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Cortical oscillations within or across brain regions play fundamental
roles in sensory, motor, and memory functions. It can be altered by
neuromodulations such as repetitive transcranial magnetic stimulation
(rTMS) and pharmacological manipulations such as ketamine. However, the
neurobiological basis of the effects of rTMS and ketamine, as well as their
interactions, on cortical oscillations is not understood. In this study, we
developed and applied a rodent model that enabled simultaneous rTMS
treatment, pharmacological manipulations, and invasive electrophysiological
recordings, which is difficult in humans. Specifically, a miniaturized C-shaped
coil was designed and fabricated to deliver focal subthreshold rTMS above
the primary somatosensory (S1) and motor (M1) cortex in rats. Multi-electrode
arrays (MEA) were implanted to record local field potentials (LFPs) and
single unit activities. A novel form of synchronized activities, poly population
spikes (PPS), was discovered as the biomarker of ketamine in LFPs. Brief
subthreshold rTMS effectively and reversibly suppressed PPS while increasing
the firing rates of single unit activities. These results suggest that ketamine
and rTMS have convergent but opposing effects on cortical oscillations
and circuits. This highly robust phenomenon has important implications to
understanding the neurobiological mechanisms of rTMS and ketamine as well
as developing new therapeutic strategies involving both neuromodulation and
pharmacological agents.
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Introduction

Cortical oscillations within or across multiple brain regions
play fundamental roles in sensory (Engel and Singer, 2001;
Fries et al., 2001; Buzsaki and Draguhn, 2004), motor (Farmer,
1998; Davis et al.,, 2012; van Wijk et al,, 2012), and memory
functions (Lisman, 2010; Nyhus and Curran, 2010). Prominent
rhythmic oscillations have been classically divided into delta
(1-4 Hz), theta (4-8 HZ), alpha (8-12 Hz), beta (12—
35 Hz), and gamma (35-100 Hz) bands. Since endogenous
cortical oscillations are often disrupted in neurological and
neuropsychiatric conditions, they are often used as biomarkers
in diagnosis and treatment of these diseases (Popovych and Tass,
2014; Rabiller et al., 2015).

Cortical oscillations can be altered by neuromodulation
and pharmacological manipulations. For example, in repetitive
transcranial magnetic stimulation (rTMS), a non-invasive
neuromodulation procedure, an external TMS coil is used to
induce a changing electromagnetic field to activate or inhibit
the nervous system (Barker, 1991; Hallett, 2007). Although
the underlying mechanisms remains largely unknown, it
has been reported that rTMS can effectively modulate
cortical oscillations in different frequency bands with different
stimulation parameters (Paus et al., 2001; Ding et al., 2014;
Zmeykina et al., 2020; Yang et al., 2021). Ketamine, a medication
originally used for anesthesia and analgesia (McCarthy et al,,
1965; Meyer and Fish, 2008; Mazzefhi et al., 2015; Vadivelu
et al,, 2016), has drawn much attention recently for its use as
an antidepressant and a psychedelic agent (Krystal et al., 1994,
2019; Steeds et al., 2015; Andrade, 2017; Ballard and Zarate,
2020). It has been shown that ketamine decreases powers of
neural oscillations in low frequency (delta, theta, and alpha)
bands while increasing power in high frequency (gamma) band
at both anesthetic and subanesthetic doses (Hong et al., 2010;
Chauvette et al., 2011).

Due to their overlapping effects, rTMS and subanesthetic
ketamine have been combined to treat neuropsychiatric
disorders in humans and shown synergetic effects (Best and
Griffin, 2015; Pradhan and Rossi, 2020; Davila et al., 2021).
However, the interaction of rTMS and anesthetic ketamine on
cortical activities including cortical oscillations and neuronal
spike firing has not been explored yet. To understand the
neurobiological basis of the effects of rTMS and ketamine
as well as their interactions on cortical oscillations, in this
study, we developed and applied a rodent model that enabled
simultaneous rTMS treatment, pharmacological manipulations,
and invasive electrophysiological recordings, which is difficult
or impossible in human studies.

