic field using a plastic tube mimicking the magnet
bore and exactly the same schedule of exposures as the 16.4T group. Mice were not sedated
during the B exposure and therefore they could move freely inside the plastic bins of the
animal holder, though due to the limited space, their movements would have been somewhat
restricted Figure S1). The ability to move during the By exposure may have affected the B
field effects (22,32). Two different methods were used to investigate the long-term effects

of the chronic exposure to 16.4 T magnetic field. First, /7 vivo 'H MRS was utilized to
examine the effects of the chronic By exposure on brain neurochemistry. Second, the widely
used Morris water maze (MWM) test, which is considered as the gold standard in mouse
behavioral neuroscience, was chosen as a measure of cognitive ability (41). Both tests were
applied before the exposure, after 4-week long exposure to 16.4 T and once again after the
second 4-week long exposure to 16.4 T (Figure 1, Protocol 1). Mice were 2 and 3 months old
when the first and second By exposure periods started, respectively.

2.1.2 Protocol llI—Protocol Il (Figure 1) used only one 4-week long period with repeated
exposures of to the By field (two exposures per week). This protocol was used with four
different groups of mice (N = 12 each). The first three groups followed the same procedures
and were exposed to 10.5 T, 16.4 T and a sham magnetic field (Control group) for three
hours per session and two sessions per week. The forth mouse group (labeled as 16.4T
Motion) was repeatedly exposed to 16.4T (two exposure sessions per week), but instead

of three hours per session, exposures lasted for about 2 min. During this 2-min period,

the mouse holder was swiftly pushed in and pulled out of the 16.4T magnet 20 times.

For protocol 11, 1H MRS was used only before the By exposure for screening purposes
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to eliminate mice with high concentration of brain glutamine that randomly appear in the
C57BL/6 mouse strain (42). Eliminated mice were replaced from a backup mouse group.

In Protocol 11, the MWM test was performed only once after the final exposure to different
magnetic fields. In addition, the behavioral testing was expanded to include the balance
beam walking, rotarod and fear conditioning tests. Studied mice were first trained for

the balance beam and rotarod testing and then they were chronically exposed (4 weeks,

8 exposures total) to the By field. The battery of behavioral tests started the next day

after the last B exposure in the following order: balance beam, rotarod, MWM, and fear
conditioning. The whole B exposure and testing Protocol 11 was repeated a second time
with another batch of mice to increase the number of mice in each group to N = 24. There
was only a small difference in the mouse age between the first and second batch of mice
when the B field exposure began (15t batch: 2 months old, 2"d batch: 3 months old). For
a subgroup of mice (16.4T, control) from the second batch of animals, the MWM test was
repeated 40 days after the last By exposure.

Out of 96 mice enrolled in this study protocol, only 90 animals accomplished all tests and
were included in final statistical analysis. One mouse died due to drowning during MWM
testing, one male mouse was injured due to a fight in the cage and four mice were excluded
from the study due to poor performances during the balance beam walking training session
before the magnetic field exposure.

Methods described in Supporting Information

All necessary information describing used animals, magnets, magnet holders and testing
methods, including /77 vivo *H MR spectroscopy, Morris water maze, balance beam walking,
rotarod and fear conditioning can be found in Supporting Information. In addition, used
statistical analysis is described in this section.

3. RESULTS

3.1.

Bg exposure — Protocol |

The primary goal of this study was to investigate possible long-term behavioral or biological
effects of a chronic exposure to the ultra-high static magnetic field. Since any long-term
effects caused by Bg exposure have not been reported yet, we proposed a protocol that would
maximize the By field exposure in order to increase the chance to detect any change between
exposed and control animals. Therefore, we decided to use the 16.4T magnet, the strongest
horizontal bore magnet currently available and to expose mice to this Bg field multiple times
for an extensive period of time (Figure 1, Protocol I).

3.1.1. 1H MR spectroscopy—The 1H MR spectra were acquired from the
hippocampus. Hippocampus was chosen for its critical role in cognitive functions by
regulating learning, memory encoding, memory consolidation, and spatial navigation. In
addition, the hippocampus is known to be vulnerable to different adverse effects, such as
stress (43), neonatal iron deficiency (44), hyperglycemia (45) or exposure to drugs (46).
Twelve female and twelve male mice used in Protocol | were divided equally into two
groups (control and exposed to 16.4 T). One animal that had extremely high level of
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glutamine in the brain ([GIn] = 8.1 umol/g) due to an inborn liver defect (42), was excluded
from the study. That animal was replaced by one from the backup group of identical mice.

