-

View metadata, citation and similar papers at core.ac.uk brought to you by .i CORE

provided by Repositorio da Universidade da Corufia

Cerebral Cortex

Effects of static magnetic fields on the visual cortex: reversible
visual deficits and reduction of neuronal activity

Jordi Aguila, Javier Cudeiro and Casto Rivadulla

Abstract

Noninvasive brain stimulation techniques have been successfully used to modulate brain activity, have become a
highly useful tool in basic and clinical research and, recently, have attracted increased attention due to their putative
use as a method for neuro-enhancement. In this scenario, transcranial static magnetic stimulation (SMS) of moderate
strength might represent an affordable, simple, and complementary method to other procedures, such as Transcranial
Magnetic Stimulation or direct current stimulation, but its mechanisms and effects are not thoroughly understood. In
this study, we show that static magnetic fields applied to visual cortex of awake primates cause reversible deficits in a
visual detection task. Complementary experiments in anesthetized cats show that the visual deficits are a consequence
of a strong reduction in neural activity. These results demonstrate that SMS is able to effectively modulate neuronal
activity and could be considered to be a tool to be used for different purposes ranging from experimental studies to
clinical applications.
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Introduction

Static magnetic fields (SMFs) and the putative influence that they can exert on biological systems have
become a topic of considerable interest. These fields can be classified as weak (<1 mT), moderate (1 mT
to 1 T), strong (1-5 T), and ultrastrong (>5 T) (Rosen 2003). Weak-intensity SMFs are able to modulate
biological systems (Martin and Lindauer 1977; Semm et al. 1980) and serve as a special sense for spatial
orientation and navigation for a number of organisms. Exposure to stronger SMF such as those operating
in magnetic resonance imaging equipment, could, in theory, alter normal brain function, because they are
able to modify the orientation of a variety of diamagnetic anisotropic organic molecules (Rosen 2003).
Nonetheless, available evidence from human studies is puzzling. In 2 different studies where healthy
volunteers were exposed to a 1.5- and 7-T MRI scanner for 63 min or to 9.4 T during the period of
evoked potential recordings, no adverse effects were reported (Schlamann et al. 2010; Arrubla et al.
2013). However, when study participants were tested with specific neurocognitive tests (Arrubla et al.
2013), SMFs produced adverse effects on sensory and cognitive-motor domains (Chakeres and de Vocht
2005). In contrast, previous publications (Kangarlu and Robitaille 2000; Schenck 2000; Chakeres et al.
2003) have stated that with increasing MRI field strength, transient sensory effects, such as the perception
of phosphenes, a metallic taste, or vertigo-like sensations, might occur. Similar alterations, including
vertigo and concentration difficulties, have been detected in workers at an MRI-fabrication factory (de
Vocht et al. 2006).

In animals and the related neurophysiological studies, there are fewer discrepancies, with a majority of
the results pointing to a significant effect of SMF on neuronal responses, which consists of a reduction in
neural activity (but see Snyder et al. 2000). For instance, in the visual system, it was shown that a
magnetic field of 0.12 T (1230G) was able to reduce spontaneous activity at the lateral geniculate nucleus
and also reduced the visual evoked potentials recorded at V1 after optic nerve stimulation (Rosen and
Lubowsky 1987, 1990), and changes in the EEG activity of monkeys during exposure to fields of 2-9 T
have been reported (Beischer and Knepton 1966). Other similar suppressive-type effects such as a
reduction in the release of Ach at the neuromuscular junction (Rosen 1992) or a decrease in spinal cord
conduction velocity under the influence of a 0.5-T (Coots et al. 2004) magnetic field have also been
described.

These effects on neuronal activity are reflected in animal behavior. Rats placed in a T-maze do not
enter one of the arms under the influence of a 4-T magnetic field, and animals previously exposed to
magnetic fields learned to avoid the arm, showing an aversive response (Weiss et al. 1992). Similarly, a
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conditioned taste aversion was induced by exposure to a 9.4-T magnetic field for 30 min that lasted up to
8 days (Nolte et al. 1998).