Specifically, a miniaturized TMS coil was designed,
fabricated, and characterized for rodent brain stimulation.
This coil can deliver focal subthreshold TMS to the primary
somatosensory (S1) and motor (M1) cortex in rats. Multi-
electrode arrays (MEA) were also implanted in the S1 and
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M1 to record both local field potentials (LFPs) and single
unit activities. Using this rodent model, we discovered a
novel form of synchronized activities, i.e., poly population
spikes (PPS), as the biomarker of ketamine in LFPs. Such
activities could be highly reliably induced by ketamine.
More intriguingly, we found that brief (3-min duration)
subthreshold rTMS can effectively and reversibly suppress PPS
while increasing the firing rates of spontaneous single unit
activities. These results demonstrated that ketamine and rTMS
have convergent but opposing effects on cortical oscillations
and circuits. This highly robust phenomenon may have
important implications to understanding the neurobiological
mechanisms of rTMS and ketamine as well as developing new
therapeutic strategies involving both neuromodulation and
pharmacological agents.

Materials and methods

Miniaturized TMS coil

As previously described (Jiang et al., 2021), a miniaturized
TMS coil (5 mm outer diameter) was built with a C-shaped iron
powder core (Figure 1). Insulated copper wires were wound
(30 turns) around the core and evenly distributed over its
circumference. The coil was coated with a layer of silicone
(422C, MG Chemicals, Canada) for extra insulation. Like a
conventional figure-eight coil, the C-shaped coil generates a
strong, focal electric field in the middle that is induced by
opposing electrical currents from both ends of the coil. The
core material (Micrometals, Anaheim CA, USA) composed
of insulated iron powder provides high permeability and
high saturation flux density, inducing a stronger electric
field.

A customized MATLAB script was utilized to create
the stimulation pattern, which was input into an Arbitrary
Waveform Generator (Agilent 33500B Series, Santa Rosa CA,
USA) to control the stimulation parameters. The custom
waveform is a Gaussian pulse with a peak amplitude at 7.5 V
and standard deviation at 30 s. A capacitor array was used to
generate the current pulses in the coil.

Magnetic field measurement

A two-loop search coil with a diameter of 2.3 mm was
used to measure the varying magnetic flux (Meng et al,
2018). The search coil was positioned at different coordinates
above the TMS coil (Figure 1A). The signal was amplified
via a Model 1,700 differential AC amplifier (A-M systems,
Sequim WA, USA) with a gain of 100. The induced voltages
were measured with a Digidata 1322A recording equipment
(Molecular Devices, Sunnyvale CA, USA). Based on the
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Characterization of the miniaturized C-shaped coil. (A) Measure magnetic field via a two-loop search coil. (B) Measure induced electric field via

a dipole probe in saline.

Faraday’s law of induction, the induced voltage V is given
by

des

V = —-N
dt

Where N is the number of turns and ¢ is the magnetic flux
through the search coil. Assuming that the induced magnetic
field remains homogenous over the loop, the magnetic field B
in different directions can be estimated as

1 1
Bx=—m/vx'dt,By = —m/Vydt,Bz

1
= —— [ V,-dt
ern/ ‘

where Vy, V), and V, represent the induced voltages measured
along x, y, and z directions, respectively; r is the radius of
the search coil.

Electric field measurement

In order to reduce the electromagnetic interference during
the electric field measurement, a dipole probe was fabricated by
twisting two insulated copper wires (Tofts and Branston, 1991;
Mueller et al., 2014). It has a 3-mm separation at the exposed
ends. Saline solution (0.9% NaCl) was filled in a 1,000 mL glass
container. The TMS coil was put underneath the container.
During stimulation, the dipole probe was positioned at different
coordinates in saline (Figure 1B). The signal was amplified
1,000 times by a DAM50 differential amplifier (World Precision
instruments, Sarasota FL, USA); and it was measured with
the Digidata equipment mentioned as above. Considering the
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linearity of the electric field between two closely spaced points
(Tofts and Branston, 1991), the electric field in each direction
can be approximated as

AV

Ex= ——,E, = ——,E, =
* Ax’ ry'F Az

AV

where Ey, Ey, and E; are induced electric fields in each direction;
AV is the amplitude of the first peak of recorded waveforms; Ax,
Ay, and Az are the known distances (3 mm).