Figure 2A shows the spectral quality consistently achieved in this study. The inset

shows the default size and location of the VOI in the left hippocampus of C57BL/6

mice. The unsuppressed water signal linewidth was FWHM = 11.5 + 0.7 Hz (mean

+ SD). The consistency of this spectral quality was an essential precondition for

a reliable quantification of 16 brain metabolites (Figure 2B,C). The neurochemical

profile included the following metabolites: alanine (Ala), ascorbate (Asc), creatine (Cr),
phosphocreatine (PCr), y-aminobutyric acid (GABA), glucose (GIc), glutamine (GIn),
glutamate (Glu), glutathione (GSH), myo-inositol (myo-Ins), lactate (Lac), N-acetyl-
aspartate (NAA), N-acetylaspartylglutamate (NAAG), phosphoethanolamine (PE), taurine
(Tau), glycerophosphocholine (GPC), phosphocholine (PC). In addition, the content of
the fast relaxing macromolecules (MM) was also quantified (expressed in a.u.). The 1H
MRS data were collected from the mice three times, before any By field exposure and
subsequently after 4 and 8 weeks of exposure to 16.4 T or to sham magnetic-field (control
group). Despite high detection sensitivity and coefficients of variation (Figure 2B and C,
error bars indicate SD), no significant differences between 16.4T and control groups were
observed (t-test corrected for multiple comparisons using the false discovery rate, g < 0.2)
for any metabolite before or after 4 and 8 weeks of a chronic exposure to an ultra-high
magnetic field.

3.1.2. Morris water maze test—The MWM test was used to access cognitive functions
of mice chronically exposed to 16.4 T magnetic field. The test relies on animals’ aversion

to swimming and water. During testing in MWM, animals were trained to use visual-spatial
cues around the room to navigate an open swimming arena in order to locate a submerged
escape platform. Five-day long MWM testing was performed before and then after 4 and

8 weeks of By exposures (Figure 1, Protocol I). The escape latency (i.e. time to reach the
hidden platform) and the swim distance were assessed from recorded mouse swimming
trajectories. The time spent in a target zone, where the hidden platform was located during
first four days of testing, was assessed from the “probe” data collected on day 5. The results
of three repeated MWM tests were not independent (Figure 3). A typical step-wise decrease
in escape latency over consecutive days of testing was observed for both groups of mice
(Figure 3A) as they learned to navigate in the MWM. However, the escape latency results
measured after 4 weeks of the By exposure were very different from the previous MWM test.
The escape latency was much shorter on day 1 relative to the previous MWM test and did
not change over four testing day (Figure 3B). Both the escape latency and the swim distance
for mice exposed to 16.4 T were significantly different relative to the control group (Table
1). A significant difference between 16.4T and control mouse groups was also found in the
probe trial (Figure 3H, Table 1). Similar differences were not observed after 8 weeks of the
By exposure (Figure 3, Table 1).

By a visual inspection of mouse swimming trajectories in the MWM pool, we recognized
that some mice exposed to 16.4 T showed a tight circling behavior (Figure 4). In order to
quantify this behavior, the angular velocity as a function of time was calculated by using the
ANY-maze mouse tracking raw data (time, X and Y coordinates). The angular velocity of
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90°/s was chosen as a lower threshold to quantify the number of tight circling rotations. This
angular velocity corresponds to one 360° rotation per 4 seconds. As expected, a significant
difference between two mice groups before any magnetic field exposure was not observed
(Figure 3D). However, significant differences were observed after 4 and 8 weeks of exposure
to 16.4 T compared to the control group (Figure 3E,F, Table 1). All results are also reported
in Supporting Information Tables S1-3.

3.2. Bgexposure — Protocol Il

Long-term behavioral changes observed in Protocol | between mice exposed to 16.4 T and
the control group of mice were unexpected. In addition, the MWM results (escape latency,
swim distance, probe) were not consistent between tests taken after 4 and 8 weeks of the
By field exposure (Table 1). Moreover, the tight circling behavior was observed only in a
few mice. In order to avoid any possible bias in data interpretation and to confirm long-term
behavioral changes induced by a chronic exposure to By field observed in Protocol I,

we decided to repeat the By exposure experiment using a modified protocol (Figure 1,
Protocol I1). Four mice groups were included in this protocol (control, 16.4T, 10.5T and
16.4T Motion). In addition, the behavioral testing was expanded to include the balance
beam walking, rotarod and fear conditioning tests. The whole protocol was repeated twice
to increase the statistical power of behavioral tests (N increased from 12 to 24). Finally,
1H MRS data collection after the By exposure was excluded from the Protocol 11 because
results acquired in Protocol | did not indicate any measurable change in the hippocampal
neurochemical profile.