Very recently, it was shown that the application of a moderate [45 Mega Gauss Oersteds (MGOe)
nominal strength 628 N = 0.5 T] SMF on the primary motor cortex of healthy volunteers using a
Neodymium magnet for 10 min was able to reduce cortical excitability by 25% as determined by
transcranial magnetic stimulation-induced motor-evoked potentials (Oliviero et al. 2011). This effect
lasted for 6 min, and no side effects were reported. These results have been replicated by other groups
(Silbert et al. 2013), suggesting that clinical use in the future might be possible because transcranial static
magnetic stimulation (SMS) of the motor cortex decreases cortical excitability, which may be of interest
in several pathological conditions such as, for instance, epilepsy; this possibility is further supported by
data obtained in animal models (McLean et al. 2003, 2008) and opens the door for the inclusion of small
magnets in the pool of tools available to modulate neuronal excitability in a noninvasive way.

Here, we investigated the behavioral and neurophysiological effects produced by SMS by means of a
neodymium 0.5-T magnet applied to the primary visual cortex (V1) of behaving monkeys during a
psychophysical task and on the V1 of anesthetized cats. We found that detection of visual stimuli is
strongly disrupted in behaving animals, and neuronal responses were reduced in the anesthetized animals,
suggesting an effect compatible with a decrease of excitation. These results indicate that SMFs might
have enormous potential as modulators of neuronal activity for different purposes.

Materials and Methods

Experiments were carried out in 2 awake, behaving primates (Macaca mulatta) and 2 anesthetized and
paralyzed adult cats. Experiments followed the rules of the Spanish Society of Physiology, International
Council for Laboratory Animal Science, and the European Union (Bylaw No. 86/809) and were approved
by the ethics committee of the University of Corufia.

Primate Experiments

Monkeys were trained to fixate for 500 ms (fixation window 2°) on a small dot (0.1°) presented at the
center of a monitor screen placed at a distance of 57 cm from the animal. A bright spot (2°) of various
contrasts (1.5-100%) was randomly presented on a gray background (17.9 cd/m?) at 8 possible positions
around the center dot, marked from A to H in Figure 1A (distance from the center 7°). The animal had to
resolve a simple contrast-detection task (see below) indicating the position of the bright spot with a
saccadic movement. Correct performance was rewarded with a drop of water. Monkeys had their head
fixed during the task, and eye position was continuously monitored using an eye-tracking system
(EyeLink I1; SR Research). Reaction time was defined as the time from stimulus onset to the saccade.
Animal worked up to 4 h per day, 5 days a week, from Monday to Friday.
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Figure 1. (A) The visual task (top panel) consisted of maintaining the view of a fixed spot until a bright spot appeared on the screen.
At that moment, the animal must make a saccade to the position of the new spot. The stimulus appeared randomly at 1 of 8 positions
marked from A to H in the figure (not visible for the animal). The timeline of the session is shown in the bottom panel. After
control-detection curves were obtained, the magnet was placed on V1, and the visual task repeated at 30 and 60 min. The magnet
was then removed and recovery test performed after 30 min. The inset on the right shows the position of the monkey during the
experiments and the approximate position of the magnet on the occipital cortex (top) as well as the values and appearance of the
different contrasts (bottom). (B) Effect of a static magnetic field on visual detection in a single session. In this session, the magnet
was placed on the left visual cortex of the primate for 30 min. Each graph represents the percent detection of the visual stimulus at
each position of the visual space (A—H) with different contrasts (1-5) in the control (black) and under the influence of the magnet
(gray). (C) Asymmetry coefficient for both conditions. Higher values of the gray line compared with the black one indicate that the
magnet caused displacement of the detection curve to the right (i.e., lower detection). Positions (B, A, H and G) (on the right side of
the visual space) were the most affected by the magnet when placed on the left side of the brain (statistically significant). Recovery
curves are not shown for simplicity.

We calculated the percent of stimulus detection for each contrast at each position and compared it with
the corresponding value after SMS, which allowed us to build contrast-detection curves for each position
of the visual space in different experimental conditions. We also calculated the asymmetry coefficient,
which measures the degree of symmetry of a distribution of points with respect to their arithmetic mean.
A positive value of this index means that the distribution is skewed to the left, and a negative value
indicates that the distribution is skewed to the right. If the distribution is perfectly symmetrical, the
asymmetry coefficient is zero.