Pharmacological manipulations and
electrophysiological recording

All animal experiments were conducted following protocols
approved by the Institutional Animal Care and Use Committee
of the University of Southern California. Sprague-Dawley rats
(n = 11, female, 220-250 g, 11-12 weeks) were used in this
study. Animals underwent a rapid inhaled induction with 4%
isoflurane, followed by an intraperitoneal injection of ketamine
(75 mg/kg) and xylazine (10 mg/kg) mixture. Additional doses
of ketamine (36 mg/kg) were injected intraperitoneally to
maintain a constant anesthesia level, which was evaluated via
the hindlimb pedal withdrawal reflex and breathing rate. Body
temperature was maintained with a feedback-controlled heating
pad. Rats were mounted on a stereotaxic frame via ear bars and
a nose cone in a Faraday cage. A right-sided craniotomy was
conducted to expose the S1 and M1. Dura mater was removed.
A 64-channal silicone probe (Neuronexus A8 x 8-Edge-5 mm-
50-150-177, Ann Arbor MI, USA) was implanted in layer 5
of the M1 or layer 4-5 of the S1 using a micromanipulator
(Figure 2). The probe was parallel to the sagittal suture (midline)
of the skull. The stereotaxic coordinates of the implantation sites
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FIGURE 2

Simultaneous rTMS and intracranial electrophysiological recording in rat sensorimotor cortex. (A) TMS coil was positioned above the skull and
parallel to the midline with an incidence angle of 15°. A 64-channel silicon probe was implanted to the primary somatosensory (S1) or motor
cortex (M1). (B) Locations of silicon probes were verified in brain slices with cresyl violet (Nissl) staining. Probe tracks were identified at layer 4-5

of the S1 (left) or layer 5 of the M1 (right).

relative to the bregma are shown in Table 1. Two small holes
were drilled on the occipital bone to place the ground wire and
the reference wire.

The TMS coil was parallel to the midline and tilted at 15°
to ensure that its center point was right above the electrode
position (Figure 2). The coil was placed above the skull with
a distance of ~1 mm. Two courses of 3-min, 10 Hz rTMS
(~1,800 pulses) were delivered to the SI1 or M1 with a 15-min
interval. LFPs and spontaneous unitary (spiking) activities were
monitored before and after each course of rTMS in all animals.
Five minutes of recordings prior to each stimulation was used
as baseline. To keep the consistency of electrophysiological
recordings, the experiment was restricted to a 45-min window
when the animal was under a stable anesthesia depth. Wideband
signals were acquired with an OmniPlex Neural Recording Data

TABLE 1 Targeted cortex, corresponding stereotaxic coordinates of
the first shank, and unit yields of animal used in this study.

Animal ID Cortex  Stereotaxic coordinates  Unit yield
AP ML Depth
Rat01 S1 0.00 3.80 -2.00 46
Rat02 S1 0.00 380 259 29
Rat03 S1 0.00 380 212 21
Rat04 S1 0.00 380  -2.05 34
Rat05 S1 0.00 380  -230 33
Rat06 Ml 2.40 300 -2.00 28
Rat07 Ml 2.40 300 210 19
Rat08 Ml 240 3.00 214 44
Rat09 M1 2.40 3.00 -249 31
Rat10 M1 240 3.00 -211 27
Ratll S1 0.00 380 210 -

S1, primary somatosensory cortex; M1, primary motor cortex; AP, anterior-posterior;
ML, medial-lateral. Unitary activity was not recorded in Rat11.
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Acquisition System (Plexon, Dallas TX, USA) at a 40 kHz
sampling rate.

Spike sorting was performed with a Plexon offline sorter.
Only units with a clear refractory period, an above 50 wV
peak-to-peak amplitude, and a consistent waveform shape were
included in the analysis. Frequency and time-frequency analysis
was performed with a custom MATLAB script. The data was
first lowpass filtered and downsampled to 1,000 Hz. To visualize
the frequency characteristics across the continuous recording,
the Welch’s method was used to compute the power spectral
density (power spectrum). Time-frequency data was visualized
via the short-time fast Fourier transform (FFT) using a Hann
window of 1 s with 75% overlap. The resulting output was a
spectrogram with a temporal resolution of 0.25 s and a frequency
resolution of 1 Hz.

A single silicon probe was utilized throughout the study.
The electrode impedance was re-measured in vitro via a NanoZ
impedance tester (White Matter, Seattle WA, USA) after the
experiment. All functional electrodes remained at an impedance
of about 0.5 MQ at 1 kHz. The seventh shank (Site49-57) of
the probe was broken in the recordings of Rat04 to Ratll.
Signals recorded from those unfunctional channels were not
included in analysis. Recordings in Rat03 were 5-min shorter
than recordings in other animals.