3.2.1. MRI/MRS mice screening—Out of 100 screened C57BL/6 mice, an extremely
high level of GIn (6.9 umol/g) was detected in one mouse, extensively enlarged ventricles
(hydrocephalus) were detected in two mice and finally, a traumatic brain injury was detected
in one animal. These mice were eliminated from the study and were replaced by normal
healthy mice from the backup group.

3.2.2. Morris water maze test—The By exposure was found as a significant factor
(two-way ANOVA) for the escape latency and the swim distance (Figure 5A, Table 2).
Multiple comparison analysis revealed that only the 16.4T group was significantly different
from the control group (Table 2). The analysis of angular velocity and tight circling was
found to be the most sensitive test differentiating the 16.4T mouse group from the control
(Figure 5B, Table 2). Mice exposed to an extensive motion in and out of 16.4T magnet
(16.4T Motion group) did not show the circling swimming behavior observed in the 16.4T
group (Table 2). The effect of By exposure was not observed in the probe test (Table 2).

Not all mice in the 16.4T group were affected by the By field in the same way. Some
animals showed the tight circling behavior rather consistently, but others showed the circling
only sporadically. Figure S2 in Supporting Information shows the box plot representing the
distribution of average number of rotations over 4 days of MWM testing for each animal
from the 16.4T group. Animals that showed consistent tight circling nearly exclusively spun
in the same direction: clockwise or counter-clockwise. Figure 6A shows 8 of 16 swimming
trajectories (4 test days, 4 trials per day) of one of tightly circling animals (mouse #16

from Figure S2). As the angular velocity analysis demonstrates (Figure 6B), this mouse was
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always circling counter-clockwise. This angular velocity analysis was used to quantify the
number of tight circles (360° rotations) presented in Figure 5B. It has to be pointed out again
that only fast body rotation (angular velocity = 90°/s, i.e. one rotation in < 4 s) were counted
for that analysis. Table S4 shows the MWM results in numerical form.

A subset of mice exposed to 16.4 T and a corresponding control group (N = 12 per each
group, from the second batch of animals included in this study) were tested in MWM once
again 6 weeks after the last exposure to 16.4 T. Significant differences between these two
groups were found for the total swim distance (Figure 7A, Table 2) and for the number of
tight circling rotations (p = 0.008, Figure 7B). Neither the escape latency during training

nor the performance during the probe tests was significantly different between 16.4T and the
control group (Table 2 and S6).

3.2.3. Balance beam walking test—All mice were trained on the balance beam prior
to magnetic field exposures and 4 out of 96 mice were eliminated from the final analysis
due to a poor performance during training tests (failure to cross within the time limit). After
the By field exposure, mice were tested using three different walking rod profiles: 15 mm
square, 17 mm round and 8 mm square (2 tests per each rod). The latency to cross and

the number of slips were evaluated (Figure 8, Tables 2 and S5). Although the By exposure
factor (two-way ANOVA) was found significant for the crossing latency on all three types
of rods, multiple comparison tests showed modest differences only for two rod types for the
16.4T Motion group relative to controls (Table 2). The number of footslips was significantly
increased in the 16.4T group relative to controls on two rod types (Figure 8, Table 2).

3.2.4. Rotarod test—As expected, significant differences between mice groups were not
observed for rotarod tests before the exposure to the magnetic field (three-day training).
Rotarod tests performed after chronic 4-week long exposures to 10.5 T and 16.4 T (with

and without motion) did not reveal any significant differences between mice groups in the
latency to fall from the rotating rod with linearly increasing angular speed (Tables 2 and S5).

3.2.5. Fear conditioning test—Mice were placed into a conditioning chamber and
were given pairings of a conditioned stimulus (auditory and visual cues) and an aversive
unconditioned stimulus (an electric footshock). No difference between B exposed and a
control group in freezing behavior was observed in the conditioning session following each
cue (auditory noise, light) — shock (mild electrical foot shot) pairing, suggesting that all
groups were similarly responsive to the shock. Likewise, there was no significant difference
among groups in the cue- (auditory noise, light) or context-driven (test chamber) freezing
response (Tables 2 and S5).