In our analysis, the asymmetry coefficient becoming less negative implies that the effect of the magnet is
greater in that position.
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where [ is the arithmetic mean, and ¢ is the standard deviation.

Experimental Session

The aim of these experiments was to test whether and how the application of a SMF interfered with visual
perception. Control contrast-detection curves with 5 contrasts, 8 different positions, 10 trials at each
contrast/spatial position (400 trials total) were obtained at the beginning of each session (see Fig. 1). A
neodymium magnet (see below) was placed on the scalp, on V1 area, next to the midline and centered on
one hemisphere, and the visual detection task was repeated every 30 and 60 min with the magnet still in
place. The hemisphere (left or right) was randomly chosen at the beginning of the session. Recovery data
were obtained 30 min after removing the magnet using the same contrast-detection task described above.

A total of 16 sessions (16 days) (8 for monkey A and 8 for monkey B) were carried out with this
protocol. The animals performed up to 2500 trials per session.

To study different experimental conditions, such as swapping the magnet from one hemisphere to
another or testing the effect at 20, 40, and 60 min, we used the same task described above but with only
one contrast (6.25%), so the number of trials necessary for one protocol was reduced from 400 to 80 (8
positions x 10 trials each). This simpler protocol was used in 24 additional sessions, 13 for monkey A,
and 11 for monkey B.

Data were analyzed with a three-way analysis of variance for repeated measures (ANOVA-RM),
performing the Greenhouse—Greiser correction for nonsphericity when necessary. Three within-subjects
factors were set, the factor CONDITION with 2 levels (Control and Magnet), the factor POSITION with
8 levels (A-H) and the factor CONTRAST with 5 levels (1-5). In the case of significant differences, post
hoc analysis was performed using the Tukey honestly significantly different (HSD) test. All results were
considered significant at P < 0.05.

We measured the influence of the magnet on other parameters such as the reaction time (time from
stimulus onset to the start of the saccade). These measurements were made only using one contrast
(6.25%). The reaction time at 6.25% contrast was assessed with a two-way ANOVA-RM, performing the
Greenhouse—Greiser correction for nonsphericity when necessary. Two within-subject factors were set,
the factor CONDITION with 3 levels (Control, Magnet, and Recovery) and the factor POSITION with 8
levels (A-H). In the case of significant differences, post hoc analysis was performed using the Tukey
HSD test. All results were considered significant at P < 0.05.

Sham Experiments

In 2 sessions intended to discard any possible artifact due to repetition of the task, the positioning of the
magnet or any other unknown circumstance, we performed control contrast-detection curves using the
same protocol as in the Magnet condition (i.e., similar number of trials, position, and contrast levels) and
then placed a nonmagnetic replica of the magnet made in stainless steel on the same positions where the
magnet was placed using the same homemade mechanical device used for the magnet. The replica was
maintained in that position for up to 60 min following the protocol used in the Magnet condition.
Recovery occurred at 30 min, as explained above. We compared the data in the Control condition versus
the Sham and Recovery conditions using the same statistical tools used for the magnet experiments.

The Magnet

We used a cylindrical nickel-plated (Ni—Cu—Ni) NdFeB magnet with a 45 mm diameter and 30 mm
thickness weighting 360 g (NEUREK S.L., Toledo Spain). The maximum amount of magnetic energy
stored in this magnet was 45 MGOe, with a nominal strength of 765 N (78 kg). Our own measurements
(Rivadulla et al. 2013) showed a magnetic field of 0.5 T next to the magnet and ~0.3 T at 1 cm. A
nonmagnetic replica of identical appearance and weight (i.e., indistinguishable from the magnet) was
used for the sham SMS (NEUREK S.L., Toledo Spain).
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Cat Experiments