After the experiment, animals were perfused transcardially
with 10% formalin. The rat brain was extracted from the skull,
dehydrated in 18% sucrose, stored at 4°C, and then sliced into
50-pum-thick coronal brain slices with a Cryostat (Leica, Buffalo
Grove IL, USA). To verify recording locations, brain slices were
stained with cresyl violet and photographed under a microscope
(Leica, Buffalo Grove IL, USA).

Statistical analysis

All data are presented as the mean =+ standard error of the
mean (SEM). A two-tailed ¢-test was performed to compare the
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normalized power of LFP bands for each minute after rTMS
to the 5-min pre-rTMS baseline (significance level: a = 0.05).
A two-tailed ¢-test was performed to compare the normalized
PPS features for each minute after rTMS to the 5-min pre-
r'TMS baseline (significance level: a = 0.05). A paired ¢-test was
conducted to compare the pre-rTMS and post-rTMS neuronal
firing rates (significance level: o = 0.01).

Results

TMS coil characterization

Before animal experiments, we first characterized the TMS
coil on the benchtop and in saline. Input pulse to the coil
had a Gaussian waveform that was generated with an Arbitrary
Waveform Generator (Agilent 33500B Series, Santa Rosa CA,
USA). It had a maximum strength at 7.5 V and standard
deviation at 30 ps (Figure 3A). At 100% stimulator output, the
coil current showed a peak amplitude at 142 A measured across
a 0.05 Q resistor (Figure 3A). The transient current induced a
biphasic voltage waveform in saline (Figure 3A).

The magnetic field was measured in a 3D space above
the coil surface in the air via a search coil (Figure 1A). It
had a resolution of 2 mm along each direction. Figure 3B
shows the measured strength of the x-, y-, and z-components
of magnetic field, respectively. The maximum strength of
x-component was measured at the center of the coil. Another
two peaks were detected on the two sides of the coil with an
opposite polarity. The minimum strength of y-component was
detected near the center point, while maximum strengths were
measured in the four quadrants. These peaks showed opposite
polarity at the adjacent quadrants but same polarity at the
diagonal quadrants. The results indicated that z-direction was
the dominant component of the magnetic field near the coil
surface. At z = 0 mm, the strongest strengths were detected at
two ends of the coil. The north pole had a peak amplitude at 406
mT, while the south pole had a peak amplitude at -473 mT. The
slight difference between two poles was caused by the uneven
surface of the hand-made magnetic core.

To further characterize the coil, we measured the electric
field induced in the horizontal (x-y) plane via a dipole probe
(Figure 1B). Since the thickness of the glass is ~3.5 mm, the
dipole probe was positioned 4 mm away from the coil surface.
The electric field measurements had a resolution of 1 mm along
each direction. Figure 3C illustrates the x- and y-components
of electric field induced in the horizontal plane. The minimum
strength of x-component was detected near the center point,
while maximum strengths were captured in the four quadrants.
Similar to the y-component of magnetic field, those peaks
showed opposite polarity at the adjacent quadrants but same
polarity at the diagonal quadrants. The maximum strength of
y-component was about 52 V/m in the middle, where the
x-component was almost zero. It was due to the opposite
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currents at both ends of the coil reinforcing the y-component
and counterbalancing the x-component of electric field at the
center.

The overall magnetic and electric fields in the horizontal
plane were depicted in vector plots (Figures 3B,C). The length
of the arrow denotes the field strength, while the direction of the
arrow indicates the direction of the field. An electric field with
ring shapes was induced in the horizontal plane (Figure 3C).
Along the z-direction, the induced electric field was measured
at various depths. Results showed that the field strength rapidly
decreased within 10 mm (Figure 3C).

