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Perturbing Circadian Oscillations in an InVitro
Suprachiasmatic Nucleus With Magnetic
Stimulation
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Many neurological disorders are associated with abnormal oscillatory dynamics. The suprachias-
matic nucleus (SCN) is responsible for the timing and synchronization of physiological processes.
We performed experiments on PERIOD2::LUCIFERASE transgenic “knock-in” mice. In these
mice, a gene that is expressed in a circadian pattern is fused to an inserted gene that codes for
luciferase, which is a bioluminescent enzyme. A one-time 3 min magnetic stimulation (MS) was
applied to excised slices of the SCN. The MS consisted of a 50-mT field that was turned on and off
4,500 times. The rise time and fall time of the field were 75 us. A photon count that extended over
the full 5 days that the slice remained viable, subsequently revealed how the MS affected the
circadian cycle. The MS was applied at points in the circadian cycle that correspond to either
maximal or minimal bioluminescence. It was found that both the amplitude and period of the
endogenous circadian oscillation are affected by MS and that the effects strongly depend on where
in the circadian cycle the stimulation was applied. Our MS dose is in the same range as clinically
applied doses, and our findings imply that transcranial MS may be instrumental in remedying
disorders that originate in circadian rhythm abnormalities. Bioelectromagnetics. 2020;41:63-72.
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INTRODUCTION

Body temperature, sleep, hormone levels, diges-
tive activity, and many other physiological phe-
nomena maintain a cycle of about 24 h in mammals,
even in the absence of a light/dark cycle. When a
light/dark cycle is present, the organism will generally
synchronize its endogenous cycles with the environ-
mental one. The suprachiasmatic nucleus (SCN) is the
small specialized region within the hypothalamus
where the periodicity is controlled and where the
synchronization between the endogenous physiology
and the external light/dark cycle takes place. It is a
collection of about 20,000 neurons that synchronize
with each other and ultimately generate a collective
oscillation with a period of about 24 h [Pittendrigh and
Daan, 1976]. The SCN is located close to where the
two optic nerves cross. It is part of the cortex and
receives input from other brain regions as well as from
the optic nerves. It ultimately seeks to establish stable
fixed phase-relationships between the environmental
input and different physiological oscillations.

In the SCN, the expression of the PER2 protein
follows a circadian pattern [Lowrey and Takahashi,
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2011]. PER2 has been found to be one of the most
important proteins involved in imposing a circadian
rhythm on an organism [Ripperger and Albrecht, 2012].
Reporter genes have been a valuable experimental tool
in the study of circadian oscillations [Yoo et al., 2004].
In the PERIOD2::LUCIFERASE transgenic knock-in
mice, a firefly gene that codes for the enzyme luciferase
was fused to the PER2 gene, leading to a PERIOD?2::-
LUCIFERASE fusion protein. Luciferase catalyzes the
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production of oxyluciferin. Upon catalyzed conversion,
the oxyluciferin is in an excited state. When oxyluciferin
next goes to its ground state, a photon of green light is
emitted. In the transgenic mice, the recorded biolumi-
nescence is a measure of the quantity of the present
PER2 [Yoo et al., 2004].

Previous studies have shown how the activity of
the endogenous pacemaker, the SCN, can be analyzed in
vitro in hypothalamic brain slices [Green and Gillette,
1982; Gillette, 1986; Gillette, 1991]. By doing a photon
count on SCN slices of the aforementioned transgenic
mice, one can follow the gene activity that is associated
with the endogenous circadian rhythm. The monitoring
of photons coming from luciferase activity does not
require invasive action and can continue for about 4-5
days. In this way, gene oscillatory activity can actually
also be observed on live, transgenic, luminescent, whole
animals [Baker, 2010].