4. DISCUSSION

When MR research is moving to magnetic field strengths of 7 T and beyond, safety

of subjects and MR technologists must be given the highest priority. Temporal adverse
sensational effects resulting from exposures to ultra-high magnetic fields, such as vertigo,
dizziness, nausea and metallic taste, have been widely reported (13,15-19). Consequently,
an important question arises in our mind as to whether repeated exposures to ultra-high static
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magnetic fields could ultimately cause some long-term impairment. The safety of subjects
undergoing MRI scans at ultra-high fields as well as safety of supporting staff working
around these magnets was the rationale for designing and executing this project.

Because the long-term adverse effects of exposure to ultra-high By fields have not been
reported yet, we proposed a protocol that would maximize the chance to detect even subtle
behavioral or biological changes (ultra-high B fields, long exposure periods, large number
of tested animals and using a battery of behavioral tests). Changes in the hippocampal
neurochemical profiles were not detected in mice chronically exposed to 16.4 T for 4 and 8
weeks (Figure 2B,C) despite high metabolite detection sensitivity (average SD = 0.5 + 0.3
pumol/g). Learning and memory deficits (fear-conditioning test) were not observed between
mice exposed to 10.5 T or 16.4 T and control mice (Table 2). The accelerating rotarod test
did not reveal a locomotor deficit or an impaired motor coordination in mice chronically
exposed to 10.5 T or 16.4T with or without motion (Table 2). However, the balance walking
test, which is more sensitive for detecting subtle deficits in motor skills and balance indeed
revealed consistently impaired coordination in mice exposed to the highest field strength
(Table 2, Figure 8).

The Morris water maze was chosen for Protocol | primarily to investigate whether long-term
chronic exposure to 16.4 T can affect the spatial memory and learning of exposed mice.
Furthermore, using this type of test offered an opportunity to potentially detect a circling
swimming behavior similar to that observed in mice immediately after their exposure to 14.1
T (25,31). Three 5-day-long MWM testing sessions were used in Protocol I, before the field
exposure, and after 4 and 8 weeks of exposure to 16.4 T (Figure 1). Significant differences
between 16.4T and control group in common MWM indices (escape latency, swim distance,
target zone time in probe test) were observed after 4 weeks of exposure, but not after

8 weeks of exposure (Figure 3,Table 1). These counterintuitive results were most likely
caused by repeating the whole MWM test three times. The 4-week long period between
M\WM tests was probably too long for retaining the platform location from the spatial
reference memory. In addition, the platform location was changed between three MWM
sessions. However, our data clearly indicate that the previous MWM test affected the spatial
navigation working memory of mice during the subsequent MWM test. Indeed, a similar
link between MWM test and re-test has been already reported (47). The mice retained the
knowledge how to search the pool efficiently to find the platform location, retaining the
method to solve the task (47). Moreover, a lowered level of anxiety in subsequent tests
probably led to better performances. Therefore, a typical day-by-day decrease in escape
latency was observed only in the first MWM test. However, this disadvantage in Protocol

I design gave us an opportunity to demonstrate that the tight circling swimming behavior
was indeed induced by the exposure to 16.4 T (Figure 3D-F, Table 1) and not by accidently
including mice with a vestibular defect in this study. In addition, tight-circling results
presented in Figure 3E,F indicates that the exposure to 16.4 T has a cumulative effect
(Tables S2-3).

The MWM tests in Protocol Il confirmed the initial MWM results from Protocol | that
the chronic exposure to 16.4 T induces long-term behavioral changes in C57BL/6 mice.
However, similar behavioral changes were neither observed in mice exposed to 10.5 T nor
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in mice exposed to 16.4 T only for short periods of time (~2 min) during extensive motion
in and out of the 16.4T magnet (Figure 5, Table 2). Moreover, the tight circling of mice
exposed to 16.4 T observed in Protocol | (Figure 4) was confirmed and validated in Protocol
Il (Figures 5B, 7B, Table 2). Analysis of the angular velocity and quantification of the
tight-circle swimming was found to be the most sensitive parameter to index behavioral
changes in mice chronically exposed to ultra-high magnetic field (Table 1 and 2). Not all
mice exposed to 16.4 T were affected in a similar way, with some animals consistently
showing tight circling (Figure 6), while other animals demonstrating it only sporadically
(Figure S2). This is in agreement with previous reports, when the tight-circling behavior
immediately after the removal from the magnet was observed just for a fraction of studied
rats (23,26) and mice (32). In addition, postural disturbances and instability were also
reported only for a fraction of zebrafish examined inside 4.7T and 11.7T magnets (29).

