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Abstract

Objectives Higher static magnetic field (SMF) enables higher imaging capability in magnetic resonance imaging (MRI), which encour-
ages the development of ultra-high field MRIs above 20 T with a prerequisite for safety issues. However, animal tests of > 20 T SMF
exposure are very limited. The objective of the current study is to evaluate mice behaviour consequences of 3.5-23.0 T SMF exposure.
Methods We systematically examined 112 mice for their short- and long-term behaviour responses to a 2-h exposure of 3.5-23.0
T SMFs. Locomotor activity and cognitive functions were measured by five behaviour tests, including balance beam, open field,
elevated plus maze, three-chamber social recognition, and Morris water maze tests.

Results Besides the transient short-term impairment of the sense of balance and locomotor activity, the 3.5-23.0 T SMFs did not
have long-term negative effects on mice locomotion, anxiety level, social behaviour, or memory. In contrast, we observed
anxiolytic effects and positive effects on social and spatial memory of SMFs, which is likely correlated with the significantly
increased CaMKII level in the hippocampus region of high SMF-treated mice.

Conclusions Our study showed that the short exposures to high-field SMFs up to 23.0 T have negligible side effects on healthy
mice and may even have beneficial outcomes in mice mood and memory, which is pertinent to the future medical application of
ultra-high field SMFs in MRIs and beyond.

Key Points

o Short-term exposure to magnetic fields up to 23.0 T is safe for mice.

* High-field static magnetic field exposure transiently reduced mice locomotion.

* High-field static magnetic field enhances memory while reduces the anxiety level.
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Abbreviations
Arc Apoptosis repressor with CARD

CaMKII Ca*/calmodulin-dependent protein kinase IT
cm/sec Average velocity

EPM Elevated plus maze

GAPDH Glyceraldehyde-3-phosphate dehydrogenase
10D Integrated optical density

MRI Magnetic resonance imaging

MWM Morris water maze

NMDARI1 N-Methyl-pD-aspartate receptor subunit 1
OFT Open field test

SDS Sodium dodecyl sulfate

SMF Static magnetic field

T Unit of magnetic field intensity: Tesla

TBST Tris-buffered saline with Tween

T™MS Transcranial magnetic stimulation

UHF-MRI  Ultra-high field MRI

USTC University of Science and Technology of China
Introduction

Clinical magnetic resonance imaging (MRI) scanners mainly
use high static magnetic fields (SMFs) and radio waves to
create images of the body parts. Since increased magnetic
field flux density is directly associated with higher resolu-
tion, imaging capacity, and reduced imaging time, people are
trying to push the upper limit of SMFs in the MRI scanners.
Although most hospitals are still using 1.5 T or 3.0 T MRI, 7
T MRI has already been approved in 2017 to be used on
humans. Ultra-high field MRI (UHF-MRI), defined as im-
aging with magnetic fields > 7 T [1], is a potential future
trend for clinical MRIs because it can achieve better resolu-
tion than 3 T. Successful applications have been reported for
the human studies with 9.4 T MRI [2, 3]. UHF-MRI beyond
10 T has also been recently constructed and tested on
humans, including whole-body 10.5 T or 11.7 T MRI, and
a head-only 11.7 T MRI [4]. Efforts are now underway for a
human 14 T and even for a potential 20 T human scanner [4].
A 21.1 T MRI has been tested on rodents and got superior
images [5, 6]. The development of 14 T-20 T UHF-MRI is
encouraged [7].

However, although it is clear that higher SMF could enable
higher tissue resolution and imaging capability, safety issues
need to be carefully addressed before launching any project of
UHF-MRI for humans. Relevant studies about the safety of
high SMF >20 T are very rare. We have previously conducted
a pilot study using 16 tumor-bearing mice to test the biosafety
and anti-tumor potential of 9-h exposure to 3.7-24.5 T ultra-
high SMFs [8]. Our results showed that although 3.7-24.5 T
SMF exposure for 9 h did not cause severe organ damage, the
mice livers showed moderate abnormalities in these tumor-
bearing mice. Then, we did two large-scale systematic studies

using healthy mice to examine the consequence of 1-2 hour
exposure to 3.5-33.0 T SMFs [9, 10]. We examined food and
water intake, body weight gain, blood cell count, blood bio-
chemistry, and organ immunohistochemistry a few weeks af-
ter the exposure, and did not find any severe long-term effects
[9, 10].