Transcranial magnetic stimulation (TMS) is a
noninvasive technique in which time-varying mag-
netic fields are used to induce electric potentials and
currents in parts of the brain. The technique is already
commonly used in the treatment and diagnosis of
various ailments [George et al., 1996; Dannon and
Grunhaus, 2001; Gao et al., 2010; Smeal et al., 2010;
Yang et al., 2010]. In animal experiments, TMS has
been shown to affect memory [Li et al., 2007],
synaptic plasticity [Ahmed and Wieraszko, 2006], and
motor cortex function [Rotenberg et al., 2010].
Different cortical excitation and inhibition activity
are observed depending on the frequency of TMS
used. Generally, low frequency (<1.0 Hz) stimulation
has inhibitory effects on cortical excitation [Chen
et al.,, 1997], whereas high-frequency stimulation
(>20Hz) leads to an increase in cortical excitability
[Pascual-Leone et al., 1998]. External stimulation,
furthermore, appears to be able to restore an
abnormally functioning cortex [Siebner and Rothwell,
2003; Devos and Defebvre, 2006]. Although studies
have demonstrated the physiological effects of TMS,
there has been limited research on how TMS impacts
the underlying biochemistry of the circadian rhythm.

The bioluminescence oscillation of our excised
SCN slices follows circadian time (CT). The CT scale is
an emergent and endogenous one that is particular to the
individual brain slice. The conventional clock time is
“Zeitgeber time” (ZT). In the natural environment, the
imposed light/dark ZT cycle entrains the CT cycle. We
take SCN slices from mice that have been accustomed to
a 24h cycle with 12h of light followed by 12h of
darkness. ZT O corresponds to the time of the day when
the lights get turned on. ZT 12 corresponds to the time of
the day that the lights get turned off. It is at nightfall,
around ZT 12, that the mice are most active, and
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when we observed a bioluminescence maximum in the
subsequently excised SCN slices. In our experiments, we
applied a one-time magnetic stimulation (MS) to the
slice. Within 5 min, we administered 9,000 short pulses.
These pulses were applied either at the first biolumines-
cence minimum (at ZT 0) after extraction of the slice or
at the bioluminescence maximum (at ZT 12) after this
minimum.

TMS can be applied to an in vivo brain.
However, the SCN is in that case surrounded by
other electrically conducting tissue, which makes it
hard to estimate and control the dose of magnetically
induced current in the SCN. With TMS, it is
furthermore impossible to focus the MS exclusively
on the SCN and to not also possibly stimulate other
brain tissue. Working with isolated SCN slices
guarantees specificity [Bier and Weaver, 2018].

The SCN is the engine behind an organism's
circadian rhythm. The bioluminescence measurements
on SCN slices allow us to noninvasively and
quantitatively record the circadian oscillations. The
aim of this work is to determine, on the gene
expression level, whether or not MS has an effect on
the circadian oscillator. Can MS affect the amplitude
of the circadian oscillation? And can it delay or
advance the occurrence of the next extremum in the
circadian cycle?

MATERIALS AND METHODS

Animals

Animal studies were conducted in compliance
with the Animal Welfare Act and Public Health
Service Guidelines. The protocol was approved by
East Carolina University's Animal Care and Use
Committee (AUP #Q201b).

SCN tissues were obtained from adult, male
(8-12 weeks old, n=45), homozygous PER2::LUCI-
FERASE (PER2::LUC) transgenic knock-in mice
[Yoo et al., 2004]. The mice were housed under a
12 h light (500 lux)-12h dark (<0.1 lux) cycle. All
animals were kept in individual cages that were
equipped with running wheels. Prior to the experi-
mental procedures, wheel-running activity was mon-
itored for 4 weeks using ClockLab data acquisition
software (Actimetrics, Evanston, IL) to ensure that
animal behavior was entrained to the light-dark cycle.
The actogram (Fig. 1) shows that such entrainment
was indeed the case.

Brain Slice Procedure

In this preparation, the SCN was isolated from
other brain regions so that it could be subjected to MS.
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Fig. 1. An actogram to show that, prior to experimental
procedures, the PER2::LUC mice exhibited a 24 h cycle in
their wheel-running activity. The white and blue colors on the
top bar indicate the externally imposed light and dark,
respectively. Below, the wheel-running intensity is
represented by the height of the vertical black bar, where
each horizontal line stands for a different animal. Wheel
running appears most intense right after the onset of
darkness.