It has been widely reported that the direction of circling depends on the orientation of animal
body (head) relative to the magnetic field (25-27,31). When the By, field was parallel with
the rostral/caudal body axis then the animal circled counter-clockwise and when the field
was anti-parallel, the circling direction was clockwise. The consequences of the magnetic
field exposure were minimal when the rostral/caudal body axis was perpendicular to By
(31). Therefore, it is not surprising that in this study, where the mice were not restrained
inside the holder and could have had any orientation relative to the B field, some mice were
circling clockwise in the MWM, other circled counter-clockwise while the rest exhibited
limited or no circling behavior. Since in previous studies 30-min magnetic field exposures
resulted in tight circling, which was observed only immediately after their removal from
the magnet (27,31), it is reasonable to suggest that tight circling observed in this study
(days or weeks after the last field exposure) required a cumulative dose effect of multiple
exposures. Although a quantitative comparison of circling results between Protocols | and
Il (Figures 3D-F and 5B) is difficult due to multiple factors that affect them (e.g., escape
latency, maximum test duration, repeated testing), the circling results after 4 and 8 weeks
of Bg exposure (Tables 1 and S2-3) indicate that the B field exposure indeed has a
cumulative dose effect. Furthermore, as magnetic vestibular stimulation is modulated by
head orientation relative to By, such a cumulative effect would require that certain mice
had a preference in magnet orientation across the multiple exposures. Similar preferences
in orientation to the magnetic field were observed in zebrafish swimming inside the magnet
(29,48). These assumptions may also explain substantial inter-animal variation in the tight
circling shown in Supporting Information Figure S2. It is important to emphasize that

the direction of circling (clockwise or counter-clockwise) was not random, but mice that
consistently exhibited tight circling in multiple MWM trials, were always spinning in the
same direction (Figure 6B). While there is a close similarity in the tight-circling locomotor
activity of this study and previous reports in rodents (25-27,31), there are two major
differences between this and previous experiments. First, in most previous studies animals
were exposed to the magnetic field only once for 30 minutes, whereas this study explored
substantially longer periods of exposures (3 hours) repeated over 4 or 8 weeks resulting in a
total of 24 or 48 hours inside the magnet, respectively (Figure 1). Second, previous studies
primarily focused on acute B effects observable within the first 2 min after removing
animals from the magnet. In contrast, this study reported on long-term By effects with
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the tight-circling behavior being observed days or even weeks later after the last exposure
(Figure 3F and 7B).

Behavioral findings suggest that the chronic exposure to ultra-high magnetic field produced
task-specific long-term effects on motor function, while assessments of cognition were
largely normal. /n vivo IH MRS did not reveal any detectable changes in the neurochemical
profile of the hippocampus (Figure 2), which has a critical role in cognition. In addition,

the contextual and cued fear conditioning tests did not provide any evidence of an impaired
learning and memory of By exposed mice (Table 2). Although MWM test is considered as a
test of spatial memory and learning, significant differences observed in mice exposed to 16.4
T do not necessarily indicate a deficit in cognitive functions, but most likely were caused by
tight-circling, which indicate involvement of the vestibular system (33,39). While the basic
motor functions were not affected by B (rotarod test), a deficit in fine motor functions and
coordination was detected by the balance beam walking test (Figure 8, Table 2). Increased
foot-slips were specific for the 16.4T mouse group, while the observed modest increase in
the latency to cross was the only behavioral test showing a significant difference for another
16.4T group (16.4T Motion) relative to controls (Table 2).

The tight-circling swimming behavior observed in the MWM test and the increased number
of foot-slips detected on the balance beam clearly indicates that the vestibular system was
the primary organ of the body that interacted with the magnetic field and was affected by the
chronic exposure to By (33,39). To the best of our knowledge, this is the first animal model
study reporting long-term behavioral changes induced by the magnetic field exposure. Long-
term behavioral changes (1 — 4 days) were not previously observed in mice once exposed

to 14.1 T for 30 min (23). Repeated long-term exposures to a static 16.4 T magnetic field
that resulted in continuous vestibular stimulation were necessary to induce the tight-circling
behavior in mice (Figures 4 and 6). In agreement with a previously reported study (21),
short exposures combined with fast motion in a spatially inhomogeneous By, field (16.4T
Motion group) were not sufficient to induce such circling behavior (Figure 5B, Table 2). The
locomotor circling behavior observed in this study is consistent with a continuous vestibular
stimulation induced by a static magnetic field. The mechanism of this stimulation can be
explained by a Lorentz force resulting from the interaction of a strong static By field with
naturally occurring ionic currents flowing through the inner ear endolymph into vestibular
hair cells (33,36,37,39). The resulting force within the endolymph is strong enough to
displace the horizontal semicircular canal cupula (33). This mechanism does not require
motion in the magnetic field, which is consistent with our observation that fast motion

of the animal holder in and out of the 16.4T magnet did not result in circling behavior
(Figure 5B). Tight-circling was significantly increased in mice exposed to 16.4 T, but

the behavior of mice exposed to 10.5 T was not different from the control group with a
sham Bg exposure (Table 2). This is in agreement with previously published reports that