Ketamine induces poly population
spikes in addition to slow-wave
activities

Using the MEA, we monitored electrophysiological activities
from the S1 and M1 in vivo in rats (Figure 2). Neural
activities recorded after anesthetic dosing of ketamine are
divided into three phases (Figure 4). The first phase started
right after MEA implantation, which happened approximately
40 min after the first ketamine/xylazine administration. This
phase was close to the recovery from anesthesia. It showed
low-amplitude activities in the LFP and continuous neuronal
firing (Figures 4Aa,Ba). When the animal had a positive
pedal withdrawal reflex, the first additional dose of ketamine
was administered, which initiated the second phase. Slow-
wave activities (SWA) were rapidly induced by ketamine,
which was evident by the increasing amplitude of LFP and
the periodic patterns of spiking activity (Figures 4Ab,Bb).
This phenomenon was reported in several previous studies
(Chauvette et al., 2011; Fiath et al., 2016; Neske, 2016; Horvath
et al,, 2021). Two states alternated in SWA: up-states with
intensive neuronal spike firing and down-states with cessation
of neuronal spike firing. As the animal was still at a light
plane of anesthesia, the second additional dose of ketamine was
administered 10 min after the first additional dose to start the
third phase. After the second additional dose, the amplitude of
LFP further increased, and the neuronal spike firing became
highly rhythmic. Most interestingly, a novel LFP pattern was
observed: within a few minutes of the second additional dose,
a train of high-voltage (> 1 mV) population spikes, ie., PPS
started to appear. The PPS pattern was irregular at first. Ten
minutes after the second additional dose, while the animal was
under deep anesthesia without any reflexes, the PPS pattern
gradually became more regular until it reached a stable state,
characterized as a train of 10-20 population spikes with a
50-100 ms duration and a 3-5 Hz frequency lasting for 3-
5 s (Figures 4Ac,Bc, 5). The PPS then alternated with the
SWA (Figure 5A). Like neuronal spike firings during SWA
(up-states), the neuronal spike firing occurred during depth-
negative phases of PPS. This ketamine-induced PPS persisted
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FIGURE 3

Magnetoelectric fields induced by the TMS coil. (A) Input signal to the coil (left), coil current (middle), and induced biphasic voltage waveform
(right) measured on benchtop and in saline. (B) x-, y-, and z-components of the magnetic field measured with the search coil at maximum
intensity (z = 0). The total magnetic field in the horizontal (x-y) plane is depicted in the vector plot. (C) x- and y-components of the electric field
measured in saline with the dipole probe positioned 4 mm above the coil at maximum intensity. The total electric field in the horizontal plane is
depicted in the vector plot. x-, y-, and z-components of electric field at different distances (0—20 mm) were measured at the center of the coil.

for > 45 min across the cortex, and it was synchronous across
all recording channels.

Repetitive transcranial magnetic
stimulation suppresses
ketamine-induced poly population
spikes and changes the power of local
field potential bands

After PPS were induced, we further applied two courses
of rTMS (10 Hz, 3 min) to the cortices and monitored
electrophysiological activities continuously. Compared with the
baseline recording, rTMS effectively and reversibly suppressed
the ketamine-induced PPS after both courses of stimulation
(Figures 6A,B). In the first course of rTMS, no PPS were
observed after the end of rTMS until 219 + 16 s later in the S1
(n = 5) and 181 =+ 14 s later in the M1 (n = 5). In the second
course of rTMS, the PPS reappeared 153 & 10 s in the S1 (n =5)
and 85+13 s in the M1 (n = 5) after the end of rTMS.
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Quantitative analysis was conducted on power spectra of
LFPs with 1-min resolution (Figure 7A). LFP frequency was
classified into delta (1-4 Hz), theta (4-8 HZ), alpha (8-12 Hz),
beta (12-35 Hz), and gamma (35-100 Hz) bands in this analysis.
Mean power of each individual frequency band was computed
for each course of rTMS. Results showed that the first course
of rTMS significantly decreased the beta and gamma power of
the LFP in the SI, while there was an increase in all power
bands after ~5 min, compared to the baseline (Figure 7B). In
the second course of rTMS in the SI, there was a significant
suppression in theta, alpha, beta, and gamma band powers,
while there was an enhancement in the delta band power
(Figure 7B). Different from the first course of rTMS, the mean
power of each frequency band returned to the baseline level
~5 min after the second course of rTMS. In the M1, the mean
power of LFP had similar results to those observed in the S1.
r'TMS significantly decreased the theta, alpha, beta, and gamma
band powers in both courses of stimulation, while the delta band
power increased in the second course of rTMS (Figure 7C). The
effect of rTMS persisted for ~5 min in both courses. After that,
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FIGURE 4
Evolvement of sensorimotor cortical signals with ketamine injections. (A) Intracranial recording (S1, Ratl1) are divided into three phases by two
doses of ketamine. Representative data segments from the three phases are expanded to different timescales (a—c). a Low-amplitude activity
before the first additional dose of ketamine. b Slow-wave activity after the first additional dose of ketamine. ¢ Poly population spikes (PPS) after
the second additional dose of ketamine. These segments are further expanded and high pass filtered (250 Hz) to show the correlation between
different states of LFP and neuronal spike firing (fourth row). (B) Spectrograms of the signals shown in (A).