Before the slicing began, the surgical tools were
prepared and autoclaved. Mouse transfer and cutting
procedures were done during the light-on hours (ZT
8-10) to minimize preparation-induced phase shifts
[Yoshikawa et al., 2005]. Mice were anesthetized with
isoflurane and, before decapitation, the absence of
pain reflexes was ascertained. The skull was removed
using autoclaved surgical tools. After the brain was
isolated, it was placed in cold Hanks’ balanced salt
solution (HBSS; Sigma-Aldrich, St. Louis, MO) for
roughly 1 min to harden the tissue for the sectioning
procedure. Subsequently, the tissue was fixed to a
vibratome cutting platform (Leica Biosystems, Buf-
falo Grove, IL). There, a vibrating razor cut the tissue
until the SCN location was reached. The SCN is
shaped like a disk and has a diameter of roughly
0.7 mm [Paxinos and Franklin, 2004]. A slice with a
thickness of 250 wum was cut from the SCN. From
each SCN, just one slice was taken for further
culturing and experimentation. During cutting and
sectioning, the sample was submerged in Hanks’
buffered salt solution. Hanks’ buffered salt solution is
obtained by adding HEPES, NaHCO3, penicillin, and
streptomycin to HBSS, as described in table 1 of
Yamazaki et al. [2000]. A pH of 7.1 was maintained.

Tissue Cultures

Techniques for culturing organotypic SCN
slices on a culture membrane were adopted from
earlier studies [Stoppini et al.,, 1991; Yamazaki
et al., 2000; Savelyev et al., 2011]. A 0.1 M stock
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solution of Beetle Luciferin (Promega, Madison,
WI) was prepared prior to sectioning and stored in a
freezer with a light-tight seal. A culture medium
with 0.1 mM luciferin was obtained by dissolving
10 ul luciferin in 10 ml of the culture medium. After
sectioning was complete, the SCN tissue was
transferred onto a 35 mm Millipore Petri dish
containing a 0.4 um pore size culture membrane
(Millipore, Bedford, MA), and 1,400l of the
luciferin-containing culture medium.

The culture medium was prepared using:
10.0g of Dulbecco’s modified Eagle’s medium
(DMEM) low glucose powder without sodium
bicarbonate and without phenol red (#D-2902;
Sigma-Aldrich), 2.5ml Penicillin—Streptomycin
(#15140-122, 10,000 U/ml; Thermo Fisher Scien-
tific, Waltham, MA), 20 ml B27 supplement (50X)-
serum free (#17504-044; Thermo Fisher Scientific),
4.7ml of Sodium Bicarbonate (NaHCOs3) 7.5%
solution (#25080-094; Thermo Fisher Scientific),
10ml HEPES 1M Solution (#H0887; Sigma-
Aldrich), and 3.5g p-glucose powder (#G7021;
Sigma-Aldrich). All substances were dissolved in
sterile water (autoclaved Milli-Q water) and the
total volume was adjusted to 1 L. We again followed
the guidelines of Yamazaki et al. [2000] in the
preparation of the medium. The pH of the final
medium was adjusted to 7.2 using HCI (to decrease
the pH) and NaOH (to increase the pH). Finally, the
culture medium was filtered using a Corning 500 ml
vacuum filter/storage bottle system # 431097;
Corning, Corning, NY) with a 0.22 um pore size
and a 33.2 cm? polyethersulfone (PES) membrane.
The medium was protected from light and stored at
4°C. The Petri dish containing the SCN, culture
medium/membrane, and luciferin was sealed with a
40 mm cover glass (#102240; Thermo Fisher
Scientific) and high-vacuum silicone grease
(#7-273554; Sigma-Aldrich), and then transferred
to a bioluminescence detector.