By induced circling was observed only above a specific threshold (= 7T in rats) and the
intensity of circling was scaled with the By field strength (26,27). The locomotor circling
previously observed immediately after exposure is a compensatory response to the removal
of the persistent vestibular perturbation imposed during magnetic field exposure (31). Such
a circling behavior decays within minutes because, once outside of the magnetic field, the
brain adapts quickly to the balance and spatial orientation inputs which indicate perturbation
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has ceased and compensation is no longer needed (49). Therefore, the tight-circling behavior
of mice observed days or weeks later after a 4-week-long exposure to 16.4 T (Figure 7B)
cannot be explained in the same way. Our data indicate that continuous long-term vestibular
stimulation (24 or 48 h) caused a long-term impairment of the vestibular apparatus. It
should be emphasized that the Lorentz force mechanism of the By interaction with the

inner ear implies continuous stimulation over the entire duration of exposure (33,39).

This phenomenon was well documented by a long-lasting nystagmus observed in humans
(37,50) and mice (28) inside the magnet. Although habituation effects were reported for

a limited number of repeated exposures (3 x 30 min in 14.1 T), such a mechanism is

most likely insufficient to prevent a long-term vestibular system impairment because the
habituation and adaptation processes suppress the perception, but not the stimulation itself
(51). These suggestions are in agreement with previously published reports that prolonged
or intense stimuli, such as chronic weightlessness (52), rotation (53), changes in atmospheric
pressure (54), or even a percussive auditory stimulus (55) can cause long-lasting damage

to the semicircular canals or otolith organs (23). The assumption of vestibular apparatus
impairment is supported by our observation that the direction of spinning (clockwise or
counter-clockwise) remains the same in mice for each animal that showed a consistent
tight-circling behavior (Figure 6). The differences in the tight circling between individual
mice exposed to 16.4 T (Figure S2) can be explained by differences in preferred orientations
inside the magnet, but potentially also by differences in the sensitivity to magnetic vestibular
stimulation caused by genetic differences (48) or by minor variations in the anatomy of the
inner ear labyrinth. It is important to emphasize again that while mice were not immobilized
during Bg exposures, the Lorentz force mechanism of vestibular stimulation does not require
any head motion. It is obvious that further experiments are necessary to clarify whether the
vestibular impairment caused by chronic By field exposure (highlighted in Figure 7B) is
ultimately reversible or potentially permanent.

The results highlight important safety concerns regarding human subjects exposed to ultra-
high magnetic fields, while adverse sensational effects, such as vertigo, dizziness and nausea
are known to be transient. However, the results of this animal model demonstrate that the
chronic exposure to ultra-high magnetic field may result in long-term impairment of the
vestibular system. Long-term behavioral changes were observed in mice exposed to 16.4
T, but were not observed in mice exposed to 10.5 T (Figure 5, Table 2). These results
necessarily raise a series of important questions, including: is it possible that exposure to
ultra-high By may cause some long-term impairment or even permanent damage to the
vestibular system in humans? Is there a safety threshold in magnetic field strength and/or
exposure duration for humans? Does the position/orientation of the human head inside the
magnet affect the potential long-term effects of chronic exposures to ultra-high fields? It is
clear that additional studies are needed to answer these questions while research at higher
and higher magnetic fields continues to cautiously move forward. We cannot agree more
with the statement of Ward et al., in their recent review article (39) that as the strength of
magnetic fields of MRI machines increases for both scientific and clinical use it becomes
increasingly important to understand the mechanisms and safety issues related to its use.
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5. CONCLUSIONS

Long-term behavioral changes have been observed in mice chronically exposed to 16.4 T,
but not to 10.5 T. Angular velocity analysis of tight circling of mice swimming in the Morris
water maze was found to be the most sensitive parameter indexing the By induced behavioral
changes. These findings have serious implications for the safety of subject participation in
MRI/MRS research studies at ultra-high magnetic fields.
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Figurel.