there was an increase in alpha, beta, and gamma band powers
after the first course of stimulation. However, the mean power of
each band returned to the baseline level after the second course
of stimulation. Those results indicated that rTMS modulated the
neural oscillations in different frequencies in both S1 and M1.
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To further assess whether the suppression of PPS by rTMS
alone could explain the changes in powers of frequency bands
caused by rTMS, three types of signals, i.e., pre-rTMS LFP
during PPS, pre-rTMS LFP without PPS, and post-rTMS LFP
without PPS, were separated from the data, and their power
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Alternation between slow-wave activities (SWA) and PPS as the signature pattern of ketamine. (A, top) Wideband signal showing SWA and PPS;
(A, bottom) spectrogram of the signal. The horizontal strips during PPS reflect the harmonics of the fundamental frequency of population spikes
within PPS. (B) Distributions of number of population spikes (PS) during PPS, PPS duration, frequency of PS during PPS, and PPS-PPS intervals.

spectra were compared (Figure 8). Pre-rTMS LFP during PPS
and pre-rTMS LFP without PPS signals were obtained from 5
min before rTMS. Post-rTMS LFP without PPS signals were
selected from the first minute after rTMS. Results showed that
there was little difference in power spectra of LFP without PPS
between pre-rTMS and post-rTMS signals (Figure 8, red and
yellow lines). LFP during PPS showed a decreased power in
delta band and increased powers in alpha, beta, and gamma
bands (Figure 8, blue lines). The first peak in the PPS power
spectrum, which was caused by the fundamental frequency (3-
4 Hz) of population spikes during the PPS, and the following
peaks caused by the harmonics of the fundamental frequency,
formed a signature “sawtooth” pattern of PPS in the power
spectrum. These results clearly indicated that the suppression of
PPS by rTMS caused the changes of LFP power.

Since PPS had a non-sinusoidal broadband waveform with
canonical oscillation that could not be sufficiently indicated
by different frequency bands in its power spectra (Cole and
Voytek, 2017), additional waveform-specific metrics such as
slope of individual population spike (PS) during PPS, amplitude
of PS during PPS, frequency of PS during PPS, number of PS
during PPS, PPS duration, and PPS-PPS intervals were used to
further quantify PPS features (Figure 9). The slope of PS was
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measured between the peak of PS and 10 ms before the peak; the
frequency of PS in PPS was defined as the mean frequency of
PS during a PPS. These metrics were further averaged for every
minute in each course of rTMS in both cortices. Results showed
that both slope (Figure 9A) and amplitude (Figure 9B) of PS
significantly increased several minutes following the recovery
of PPS after rTMS in the first course of rTMS (p < 0.05).
Interestingly, this increase happened ~5-10 min after rTMS
in the S1 but happened ~10-15 min after rTMS in the MI.
Such increase was not observed in the second course of rTMS.
This pattern (increase after the first course of rTMS but not
the second course of rTMS) was also observed in the frequency
bands of LFP (Figure 7). No significant changes were observed
in the second course of rTMS (p > 0.05) in the S1 except for
an increase of PS slope in the eighth minute after stimulation
(p = 0.0088, t = 4.7719). However, the slope and amplitude of
PS significantly decreased in the fifth and sixth minutes after the
second course of rTMS in the M1 (p < 0.05), which might be
caused by the gradual recovery of PPS. However, there was no
obvious changes during PPS recovery after the first course of
r'TMS in frequency of PS during PPS (Figure 9C), number of
PS during PPS (Figure 9D), PPS duration (Figure 9E), or PPS-
PPS interval (Figure 9F), which indicated that the suppressive
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effects of rTMS on PPS and its recovery were mainly on slope
and amplitude of individual PS.