Two adult female cats, 2.5-3 kg, were anesthetized with isofluorane (1-5% for induction, 0.1-1.5% for
maintenance) in nitrous oxide (70%) and oxygen (30%). Animals were held in a stereotaxic frame, and
neuromuscular blockade was established with gallamine triethiodide (40 mg initial dose, then 10 mg kg™
h™'). EEG, ECG, expired CO,, and temperature were monitored and maintained continuously to ensure
that anesthetic levels were altered as appropriate to maintain an adequate state of anesthesia. Changes in
parameters that indicated a decrease in anesthetic levels (e.g., changes in intersystolic interval, decreasing
spindle frequency, increase in end-tidal CO,) were immediately counteracted by increasing the
isofluorane levels accordingly. Lidocaine (lignocaine) gel was applied to the ear bars of the stereotaxic
frame, and all wound margins were treated with subcutaneous injections of lidocaine. The eyes were
treated with atropine methonitrate and phenylephrine hydrochloride, protected with zero-power contact
lenses, and brought to focus on a semiopaque tangent screen 57 ¢cm distant using appropriate trial-case
lenses. Visual stimuli were viewed monocularly through 2-mm artificial pupils. At the end of the
experiments, all of the animals were killed by anesthetic overdose.

Cells were extracellularly recorded in V1 (Horsley-Clarke coordinates: anteroposterior, —2 to —8 mm
relative to interauricular line; mediolateral, +0-6 to +1-5 mm relative to midline) using tungsten
microelectrodes (FHC, USA) introduced through a small craniotomy. Our basic protocol was to establish
control responses to sinusoidal drifting gratings of optimal spatial and temporal frequency or to a drifting
bar stimulus, moving backward and forward through the receptive field at various orientations. Responses
were averaged over 20 trials and were assessed from the accumulated count in the binned peristimulus
time histograms, using separate epochs for the baseline and visual responses.

The magnet was placed on the scalp, on the V1 area, and the visual protocol was repeated at different
time intervals. The magnet was manually placed as near to the electrode as possible and held in place by
an articulated mechanical support. To facilitate this approach and allow a partial overlap, the electrode
was introduced from behind at an angle of ~45°. With this spatial arrangement, most likely recorded cells
were in superficial layers. SMS lasted for a maximum of 75 min, and recoveries lasted up to 90 min after
the magnet was removed.

Waveforms and time stamps were stored (Plexon, Inc., USA), and offline spike sorting was used to
assess adequate isolation of spikes. Visual stimuli were presented monocularly on a computer monitor
(mean luminance of 14 cd m™*, refresh rate 128 Hz). For each cell, the number of spikes per trial during
the 20 trials was compared between the control and magnet conditions using a paired sample t-test.

Results

The experiments reported here were performed on 2 behaving monkeys (Macaca mulatta) and 2
anesthetized and paralyzed adult cats.

SMS Impairs Visual Detection

After control contrast-detection curves were obtained for each spatial location (marked from A to H in
Fig. 1A), a neodymium magnet was placed on V1 (left or right hemispheres) and the visual task was
repeated at different intervals (see Materials and Methods). Figure 1B shows, for a single session, the
percentage of detection at each position of the visual space for stimuli of 5 different contrasts in the
control (black lines) and 30 min after the magnet was placed on the left side of the occipital cortex (gray
lines). In the control situation, the percent of stimulus detection was close to 100% for contrasts of 3.15%
and above. However, after 30 min of magnet exposition, the percentage of detection dropped for the
contrast of 3.15 at several positions on the right side of the visual space, indicating a suppression of the
perceived stimulus at those locations (B, A, and H). Figure 1C shows the asymmetry coefficient for each
position in both conditions (control and after magnet). In those locations where the gray line is above the
black line (A, B, G, H), a displacement of the detection curve to the right is identified. This finding
indicates poorer stimulus detection than in the control.