Bioluminescence Recording

Luciferase catalyzes a conversion of luciferin
that ultimately leads to the emission of a
green photon. The emitted photons from an
SCN slice were counted with photon-counting
photomultiplier-tubes (PMT). Luminescence was
recorded using a 32-channel LumiCycle lumin-
ometer (Actimetrics) [Welsh et al., 2004]. The
luminometer was inside an Isotemp incubator
(Fisher Scientific, Hampton, NH) that was kept at
36 °C. At 37 °C, this incubator has a temperature
uniformity of +1 °C. The body of the incubator and
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the door were electrically connected with a ground
wire to eliminate electrical noise. A multimeter was
used to verify that the electrical circuitry func-
tioned properly. A previous study has shown that
the maximum magnetic field generated by the
heating units and control circuits inside the
incubator was 1.85uT with a maximum back-
ground magnetic field of 0.32uT [Dong and
Heroux, 2012]. Such fields are negligible compared
to, for instance, the Earth’s permanent magnetic
field. The Lumicycle has an internal fan. That fan
circulated incubator air to maintain a temperature
of 36 °C within the chamber.

The luminometer has 4 PMTs and an automated
turntable that moves the samples so data can be taken
from up to 32 slices at the same time. The PMTs are
specially designed to detect low dark counts in the
green part of the spectrum. The bioluminescence
(counts/min) was plotted as a function of time (Fig. 2).
To give the system time to equilibrate, we started data
collection 12 h after the samples were placed in the
luminometer.

Electrophysiological measurements were not
conducted for this study. Slice viability was checked
by evaluating the highest and lowest PER2::LUC
expression in the first cycle. If the peak expression
level corresponded to ZT 12 and the lowest expression
level corresponded to ZT 0, then the slice was deemed
viable.

23000

Magnetic Stimulation

For the one-time application of the MS, the Petri
dishes containing the SCN tissues were transferred
from the Lumicycle chamber to be placed into another
Isotemp incubator with a matching temperature setting
(36 °C). The control samples were also removed from
the Lumicycle and subjected to sham treatment under
the same experimental condition. Both control and
exposed samples were returned to their respective
locations within the Lumicycle chamber after expo-
sure/sham treatments were completed. Initially, we
did sham treatments both at a bioluminescence
minimum and at a maximum. As we noticed no
difference between these two groups, the sham
treatments that were used to generate the control
data for the figures were all performed at a
bioluminescence maximum.

Samples were stimulated either at ZT O (trough
stimulation) or at ZT 12 (peak stimulation). To
administer the MS, the 35 mm Petri dish containing
the SCN sample was placed on a thin (1 mm) flat
microscope slide. The glass slide was then attached to
a test tube clamp and placed over a coil. A retort stand
(ring stand) was used to support the test tube clamp.
The stimulating coil had 5 layers with 37 windings
each and was placed 1.0 cm above the sample with the
windings in the horizontal plane. The inner radius of
the coil was 2.5cm. The diameter of the wire was
0.7mm. The inductance of the coil was 1.2 mH.
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Fig. 2. Bioluminescence recordings from three individual cultured suprachiasmatic nucleus
slices. The blue diamonds are from a slice that received no stimulation. The gray triangles
derive from a slice that received magnetic stimulation at the first peak (ZT 12, about 1 day
after the slice was cut). The orange squares derive from a slice that received magnetic
stimulation at the first trough (ZT 0, about 1/2 a day after the slice was cut).

Bioelectromagnetics



Pulses from the MS unit were timed with a 555 timer
IC. Each pulse was generated by the discharge of a
1,000 uF capacitor and had a duration of 200 us with a
current rise time as well as a current fall time of 75 ys.
A maximal current of 6 A passed through the coil.
Pulses were delivered at a frequency of 25 Hz. The
MS procedure lasted 5 min. Within that 5min
window, the sample would be stimulated for 1 min
followed by a 1min pause, thus totaling 2 min of
pause and 3 min of stimulation. During a minute of
stimulation, the magnetic field changed 3,000 times,
leading to a 5 min total of 9,000 electric pulses.