Repetitive transcranial magnetic
stimulation increases spontaneous
neuronal spike firing rates

Lastly, we compared the single neuron-level activities
between pre- and post-rTMS. In total, 163 and 149 single
neurons were recorded in the S1 and M1 (n = 5), respectively
(Table 1). Figure 10 shows a representative example of 1-min-
long high pass filtered (250 Hz) unit activities immediately
before and after two courses of rTMS (Site63 in Rat06). Both
courses of rTMS consistently increased firing rates of neuronal
spikes in both S1 and M1 (Figure 11). Different levels of
modulation to the single unit activities were shown in each
neuron. Linear regressions were performed on mean firing rates
of all neurons and compared between pre-rTMS and post-
rTMS (Figure 12). Mean firing rates after stimulation were
significantly higher than those before stimulation (Figure 12,
paired t-test, A: p < 0.01, B: p < 0.01, n = 163; C: p < 0.01,
D: p < 0.01, n = 149). In both S1 and MI, mean firing rates
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peaked within 1 or 2 min after rTMS then gradually decayed to
a second baseline, which was lower than the first baseline, after
the first course of rTMS; while after the second course of rTMS,
mean firing rates decayed to the second baseline without further
decaying (Figures 12E,F). While both SI and MI neurons
showed multiplicative increases in mean firing rates in both
courses of rTMS, S1 neurons exhibited a more prominent
increase in mean firing rates compared to M1 neurons.

To evaluate the influence of PPS on the neuronal spike
firing rates, firing rates were calculated for pre-rTMS signal
during PPS, pre-rTMS signal without PPS, and post-rTMS
signal without PPS. In both courses of stimulation, post-rTMS
firing rates increased compared to pre-rTMS firing rates despite
the occurrence of PPS (Figure 13). Pre-rTMS firing rates during
PPS were higher than pre-rTMS firing rates without PPS in S1
neurons but not in M1 neurons.

Discussion

Most commercially available TMS coils are designed for
human subjects and thus have large geometric sizes that
cause high-intensity non-focal stimulation in small animals.
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In addition, those commercially available coils such as classic

figure-eight coils cannot be conveniently used in conjunction
with the standard MEA due to the limited space between

Frontiers in Neuroscience

the coil and the brain surface. We have designed, fabricated,

and characterized a miniaturized TMS coil for rodent studies.

The coil can generate a magnetic field strength (~400 mT)
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stronger than those of previously reported TMS coils with
similar dimensions (Rodger et al., 2012; Makowiecki et al., 2014;
Tang et al, 2016). In both human and animal experiments,
motor threshold is determined as the minimum electric field
intensity produced by the TMS coil that can result in predefined
motor evoked potentials in at least 5 of 10 consecutive trials
(Herbsman et al., 2009). The induced electric field generated
by our coil was measured to be greater than 3 V/m in a 5-by-
3 mm space (at 4 mm) in saline and much lower than the motor
threshold of 100 V/m measured in previous rodent TMS studies
(Salvador and Miranda, 2009; Boonzaier et al., 2020). However,
even at this subthreshold intensity, 10 Hz rTMS, one of the most
commonly used TMS protocols, has been shown to increase the
amplitude of motor evoked potentials in both humans and rats
(Maeda et al., 2000; Tang et al., 2016). To evaluate the reliability
and reproducibility of our findings, two courses of subthreshold
r'TMS at 10 Hz were focally delivered via the miniaturized TMS
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coil to modulate brain activities of the sensorimotor cortex in
rats.

The first finding of this study is that ketamine can
reliably induce a highly synchronized activities, i.e., PPS, in
sensorimotor cortices. To the best of our knowledge, this is
the first report of this type of activities in LFP induced by
ketamine. The other type of ketamine-induced activity, SWA,
is well documented in previous studies (Chauvette et al., 2011;
Fidth et al., 2016; Neske, 2016; Horvath et al., 2021). SWA
and PPS shows distinct waveforms and frequency-domain
characteristics: SWA is relatively sinusoidal with down-states
and up-states. PPS is non-sinusoidal and has highly stereotypical
waveforms that consist of multiple population spikes. We found
that under deep ketamine anesthesia, SWA, and PPS alternated
in a highly regular fashion. This phenomenon presented a
novel biomarker of ketamine’s effect on the sensorimotor cortex.
Furthermore, due to its high degree of repeatability (observed in
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Spontaneous unitary activities recorded pre- and post-rTMS. One-minute of high pass filtered (250 Hz) signals from the M1 before and after the
first (A) and second (B) course of rTMS. (C) Waveforms, PCA clusters, and spike autocorrelograms (£ 50 ms, bin size: 0.5 ms) of two units sorted

from this signal.

all animals), this ketamine-induced PPS can also be used as an
animal model for studying cortical oscillation and synchrony in
general.