The Effect of SMS Develops with Time

The strength and extension of the effect of the magnetic field upon animal performance is time dependent.
Figure 2 shows the effect of maintaining the magnet for 60 min, continuing the same session depicted in
Figure 1. Figure 2A compares control responses (the same as in Fig. 1) versus magnet at each position for
the different contrasts, and Figure 2B shows the asymmetry coefficient. After 60 min, the effect appears at
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higher contrasts (it is clear also for 6.25 in this condition) and extends to all the 8 positions tested (the
whole visual field). The gray line in Figure 2B is always above the black line, and values are higher when
compared with those observed after only 30 min (see Fig. 1C), showing an increase in both the extension
and intensity of the effect. This is further illustrated in Figure 2C. Here, we selected a single position in
visual space (G, center-bottom) to compare control responses with those obtained at 30 and 60 min under
SMS. In summary, we observed that the effects on stimulus detection were stronger in both intensity and
spatial extension when the exposure time to the magnetic field was increased.
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Figure 2. The effect of SMS increases with time. (A) Effect of a static magnetic field on the left visual cortex of the primate for 60
min on visual detection. Legends as in Figure 1B. Data correspond to the same session shown in Figure 1B to show the evolution of
the effect. (B) Asymmetry coefficient for both conditions. After 60 min, the effect was more intense, and it extended to the whole
visual space. (C) Comparison of the effect at 30 (dark gray) and 60 (light gray) min of SMS at position G.

It is difficult to obtain a global picture of the effect, because it differs for each position of the visual
space and depends on the exact position of the neodymium magnet. Still, in an attempt to show the
robustness and consistency of our observations, we averaged the results obtained for the second monkey
in 8 sessions at different days using exactly the same parameters of SMS, 60 min over the left hemisphere
and 30 min of recovery. The results are represented in Figure 3. Each bar histogram shows the percentage
of decrease for contrasts 2, 3, and 4 at each position of the visual space (A to H). The actual values
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(xSEM) are shown in Supplementary Table 1, including those for recovery that were not depicted in the
figure for the sake of clarity. It is clear from the figure that SMS for 60 min produced a consistent and
reliable effect on the visual detection for contrasts 2 and 3, with significant reductions at almost all
positions of the visual space (P < 0.05 repeated-measures ANOVA, bold values in Supplementary
Table 1).
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Figure 3. Averaged data (8 sessions in monkey B) of the decrease in the percentage detection for 3 different contrasts after 60 min
of SMS. Each bar represents a position in visual space. *P < 0.05 (ANOVA).

The data shown so far seem to point to a stronger effect over the cortical area immediately below the
magnet. Figure 4A shows the percentage of stimulus detection at 2 different positions of the visual space
(C and G) for a single session for the second monkey under the following different experimental
conditions: control, 20, 40, and 60 min after the magnet was positioned on the right side of the occipital
lobe and recovery after 45 min. While in C the effect reached the maximum just 20 min after the magnet
was placed, and the detection level fell below 10%, in G there was a progressive decay of detection, and
the maximum drop was up to 63% of initial response. Figure 4B shows a polar plot representing the
difference in detection between control conditions and after 60 min of SMS for contrast 3. The values on
the graph indicate the averaged effect for positions CDE versus GHA (P < 0.05 paired sample t-test). As
expected from the spatial representation of visual space in V1, moving the magnet from one hemisphere
to another should switch the affected regions of the visual space. An example is shown in Figure 5. For
position H in the visual space after 20 min of SMS over the right hemisphere (M20 R), the percent of
stimulus detection was 85% (vs. 95% in control) and 71% after 40 min (M40 R). After a recovery period
of 30 min (R30), the magnet was positioned on the other hemisphere (left) and after only 20 min of SMS,
the stimulus detection measured at position H dropped to 20% (M20 L). Recovery was complete after 40
min (R40).
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SMS Increases Reaction Time

SMS also affected other parameters of the task. Figure 6A shows the analysis of reaction time over 7
sessions. Reaction time increased (22% at M30 and 27 at M60, P < 0.05 ANOVA, see Supplementary
Table 2), and fixation precision during the same sessions was also altered given that the standard
deviation of ocular movements during fixation increased by 48.5%, from 0.3714 + 0.032 to 0.5515 £ 0.1
(P < 0.01, paired sample t-test) (Fig. 6B,C).
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Figure 6. (A) Reaction times in the control situation after 60 min of SMS and after 30 min of recovery. Averaged values from 7
sessions. (B) Example of ocular movement dispersion in the control (left) and after 60 min of SMS (center). The right panel shows
the bidimensional standard deviation as a circle centered at the mean value for the points. (C) The average standard deviation for 7
sessions shows a significant increase (P < 0.01 t-test) after SMS.