In this study, we reported the behavioural analysis of the
nervous system by monitoring the short- and long-term effects
after the 2-h 3.5-23.0 T SMF exposure of these 112 healthy
mice by using five different behaviour tests.

Materials and methods
Static magnetic field exposure

In the SMF exposure experiment, we used an upright magnet,
which provides vertical magnetic field of 23.0 T SMF at the
centre, and 3.5 T-21.9 T SMFs off the centre, as described in
our previous study [10]. For the mice placed in the centre
position, they were exposed to 23.0 T SMF with negligible
gradient, while other mice were exposed to different SMF
intensity and gradient depending on the location inside the
magnet. The time of SMF exposure for each mouse was
~2 h (increasing field for 5 min, constant for 2 h, and reducing
field for 5 min).

For each single experiment, there were eight mice placed
inside the magnet, one in each chamber (Fig. 1a). We repeated
the experiment in 6 independent days. Therefore, if we divide
the subgroups strictly according to their magnetic field
strength, gradient, and gradient direction, there were 6 mice
per subgroup. However, if we only consider magnetic field
strength and gradient, there were 12 mice at each condition,
except for the 23 T and 3.5 T groups. In other words, for the
mice other than 23 T and 3.5 T groups, there are two positions
within the magnet that have identical magnetic field strength
and gradient. The only difference is that the gradient direction
is opposite in the upper and lower part of the magnet.

The mice in the “Sham group” were also inserted into the
water-cooled magnet device, which has water running to mim-
ic the vibration and noise in the SMF exposure condition, but
without electricity to produce magnetic field. The mice in the
“Control” group were placed in the identical tube but left
outside of the magnet. All three groups have the same air
and temperature control conditions and were handled identi-
cally for the rest of the experiment.

Experimental design
A total of 112 wild-type 8-week-old C57BL/6 male healthy
mice were divided into three groups: 16 mice in control, 48

mice in sham, and 48 mice in SMF-exposed group [10]. The
allocation of mice to exposure groups was randomised. Due to
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Fig. 1 Experimental setup and design. a A total of 112 mice were divided
into three groups: control, sham, and SMF exposure groups. Eight mice
were housed in a column of individual chambers (38.5-mm diameter,
80 mm long) each time in an upright superconducting magnet. b The
balance beam test and open field test were conducted within 30 min

the limitation of machine’s availability, we try to take advan-
tage of all the spaces inside the magnet. Therefore, mice were
in eight chambers in a column with different magnetic field
flux density, gradient, as well as gradient direction. Since each
mouse can be considered as a diamagnetic object as a whole,
they are in “hypogravity-like conditions” in the upper part of the
magnet and “hypergravity-like conditions” in the lower part of
the magnet (Fig. 1a). “Hypogravity-like” and “hypergravity-
like” refer to the conditions with altered forces in the upright
direction caused by the gradient magnetic field. The exposure
time was 2 h, and the short- and long-term effects of SMF
exposure on mice were assessed using five behavioural tests.
The balance beam test and the open field test were carried out
both before and right after the SMF exposure experiments,
which can reflect the “short-term” effects of SMF exposure.
The elevated plus maze test, three-chamber test, and Morris
water maze test were carried out between 20 and 40 days after
the SMF exposure experiments, which can reflect the “long-
term” effects of SMF exposure (Fig. 1b). The mice were
sacrificed at the end of the whole experiment.

Due to the word limit, other materials and methods are
included in the supplementary materials.