Two protocols for study design used to investigate chronic exposures of C57BL/6 mice to
ultra-high magnetic fields that include 1H MRS and a battery of behavioral tests. Protocol

I — mice were exposed to 16.4 T for 3 hours per session, two sessions per week, sham
exposures were applied for control mice. Protocol 11 — one group of mice was exposed to
10.5 T, another group of mice were exposed to 16.4 T, each exposure was 3 hours long, and
two exposures were applied per week. Control group of mice underwent sham exposures of
the same duration. The forth group of mice was exposed to 16.4 T only for a short time (~2
min) that included a vigorous movement of the mouse holder twenty times in and out of the
16.4 T magnet. For a subgroup of mice (16.4T, control, N = 12 each), the MWM test was

repeated 6 weeks after the last By exposure.
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Figure 2.
(A) A representative in vivoH MR spectrum acquired from the hippocampus of C57BL/6

mouse exposed to 16.4 T. STEAM, TE =2 ms, TR =5 s, number of averages = 320,
VOI = 3.8 L. Inset: fast-SE axial and sagittal images show the typical position of

VOI centered in dorsal hippocampus. (B, C) Comparison of hippocampal neurochemical
profiles of C57BL/6 mice chronically exposed to 16.4 T relative to control mice (N =

12 per group). (B) 4-week long exposure, (C) 8-week long exposure. Error bars indicate
SD. Significant differences between groups were not detected for any metabolite (t-test).
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Used abbreviations: macromolecule (MM), alanine (Ala), ascorbate (Asc), creatine (Cr),
phosphocreatine (PCr), y-aminobutyric acid (GABA), glucose (GIc), glutamine (GIn),
glutamate (Glu), glutathione (GSH), myo-inositol (Ins), lactate (Lac), N-acetylaspartate
(NAA), N-acetylaspartylglutamate (NAAG), phosphoethanolamine (PE), taurine (Tau),
glycero-phosphocholine (GPC), phosphocholine (PC).
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Morris water maze (MWM) test — Protocol I. Comparison of mice chronically exposed

to 16.4 T (N = 12) relative to controls (sham exposure, N = 12). Animals were tested in
three MWM sessions: (A, D, G) before the By exposure, (B, E, H) after 4 weeks of the

By exposure and (C, F, 1) after 8 weeks of the By exposure. (A-C). Escape latency, (D-F)
angular velocity analysis — number of tight-circling 360° rotations, (G-1) the probe test —
time spent in four quadrants. Probe target zones: (G) NW — before exposure, (H) SW -
after 4 weeks of exposure, () SE — after 8 weeks of exposure. Four trials for each animal
were performed every day (Day 1 — 4), only one trial per animal was performed during the
probe test. Two-way ANOVA: p-values for By exposure factor (A-F), multiple comparison
p-values for the target zones (G — NW, H — SW, | — SE). Error bars indicate SEM. (E) Data
for Day 4 are missing due to malfunction of the video recording.
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A Control group

16.4T group

Figure 4.
Morris water maze test — Protocol I. Characteristic swimming trajectories of four control

mice (A) and four mice exposed to 16.4 T for 8 weeks (B). Maximum duration of the test
=60 s. The hidden platform and virtual division of the pool into quadrants are depicted.
Green dots: start points, red dots: end points. The MWM test started in quadrants (from left
to right): SW. NW, NE and SE.
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Morris water maze test — Protocol Il. Four groups of mice were chronically exposed to

Day 1

OControl ®16.4T 0O10.5T ©16.4T Motion

Day 2

Day 3

magnetic fields (2 exposures per week, 4 weeks): control group — sham exposure (3 hours,
N = 23), 16.4T (3 hours, N = 24), 10.5T (3 hours, N = 22), 16.4T Motion (2 min, 20 fast
motions in and out of magnet, N = 21). (A) Escape latency; (B) Angular velocity analysis —
number of tight-circling 360° rotations. Two-way ANOVA: p-values for By exposure factor.