In 2 sessions, the longest protocol (60 min) was repeated, changing the magnet to a nonmagnetized
metal cylinder but otherwise identical in size, appearance, and weight to test whether the observed
changes in visual detection were due to some (improbable) placebo effect. No changes were observed
under the sham condition (see Supplementary Table 3).

SMS Reduces Neuronal Activity in Anesthetized Animals

The above results suggest a decrease in the cortical excitability of V1 neurons produced by SMS, but
other explanations could be possible, such as an increase in the activity of inhibitory interneurons. To
shed some light on the putative mechanisms behind the effect, we performed experiments in 2
anesthetized cats to directly study the effect of SMS on neuronal responses. We recorded extracellularly
from 15 V1 cells in control conditions and under the influence of a magnet similar to the one used on the
primates (see Materials and Methods). In all cases, the cell firing decreased after a variable time after
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exposition to the magnet (from 20 to 60 min). Figure 7 shows the schematic disposition of the elements of
the experiment (A) and the response of a V1 cell to a drifting grating of optimal characteristics in the
control and after 25 min under the influence of the magnetic field (B). There is a clear decrease in
response of ~30% in this particular cell under these circumstances. Despite the drop of responsiveness,
the cell response continued to be modulated by the stimulus, responding to the different cycles of the
grating but with less intensity. The quality and stability of the recording is shown in the 2 insets; to the
left, the cell cluster separated from the noise is shown and to the right the waveform all over the duration
of the protocol is displayed. Clearly, neither the amplitude nor shape was affected by the presence of the
magnetic field.
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Figure 7. (A) Scheme representing the arrangement of the different elements during the experiment. (B) PSTHs showing the
response of a V1 cell to a drifting grating of optimal orientation, temporal, and spatial frequency in the control (black) and after 25
min of SMS (gray). Bin size 50 ms. Insets below the PSTHs show the isolation of the spike (circle) in a cluster far from the noise
(left) and the stability of the recording signal.

Once it was determined that neuronal firing was affected by SMS in a way compatible with a decrease
in excitability, we reasoned that it was important to study the effect of SMS on the specific visual
characteristics of V1 cells, such as the orientation preference, which has been related, at least in part, to
GABAergic neuron activity. Figure 8 shows the response of a different cortical cell to a moving bar of
different orientations, in 22.5° steps, in the control (left polar, black) and at several time intervals after the
magnet was placed. It is also clear in this case that the effect is progressive. The visual response
decreased ~27% after 20 min (pink) and dropped by 70% after 40 min (red). Similarly, the recovery was
also gradual, as illustrated in the right polar plot for the same cell. After 20 min of SMS (gray), the effect
reaches the maximum, an 83% of decrease versus the control response. After this period, the cell started a
recovery that was completed ~70 min after the magnet was removed from the cortex (dark green).
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Interestingly, at this time point, cell firing was even higher than during control condition. This sort of
“rebound” activity was observed in 2 cells. On the other hand, this is a particularly interesting example
because the cell presented a strong direction and orientation selectivity in the control condition, and both
properties remained stable during the whole process. In fact, the specificity of the response remained
unaltered in the vast majority of the cells (12/15). Three cells showed more complex behaviors. One
became more broadly oriented, and 2 increased the response to the nonoptimal direction. Spontaneous
activity was also reduced during SMS, as is shown in Figure 9.