Using the standard formulae for the magnetic
field (B = uNI/I, where u is the magnetic permeability
of the vacuum, N is the winding number, / is the
current, and [/ is the coil’s length) and the inductance
of a solenoid (L=uN°A/I, where A is the cross-
sectional area of the inside of the coil), it is readily
derived from the numbers given in the previous
paragraph that a maximal magnetic field B of about
50 mT was produced at the site of stimulation. With
the rise/fall time of 75 s, this implies dB/dt = 700 T/s.
The induced electric field is proportional to dB/dt. Our
values of B and dB/dt were in the same range as those
in other experiments involving MS of rodent brains
[Grehl et al., 2016; Tang et al., 2018]. The SCN slice
with its surrounding tissue had a radius of about
2 mm. The diameter of the coil is much larger than the
diameter of the slice and thus, as in the reference by
Grehl et al. [2016], the magnetic field can be taken to
be uniform inside the tissue. Applying Faraday’s Law
of Induction (A X dB/dt = —V,,;, where A is the area of
the slice), we derive a magnetically induced electric
voltage, V;,4, of about 10 mV driving current around
the sample. Our rise/fall time of 75 ps gives
intracellular and extracellular ions sufficient opportu-
nity to move and balance out the induced electric field
[Bier and Weaver, 2018]. All of the imposed 10 mV
will thus be distributed over the nonconducting cell
membranes. This voltage is too small to directly
trigger action potentials. Nevertheless, with setups
very similar to ours, it has been found that such low-
intensity repetitive MS is able to lower the action
potential threshold and increase spike firing [Tang
et al., 2016].

Three luminescence recordings are shown in
Figure 2. The 0 days point where the graph starts
corresponds to the ZT 12 maximum that occurs 2—4 h
after the cutting.

Fifteen slices received the stimulation at ZT O,
when the photon count was minimal (trough stimula-
tion at ¥2 days; orange squares in Fig. 2). Fifteen slices
received the stimulation at ZT 12, when the photon
count was maximal (peak stimulation at day 1; gray
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triangles in Fig. 2). Finally, fifteen slices never
received stimulation and functioned as a control
(control; blue diamonds in Fig. 2).

Data Processing

To assess the effects of the stimulation, we
performed a Rayleigh analysis [Batschelet, 1981]
using Oriana Software (Kovach Computing Services,
Pentraeth, UK). Figures 3 and 4 are Rayleigh plots for
trough stimulation (at ZT 0) and for peak stimulation
(at ZT 12), respectively. The outer circle represents
the 24 h ZT cycle. For Figures 3 and 4, the blue dots
indicate where bioluminescence minima and maxima
occurred, respectively. By drawing vectors from the
origin to each of the blue dots and next taking
the average of these fifteen vectors, the black vector in
the graph was obtained. Ultimately, the length r of this
average vector is a measure for the degree of
synchronization. The direction of the black vector,
furthermore, indicates the average phase.

Figure 5 shows group-averaged photon counts
for all three groups (control, peak stimulation, trough
stimulation). The depicted photon count for each
group is an average over three subsequent peaks.

RESULTS AND DISCUSSION

Figures 2-5 sum up the results of our study. The
MS has an effect and the point in the circadian cycle at
which the MS is administered appears to be essential.
When the stimulation is applied at a PER2-expression
minimum, the results are (i) an average increase of the
next circadian period by 2.47 +0.38h (P <0.001;
Student’s ¢ test, n = 15) compared with the control, (ii)
a wider distribution for these circadian periods, i.e.,
the addition of a random factor to the period, and (iii)
an overall decrease of PER2 expression by 17%
(P<0.001; Student’s t test, n=15). When the
stimulation is applied at a PER2-expression maximum,
the results are (i) an average shortening of the next
circadian period by 1.46+0.22h (P <0.001; Stu-
dent’s ¢ test, n = 15) compared with the control, (ii) a
narrower distribution of these circadian periods, and
(ii1) an overall increase of PER2 expression by about
22% (P < 0.001; Student’s ¢ test, n=15).