@ Springer
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before and after magnetic field exposure experiment. The elevated plus
maze test, three-chamber test, and Morris water maze test were carried out
for animals from each group starting 20 days after SMF exposure
experiment. T (unit of magnetic field intensity: Tesla)

Results

Ultra-high field SMF causes transient impairment of
balance and locomotion

The SMF exposure experimental design is shown in Fig. la
and the timeline of the 5 behavioural tests is shown in Fig.
1b. The balance beam tests were performed both at 30 min
before and after the SMF exposure experiment (Fig. 2a), in
which the time for mice to traverse the beam was recorded.
Not surprisingly, mice in the SMF-exposed group had sig-
nificantly increased traverse time after exposure experiment,
while both control and sham groups showed no differences
(Fig. 2b). Among different SMF conditions, the increase in
the traverse time of the hypergravity group and 23 T SMF-
exposed group was statistically significant (Fig. 2c¢).
Moreover, the traverse time increases seem to be more ob-
vious in higher magnetic field (Fig. 2d and Supplementary
Fig. 1), while no difference was observed in the individual
group of sham condition before and after the experiment
(Fig. 2e, f), which suggests that exposure to ultra-high
SMF impaired the mice sense of balance.
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After the balance beam test, we immediately measured their
locomotion activity with open field test (OFT) (Fig. 3a). The
locomotion velocity of mice was significantly reduced by the
SMEF-exposure (Fig. 3b, c), especially in the hypogravity group
(Fig. 3d, ). We also observed a reduction for the time spent in
the centre in both the sham and SMF groups (Fig. 3f-h and
Supplementary Fig. 2), suggesting that the operation vibration
of the water-cooled magnet in the sham and SMF groups may
have contributed to the increased anxiety level of mice.

Magnetic field exposure reduces the anxiety level of
mice

After the above experiments, all mice in the control, sham, and
SMF groups were housed in the normal condition. After 20
days, we started three behaviour experiments to evaluate their
mood and cognitive function. We first used the elevated plus
maze test to detect their anxiety-like behaviour (Fig. 4a). In
normal conditions, mice prefer to stay in the two closed arms
and will only explore the open arms occasionally. The time
spent in the open arms and the number of entries into the open
arms indicate the level of exploration activities, which will be
suppressed when the anxiety level of mice increased [11].
However, it is very interesting that we observed the SMF-

S2+8 S3+7 S4+6

S5

exposed mice spent more time in the open arms than the con-
trol and sham groups (Fig. 4b, ¢ and Supplementary Fig. 3a),
and their entry numbers in the open arms were also signifi-
cantly higher than those of the control and the sham groups
(Fig. 4d and Supplementary Fig. 3b), which indicates that
SMF-exposed mice have reduced anxiety level. The mice in
the hypergravity-like group have a more obvious change than
the hypogravity group (Fig. 4e, f).

Magnetic field exposure enhances mice social
memory

To assess the role of ultra-high SMFs on social behaviour, we
performed the three-chamber test [11-15] (Fig. 5a). At stage
1, all mice spent more time in the cage with a stranger mouse
than in the empty cage, indicating a normal sociability (Fig.
5b). We observed longer total sniffing time for mice in the
sham and SMF-exposed groups compared to the control group
(Fig. 5¢), indicating higher interests of interaction. However,
there was no difference between the sham and SMF-exposed
groups, indicating that these behaviour changes were caused
by the sham condition, but not SMF exposure per se.

At stage 2, all mice tested preferred the novel mouse than
the familiar one, which also indicated a normal social novelty

@ Springer
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Fig. 3 High-field SMF exposure transiently reduced mice locomotor
activity and increased anxiety-like behaviour. a Experimental design for
the open field test. b Examples of mice trajectories in the open field box
from control, sham, and SMF-exposed groups. ¢ Velocity (cm/s) of mice
in the open field over a 5-min session in control, sham, and SMF-exposed
group before (“Before exposure”) and after (“After exposure”)
experiment. d Velocity (cm/s) of mice in the open field over a 5-min

preference since mice generally prefer to sniff novel conspe-
cific target (Fig. 5d). The difference between the time spent
sniffing different target mice was most dramatic in the SMF-
exposed group (Fig. Se), indicating an enhanced social novel-
ty preference, a consequence of enhanced social memory to
discriminate novel and familiar mice.