CONTROL RECOVERY (20’)

MAGNET (20) : )

MAGNET (40') 90 RECOVERY (70’) 90
200 T 200 T

180

10 180

2025 2025

Figure 8. Polar plots representing the response of a V1 cell to a moving bar of different orientations in different experimental
conditions. The plot on the left shows the control response (black) and the response obtained 20 (pink) and 40 (red) min after the
magnet was placed on V1. The plot on the right shows the progression of the recovery at 20 (gray), 40 (light green), and 70 (dark
green) min after the magnet was retired.
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Figure 9. Spontaneous (dashed line) and visually evoked (continuous line) activity in different experimental conditions for one
cortical cell. Both visual and spontaneous activities were modulated by the magnet in a similar way.


http://cercor.oxfordjournals.org/content/early/2014/09/26/cercor.bhu228.full#F9

The time to maximal effect was variable, with some cells peaking at 20 min while others required a
minimum of 30 to show some alteration. On average, visual responses to optimal stimuli were reduced by
63% * 21 (P < 0.01 paired sample t-test) after 40 min and spontaneous activity by 48 + 26% (P < 0.01
paired sample t-test). There were no significant differences between the spontaneous and visual responses
(P =0.19 t-test).

Discussion

In this study, we report complementary data obtained from 2 different sources, behaving monkeys and
anesthetized cats, which demonstrate that prolonged exposure to moderate-intensity SMFs have a large
impact on neuronal activity and is able to create a reversible cortical scotoma due to the reduction of
cellular responses. This was a long-lasting effect which, in some cases, had a recovery period longer than
1 h. To our knowledge, this work is the first to study the effect of local SMF on sensory perception.

In addition to the physiological utility that the terrestrial geomagnetic field (30-70 uT) represents for
some animals in terms of spatial orientation and navigation, the effect of much stronger magnetic fields
on animal physiology has been an area of interest since the 19th century, starting with the pioneer
experiments conducted by d'Arsonval (1896), who described the effect of introducing the head in a time-
varying magnetic field. Furthermore, interest has grown since magnetic resonance imaging has become a
normal procedure in clinical practice. The 2 main fields under study have been the nervous and
cardiovascular systems and, in both cases, the results regarding direct effects of magnetic fields on human
physiology are somewhat confusing (for a review, see Saunders 2005).

In the nervous system, several studies (Gaffey and Tenforde 1983; Hong et al. 1986; Hong 1987) have
failed to show any effect of fields as high as 1.5 T on action potential conduction velocity. In fact, the
necessary intensity for varying the conduction velocity was estimated to be 24 T (Wikswo and Barach
1980). However, other groups have found that magnetic fields of only 0.12 T can produce a decrease in
the evoked potential recorded from V1 following thalamic electrical stimulation (Rosen and Lubowsky
1987, 1990) or can reduce the release of Ach in the neuromuscular junction (Rosen 1992). Interestingly,
these studies have used a nonfocal magnetic field similar to the one used in MRI equipment.

The main effect that we report in our study after SMS (decrease of cortical excitability in the visual
cortex) has also been detected in other brain areas. Recently (Oliviero et al. 2011; Silbert et al. 2013), it
has been demonstrated that SMS over the motor cortex (using a magnet with the same characteristics as
ours) reduced the evoked motor potential by 25% and lasted up to 6 min but did not have a behavioral
effect. In our experiments, the results seem to be stronger, affecting the psychophysical performance of
the animal, most likely because we used longer exposition times (10 min in previous work and up to 1 h
in our case). An important reason for performing the study in nonhuman primates was to detect possible
side effects due to longer exposure times in one session but also after several days of magnetic
stimulation, as previously demonstrated in rodents (Amara, Douki et al. 2009; Amara, Garrel et al. 2009).
No evidence of side effects was detected, although it is important to note the long time necessary for full
recovery. We deliberately used the same size magnet in the 2 types of experiments in an effort to achieve
maximum impact. However, we were aware of the relative difference in the size of the primary visual
cortex and the distance between the magnet and nerve tissue, which is clearly different in both situations.
These differences could have made the effect observed in the cat stronger than that in the monkey, but we
also have to bear in mind that the position of the magnet in cat was not perfectly centered above the
electrode nor was it completely tangential to the skull because of the presence of the electrode. Hence, we
feel confident that the intensity of the magnetic field on cerebral cortex was comparable in both
experiments. In a related issue, we recently measured (Rivadulla et al. 2013) the decay in the intensity of
the magnetic field with the distance from the source. At the surface of the magnet, the value of the
magnetic field is 0.5 T, but it decays quickly. At a distance similar to that from the magnet to the cortex,
what we call the working distance and calculate to be ~1.5 cm, the intensity is 0.2 T. Obviously, the
working distance will increase in human studies due to the different thickness of the bone, skin, and so
forth.