As was mentioned in the Materials and Methods
section, the induced transmembrane voltages by the MS
are too tiny to directly trigger action potentials in
excitable cells. Nevertheless, the one-time MS of just
Smin is sufficient to lead to measurable effects. The
underlying mechanism behind the effect is mostly a
matter of speculation. A possible explanation is that the
induced voltages temporarily contribute to transmembrane
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Fig. 3. A comparison of the control group (left) and the trough (ZT 0) stimulation group
(right). A dot indicates the phase of the second minimum on the ZT scale. Stimulation
occurs at the first minimum (cf. Fig. 2, at Day 1/2). The figure on the left represents the
results for the control group. Without stimulation, we have r=0.87 for the degree of
synchronization. With stimulation, we have r=0.67. So the stimulation desynchronizes the
circadian rhythms and leads to a wider distribution of phases. The phase difference
between the two black arrows, furthermore, indicates that stimulation extends the circadian

period by 2.47 h (standard deviation 0.38, P < 0.001; Student’s t test, n=15).

voltages at the postsynaptic end of synaptic junctions, that
these altered transmembrane voltages affect the prob-
ability of the occurrence of action potentials, and that
longer-term effects next ensue. It is also possible that
changes in PER2 expression resulted from an elevation in
intracellular calcium in response to low-intensity MS
[Grehl et al., 2015].

An oscillation invariably sets up a challenge to a
physicist. The problem is to find the underlying
dynamics, i.e., the mathematical how and why behind
the period and amplitude. Endogenously generated
oscillations in biological systems are generally more
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complicated than simple, linear, harmonic oscillators.
They commonly appear to be limit cycle oscillations
[Glass and Mackey, 1998]. Nature's choice for limit
cycle oscillations is a sensible one. Limit cycles are
robust, i.e., they persist with roughly the same amplitude
and period in the presence of noise or small perturba-
tions. Information about the underlying dynamics behind
a limit-cycle oscillation can oftentimes be obtained by
applying a pulse-like perturbation and observing how the
system next relaxes back to the regular cycle.

This idea was first applied already 150 years
ago when it was investigated how the respiratory

Peak Stimulation: CT12
00:00

/ \ 06:00

12:00

Fig. 4. A comparison of the control group (left) and the peak (ZT 12) stimulation group
(right). A dot indicates the phase of the second maximum on the ZT scale (at around Day
2). Stimulation occurs at the maximum on Day 1 in Fig. 2. The figure on the left represents
the results for the control group. Without stimulation, we have r=0.80 for the degree of
synchronization. With stimulation, we have r=0.95. So the stimulation synchronizes
circadian rhythms and leads to a narrower distribution of phases. The phase difference
between the two black arrows, furthermore, indicates that stimulation shortens the circadian
period by 1.46 h (standard deviation 0.22, P < 0.001; Student’s t test, n=15).
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Fig. 5. The average photon count of three subsequent peaks. For each of the three bars,
the average of all 15 slices in the group was taken. For the unstimulated control group and
the ZT 0 group (trough stimulation), the first of the three pertinent peaks was the one at
around 1 day. For the ZT 12 group (peak stimulation), the first of the three peaks over which
the average was taken was the peak at around 2 days (cf. Fig. 2). The average photon
count and the standard deviation are: 15,163 (+1493) for the control group, 19,578 (+1,523)
for the ZT 12 group, and 12,903 (+983) for the ZT 0 group. What can already be inferred
from Figure 2 is made more rigorous and quantitative in this figure: trough stimulation leads
to stronger damping of the periodic signal and peak stimulation reduces the damping.

cycle reacted to sudden lung inflation [Breuer, 1868].
The outcome is not hard to understand. When applied
during inhalation, the inflationary pulse shortens the
period of the cycle. When applied during exhalation,
the inflationary pulse extends the period of the cycle.
Similar results ensued when mastication, locomotion,
and Parkinsonian tremors were researched with this
approach [Glass and Mackey, 1998]. It has been
persistently found that the phase of the oscillation at
the moment that the pulse is applied is crucial and
determines whether a period is shortened or ex-
tended.

It is therefore not surprising when we find that
the effect of MS on amplitude and period depends on
whether the MS is applied during a maximum or a
minimum. What is perhaps surprising and unusual is
that the effect of the MS extends to beyond the period
during which it was applied (cf. Fig. 2). In this sense,
the MS of the SCN appears to resemble the resetting
of the cardiac cycle by defibrillation or cardio-
version.