SMF-exposed mice show improved spatial memory

We used the Morris water maze (MWM), one of the most
frequently used methods to evaluate the spatial learning and
memory for mice (Fig. 6a). All animals showed normal learning
curve for finding the hidden platform. However, mice in the
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session from the SMF-exposed group. e Velocity (cny/s) of mice in the
open field over a 5-min session from the sham group. f Time spent in the
centre arena over a 5-min session of mice in the control, sham, and SMF-
exposed group before and after exposure experiment. g Time spent in the
centre arena over a 5-min session from the SMF-exposed group. h Time
spent in the centre arena over a 5-min session from the sham group. Data
are represented as mean + SEM (Supplementary Table 2)

sham and SMF groups learned faster than mice in the control
group (Fig. 6b, Supplementary Fig. 4). After recognising the
existence and spatial location of the hidden platform (at target
quadrant), we removed the platform on the probe day, and mice
were released to the water maze from the opposite of the target
quadrant. The latency that mice swam to the location where the
platform used to be is an important indicator for spatial memo-
ry. Our results show that the SMF-exposed mice had shorter
latency than mice in the sham group (Fig. 6¢) while their swim-
ming velocity had no difference (Fig. 6d).

Since spatial memory replies on hippocampus function, we
next tested several key proteins important for hippocampal
function after the behaviour tests. Western blot analysis
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Fig. 4 High-field SMF exposure a
reduced mice anxiety-like
behaviour 20 days after SMF
exposure. a A diagram of the
elevated plus maze. b
Representative trajectories on the
maze of a control, a sham, and a
SMF-exposed mouse. ¢ Averaged
time spent in open arms from all
mice in each group. d The
average number of entries in open
arms from all mice in each group. c
e Averaged time spent in open
arms for mice grouped in different
gravity conditions of SMF-
exposed group. f The number of
entries in open arms for mice
grouped in different “gravity”
conditions of the SMF-exposed
group. Data are represented as
mean + SEM (Supplementary
Table 3, EPM)
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Fig. 6 Improved spatial memory a
and increased CaMKII expression
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showed that the CaMKII (calcium/calmodulin-dependent pro-
tein kinase II), a key protein kinase in neural plasticity and
memory [16, 17], was significantly increased in SMF-exposed
mice, while there were no significant changes for NMDAR1
(NMDA receptor subunitl) and ARC (activity-regulated
cytoskeleton-associated protein) (Fig. 6e, f).

It should be mentioned that in contrast to the impairment of
locomotion immediately after SMF exposure, as shown by the
balance beam (Fig. 2) and open field experiments (Fig. 3), we
did not spot any abnormality in the locomotion 20 days after
SMF exposure in the Morris water maze test (Fig. 6d,
Supplementary Fig. 4). Moreover, the moving distance and
velocity between control and SMF-exposed animals did not
show differences in the three-chamber test either
(Supplementary Fig. 5).

Discussion

Our study shows that 2-h exposure of 3.5-23.0 T SMFs
caused a transient reduction in the sense of balance and sup-
pression of locomotor activity. However, they did not cause
long-term damage in locomotor activity, social behaviour,
learning, or memory. On the contrary, we observed reduced
anxiety and enhanced social and spatial memory.

@ Springer
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Side effects of high static magnetic field

The temporary balance impairment we observed is consistent
with the well-known acute side effects of MRI on human bod-
ies, such as dizziness and nausea [18-20]. This is common for
people subjected to high-field MRI and the symptoms usually
disappear a few hours after MRI examination [18], which is
largely because magnetic field stimulates the vestibular sensors
in the inner ear [21-23]. Houpt et al. compared different head
orientations of mice in a 14.1 T magnet for 15 min and found
that the SMF exposure—induced circular swimming is head ori-
entation-dependent, which had mechanistic implications for
modelling SMF interactions with the vestibular apparatus of
the inner ear [24]. The transient reduction in locomotion we
observed after SMF exposure is possibly due to the interaction
between magnetic field and the vestibular system.

It should be mentioned that both magnetic field flux density
and exposure time are key factors that determine whether the
ultra-high field exposure will cause side effects. A recent work
by Tkac et al shows that C57BL/6 mice will have long-term
impaired vestibular system after 48-h exposure to 16.4 T (3
h/each time, 2 times/week, 8 weeks in total), but not 24-h
exposure to 10.5 T (3 h/each time, 2 times/week, 4 weeks in
total), which is evidenced by locomotor behaviour changes
[25]. We did not observe such consequences in our study,
which is likely because our exposure time is limited to 2 h,
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which is already much longer than the regular MRI examina-
tion time.