Based on the distance from the magnet core, the observed results can be considered from a dual
perspective. First, it seems that in close proximity to the magnet, the cells dramatically reduce their firing,
and, as a result, an artificial scotoma is generated. This could be due to a decrease in excitation or to an
increase in inhibition. Although our experimental approach does not allow us to determine which
possibility is occurring, the cat data suggest a nonspecific withdrawal of excitation that results in a drop in
gain, leaving the specific properties of neurons (e.g., orientation selectivity) largely unchanged; however,
the precise mechanisms remain to be elucidated. Second, this scotoma must have consequences in the
organization of cortical circuitry, affecting the RF of neurons surrounding it (Gilbert and Wiesel 1992;
Pettet and Gilbert 1992). Furthermore, the effect of the magnet decreases with distance, so there is a
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“shadowed” area where the influence is not as high as in the center, and other factors, such as the
sensitivity of the cells to the magnetic field (Nitsche et al. 2005: Di Lazzaro et al. 2012; Di Lazzaro and
Ziemann 2013), could change visual properties in ways much more complex than simply inducing an
increase or decrease in the response. These complex interactions inside the circuitry could be behind the
“rebound effect” observed in some cells (see Fig. 8 for instance), where the removal of magnet leads to a
supraoptimal response post recovery perhaps unmasking an excitatory drive and/or the engagement of
disinhibitory processes. The precise mechanisms implicated are beyond the scope of this manuscript and
will be the objective of future experiments.

Several mechanisms have been proposed to explain the long-lasting SMF effects described in living
cells, but none of them is totally convincing. It has been suggested that SMF could change ionic
distribution across the membranes, which would affect the membrane potential and hence the threshold
for firing, a mechanism that does not seems to be compatible with the long period necessary to observe
the effect. Alternatively, SMF could modify axonal conduction velocity, even when, theoretically, the
SMF intensity necessary to alter axonal conduction would be 24 T (Wikswo and Barach 1980). Perhaps
the most plausible explanation is the one that invokes changes in calcium permeability (Rosen and
Lubowsky 1990; Gangitano et al. 2002; Rosen 2003; Tenuzzo et al. 2006; Rosen and Chastney 2009;
Wang et al. 2010). The hypothesis is that SMF would cause reorientation of membrane phospholipids,
which would cause a deformation of ion channels embedded in the membrane and therefore altering the
ionic flux. In this scenario, calcium channels would be responsible for the main part of the effect. Other
possible influences of long-term exposure to SMF have been postulated, including effects on cellular
growth and size alterations of the cell cytoskeleton (Rosen and Chastney 2009).

In our hands, recovery was obtained up to 90 min after the SMS. These long periods would be
compatible with a calcium-related mechanism, because calcium is a very important intracellular mediator
that regulates a plethora of physiological mechanisms such as neurotransmitter release, ion channel
permeability and enzyme activity, modulating long-term synaptic processes such as long-term
potentiation or long-term depression. In contrast, spine growth (Kapitein et al. 2011) would induce more
long-term (or even permanent) effects that cannot be detected in this study but would be worth
investigating in the future.

In summary, we report that SMFs can induce strong and reversible suppressive effects on neuronal
activity at localized areas of the cerebral cortex, with the intensity of the effect related to the length of
exposure. SMS could be a valuable tool in research studies of cortical function, and its clinical use in the
future may also be possible because SMS decreases cortical excitability, which is of interest in several
pathological conditions such as epilepsy; this possibility is further supported by data obtained in animal
models (McLean et al. 2003, 2008). It may also be useful to consider our findings when developing the
safety protocols for high-intensity field fMRI. Moreover, the fMRI magnetic field has to be considered to
be a possible source of influence in the recorded signal.

Supplementary Material
Supplementary material can be found at http://www.cercor.oxfordjournals.org/ online.
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