The results obtained for MS applied at a PER2-
expression maximum are of particular interest and
may be of clinical significance. These results suggest
that it may be possible to use a short application of
TMS to restore to normality an SCN that produces
weak signals. Such restoration could conceivably help
patients with compromised circadian rhythms.

Our findings are consistent with what other
researchers have found with a variety of methods.

The modulation of cortical excitability can be studied
by examining to what extent the cortical neurons
synchronize their firing under different circum-
stances [Vyazovskiy et al., 2009]. A circadian
dependency of neuronal excitability and synaptic
functionality in the cortex has been established
[Frank and Cantera, 2014]. Altered cortical excit-
ability is associated with epilepsy [Kimiskidis et al.,
2015], stroke [Huynh et al., 2016], depression [Bunse
et al., 2014; Canali et al., 2014], and insomnia [van
der Werf et al., 2010]. The circadian phase plays a
critical role in modulating neuronal excitation and
inhibition by potentially changing synaptic structure
in humans [Frank, 2012].

In humans, TMS has been used to perturb non-
REM sleep patterns. TMS exposure can also trigger
endogenous slow oscillation and enhance sleep slow-
wave activity [Massimini et al., 2007]. TMS applica-
tion leads to a larger increase in spindle activity when
administered during the depolarization phase (neurons
silent) as compared to the hyperpolarization phase
(neurons active) of the endogenous slow oscillation
[Bergmann et al., 2012]. To what extent the cortical
excitability is affected by TMS depends strongly on
the circadian phase at the time of administration
[Ly et al., 2016]. All these findings demonstrate that
an appropriately timed MS can potentially restore
abnormal cortical activity.

The coils in clinical TMS generally produce
fields of about 1T and pulses that last about a
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millisecond [Rossini et al., 2015]. Such powerful
coils are necessary because the targeted region
inside the brain may be up to 5 cm away from the
coils where the field is much weaker. It is through
numerical simulation that estimates can be ob-
tained of electromagnetic field strengths inside the
brain during the application of TMS to a patient.
Extensive simulations involving a model of a
human head in silico have shown that the magnetic
field at a target area 5cm away from the coil is
about 10% of the field at the coil [Lu and Ueno,
2017]. The latter reference used a frequency of
about 2.5 kHz, i.e., a period of 400 us. If we let the
magnetic field change from —100 to 100 mT in the
course of half a period, then we derive a rate of
change of the magnetic field of dB/dt~ 1,000 T/s.
As was mentioned before, the induced electric
voltage is proportional to the rate of change of the
magnetic field and to geometrical factors. The
1,000 T/s is comparable to what was applied to
the slices in our experiments. As magnetic fields
cannot be sharply focused, it is impossible with
TMS to target a well-defined signal at just a
specific part of the human brain. The methods used
to assess TMS effects in humans have traditionally
involved analysis of EEG recordings or the
interpretation of MRI or PET images [Siebner
et al., 2009; Rossini et al., 2015]. We used SCN
slices, custom MS techniques, genetically aug-
mented mice, and advanced imaging tools. We thus
achieved specificity and provided anatomic and
physiological detail on the effect of MS on cortical
activity.

Ultimately, our work could be instrumental in
coming to a better understanding of the relation
between perturbed environmental interactions and
internal oscillatory pattern changes. Studies to
understand perturbed states of cognition have
mainly focused on how psychiatric disorders lead
to a perturbed circadian rhythm [Bunse et al., 2014;
Canali et al., 2014]. Implicit in these studies is the
assumption that the psychiatric condition leads to a
malfunctioning of the circadian clockwork. How-
ever, given the fact that tissues and organs receive
their timing cues from the SCN, it is possible that an
endogenous loss of phase coherence underlies the
observed psychiatric disorders. By the time per-
turbed phase coherence becomes apparent in daily
actions, it has propagated through many networks.
TMS could help researchers in understanding the
role of the SCN in neurological disorders, and it
could possibly play a role in preventing or
remedying such disorders.
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