Error bars indicate SEM.
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Morris water maze test — Protocol Il. (A) Swimming trajectories of a single mouse that
showed consistent tight circling (#16 in Supporting Information Figure S2); (B) cumulative
angular change analyzed from trajectories shown in panel A. The hidden platform and
virtual division of the pool into quadrants are depicted. Green dots: start points, red dots: end
points.
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Morris water maze test — Protocol Il. Subgroup of mice exposed to 16.4 T (N = 12) and
control mice (N = 12) that were repeatedly tested in MWM six weeks later after the last
exposure. (A) Swim distance to find a hidden platform; (B) angular velocity analysis —
number of tight-circling 360° rotations. Two-way ANOVA: p-values for By exposure factor.
Error bars indicate SEM.
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Balance beam walking test. Four groups of mice with different exposure to magnetic field
were tested. Latency (duration) to cross the beam (panels A, C, E) and number of foot-slips
(panels B, D, F). Walking test were performed using three different rod types: 15 mm square
(A, B), 17 mm round (C, D) and 8 mm square (E, F). Two-way ANOVA: p-values for By

exposure factor. Error bars indicate SEM.
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Statistical analysis of the Morris water maze tests used in Protocol I. Mice chronically exposed to 16.4 T (N
= 12) were compared to mice with sham exposure (control group, N = 12). Exposure duration = 3 hour, two
exposures per week. Two-way ANOVA, reported p-values are for the B exposure factor, p < 0.05 (blue),

non-significant (red). The 29 factor of ANOVA was the test day (escape latency, swim distance, tight circling)

or the MWM quadrant (probe).

Table 1

ANOVA
Exposureto magnetic field Test segment Test parameter
By exposure
Before B, exposure Day1-4 Escape latency 0.645
Before B, exposure Day1l-4 Swim distance 0.629
Before B, exposure Dayl-4 Tight circling 0.710
Before B, exposure Probe Time in target zone 0.309
After 4 weeks of exposure to By Day1l-4 Escape latency 0.0199
After 4 weeks of exposure to By Day1-4 Swim distance 0.0006
After 4 weeks of exposure to By Day1l-4 Tight circling 0.0220
After 4 weeks of exposure to By Probe Time in target zone 0.0014
After 8 weeks of exposure to By Day1-4 Escape latency 0.052
After 8 weeks of exposure to By Dayl-4 Swim distance 0.089
After 8 weeks of exposure to By Day1l-4 Tight circling 0.0071
After 8 weeks of exposure to By Probe Time in target zone 0.941
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Table 2

Statistical analysis of the battery of behavioral test used in Protocol Il. Four mice groups were tested after
chronically exposed to magnetic fields (3-hour long exposures, 2 exposures per week, 4 weeks of exposures):
16.4T group (N =24), 10.5T group (N = 22), control group (sham exposures, N = 23), 16.4T group with
motion (N = 21, instead of 3 hours only 2 min exposures with intensive motion in and out of magnet). Morris
water maze (MWM), Balance beam (BB), fear conditioning (FC). Only a subgroup of mice was used for an
additional MWM test repeated six week later after the last By exposure (only control and 16.4T group, N =
12 each). Two-way ANOVA, first factor: By exposure; second factor: testing day in MWM (escape latency,
swim distance, tight circling), zone in MWM (Probe) and session type in FC; one-way ANOVA (rotarod, BB
walking); p < 0.05 (blue), non-significant (red).

ANOVA Multiple comparisonstests#

Behavioral test Test parameter

B exposure 16.4T 10.5T | 164T M
MWM - Day 1-4 Escape latency 0.0003 0.0002 0.769 0.999
MWM - Day 1-4 Swim distance 0.0079 0.0209 | 0.692 0.967
MWM - Day 1-4 Tight circling <0.0001 <0.0001 | 0.066 0.691
MWM - Probe Time in target zone N/A 0.825 0.999 0.320
Rotarod Latency to fall off 0.319 0.865 0.711 0.642

BB walking — 15 mm square Latency to cross 0.0297 0.973 0.513 0.0489
BB walking — 17 mm round Latency to cross 0.0171 0.999 0.345 0.0205
BB walking — 8 mm square Latency to cross 0.0057 0.835 0.110 0.064
BB walking — 15 mm square | Number of foot-slips 0.0119 0.0133 | 0.795 0.999
BB walking — 17 mm round | Number of foot-slips 0.183 0.323 0.999 0.854

BB walking — 8 mm square | Number of foot-slips <0.0001 0.0042 | 0.611 0.345

FC — Baseline Freezing 0.278 0.998 0.999 0.884
FC - Context Freezing 0.278 0.523 0.190 0.893
FC - Cue Freezing 0.278 0.993 0.894 0.460
MWM Repeat — Day 1-4 Escape latency 0.611
MWM Repeat — Day 1-4 Swim distance 0.0238
MWM Repeat — Day 1-4 Tight circling 0.0076
MWM Repeat — Probe Time in target zone N/A 0.990

# . .
Comparisons relative to the control group.
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