Beneficial effects of high static magnetic field

TMS (transcranial magnetic stimulation), a non-invasive pro-
cedure that uses non-static magnetic fields to stimulate nerve
cells in the brain, has therapeutic effects in anxiety and depres-
sion [26-31], as well as affecting human decisions of using
left- or right-hand choices [32]. However, the beneficial ef-
fects of SMFs in reducing anxiety and promoting social and
spatial memory have never been reported before until recently
[33]. Although our analysis shows that CaMKII is significant-
ly elevated in SMF-treated mice, indicating the possible mo-
lecular mechanism for the observed phenotypes, more inves-
tigation in depth on the cellular and circuit level changes after
SMF exposure need to be carried out, and people could inves-
tigate the effect of high SMFs on mice with mood or memory
disorders to get comprehensive understanding.

Sham condition-induced effects

The sham condition we used completely mimicked the noise
and subtle vibration environment in the SMF group. In fact,
we think the noise and subtle vibration of the magnet are
similar to the clinical MRI environment that patients also ex-
perience. For the short-term effects, we found that this envi-
ronment did not affect the balance or mobility, but reduced the
time that mice stayed at the centre in the open field test, indi-
cating a slightly higher level of anxiety. However, in the ele-
vated plus maze experiment performed 20 days after SMF
exposure, the SMF-exposed group showed reduced anxiety
compared to the sham group. For the long-term effects, it is
interesting that this special environment also slightly in-
creased CaMKII level in mice hippocampus and their social
preference. In fact, it has been reported previously that whole-
body vibration can improve brain function [34], which is con-
sistent with the phenomenon that the sham group mice
showed some beneficial long-term effects. For example, in
the first five training days of the Morris maze test, both sham
and SMF group mice learned faster than the control group. In
the three-chamber test, the mice in the sham group sniffed the
stranger mouse more than the control, indicating better socia-
bility. On the other hand, in the open field test right after the
experiment, the sham group mice showed transiently reduced
locomotor activity and increased anxiety-like behaviours. For
now, we still do not know the exact reason for these observa-
tions, which deserves more investigation, including the vibra-
tion and noises caused by machine operation.

Study limitations

The major limitation of our study is the small sample size.
However, although there are very limited reports about mice
behaviour studies of high SMFs above 10 T, all of them have
used very small sample size. This is a common limitation for
these explorative mice experiments for all high magnetic field
labs, which is mainly due to the high cost, limited bore size,
and limited machine time available for the ultra-high magnets.
For example, in 2009, Cason et al. also used only 6 mice in
each group to test the effect of 14.1 T SMFs for their effect on
female rats [35]. In 2013, Houpt et al. tested mice swimming
after exposure to 14.1 T SMF at the United States National
High Magnetic Field Laboratory at Florida State University.
They used 30 mice in total, 6 mice in each group for different
exposure angles [24]. In 2019, Wang et al. also placed 6 mice
at each magnetic field exposure condition [36].

It should also be mentioned that for the difference between
the upper part and the lower part of the magnet, the magnetic
field gradient directions are opposite, which produce
“hypogravity-like” and “hypergravity-like” conditions, re-
spectively. However, we found that among all five studies,
only the balance beam test gave significant difference between
these two conditions. None of the long-term behaviour tests
showed significant differences between them. However, this
point needs to be further validated with more experiments in
the future.

In addition, although our results provide important infor-
mation for the development of UHF-MRI, we did not address
the effect of radiofrequency waves, which is another key as-
pect for the biosafety of UHF-MRI. At last, another limitation
of our study is that we used an upright magnet, which provides
vertical magnetic field, but not horizontal magnetic field as in
most clinical MRIs.

In conclusion, the absence of long-term damage in our
study indicates that high SMFs of 3.5-23 T within this range
are relatively safe for healthy mice. Our results indicate that
short exposure to ultra-high SMF may even have beneficial
effects on mice mood and memory, which is likely relevant to
the elevated level of CaMKII in the mice hippocampus in
SMF-treated mice. Although mice studies do not guarantee
the same results will appear on human bodies, and more in-
vestigations are needed to evaluate the safety issues compre-
hensively, our current study provides important references for
the future development of UHF-MRI above 20 T.
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