The second finding of this study is that rTMS can effectively
and reversibly suppress the ketamine-induced PPS. rTMS
changed the power distribution of frequency bands in LFP: it
suppressed alpha, beta and gamma bands, while enhanced the
delta band, as a direct consequence of its strong suppressive
effects on PPS since PPS had high powers in alpha, beta and
gamma bands, and lower power in the delta band. After PPS
recovery, a “rebound effect” on LFP power was observed in the
first rTMS but not in the second rTMS. This “rebound effect”
was mainly due changes in slope and amplitude of individual
PS during PPS. These changes might be caused by the effect of
ketamine alone or the combined effects of rTMS and ketamine.
The first possible explanation is that such seeming rebound
effect was caused by the gradual increase of ketamine effect
alone: ketamine did not reach its full effect before the first
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rTMS. Therefore, after the suppressive effect of rTMS, ketamine
effect kept increasing and eventually reached its steady-state
maximum level before the second rTMS. Consequently, such
increase happened after the first rTMS but not the second
rTMS. If this was what happened, this “rebound effect” was
not a real rebound but essentially a summation of rTMS
suppression on top of the increase of ketamine effect in the
baseline. Previous studies showed that ketamine injection led
to dynamic changes in plasma ketamine concentration and
brain activities (Sato et al., 2004; Veilleux-Lemieux et al., 2013;
Li and Mashour, 2019; Nicol and Morton, 2020). The second
possible explanation is that the rebound effect was indeed
caused by rTMS; after the short-term suppressive effect of the
first rTMS, PPS not only recovered but also rebounded to a
higher level of baseline. Such rebound effect should also have
been saturated after the first rTMS and thus failed to happen
again after the second rTMS. Additional experiments on the
pharmacokinetic and pharmacodynamic properties of ketamine
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FIGURE 11
Changes of neuronal spike firing rates (bin size: 2 s) before and after each course of rTMS. (A) Firing rate histograms of all S1 neurons (n = 163).
(B) Mean firing rates of S1 neurons from each animal (n = 5). (C) Firing rate histograms of all M1 neurons (n = 149). (D) Mean firing rates of M1
neurons from each animal (n = 5).

and a deeper understanding to the rTMS effect are required to In addition, we found that SWA and PPS responded
address this question. Nonetheless, the immediate suppressive very differently to rTMS: rTMS could robustly abolish PPS,
effect of rTMS to PPS was robust in both courses of rTMS in whereas r'TMS had little effect on low frequency component
both cortices. of SWA. The underlying mechanism of SWA is relatively well
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understood. It is a synchronized cortical oscillation that involves
neurons in multiple brain regions including cortical layers and
thalamus (Fiath et al., 2016; Neske, 2016). Previous studies
have suggested that the firing of cortical layer 5 neurons and
thalamocortical neurons mainly contributes to the initiation
of the up-states; the NMDA receptors may be involved in
the persistence of the up-states; the facilitation of inhibitory
interneurons, depression of excitatory synapses, or activation
of calcium-dependent potassium conductance may result in the
termination of the up-states (Neske, 2016). By contrast, PPS
induced by high dose of ketamine is a new phenomenon that has
never been reported before. Therefore, its mechanisms remain
unclear. The distinct effects of rTMS on PPS and SWA suggested
that PPS and SWA might be caused by different neuronal and
neural network-level mechanisms and these mechanisms could
further be differentially modulated by rTMS. The suppression
of PPS indicated that rTMS and ketamine had a convergent
but opposing effect on synchronized activities in LFP. They
may affect the cortical dynamics with overlapping cellular
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and network-level mechanisms such as the glutamatergic and
GABAergic signal transmissions.

Glutamate and GABA are the dominant excitatory and
inhibitory neurotransmitters in the central nervous system.
Balance between glutamatergic excitation and GABAergic
inhibition is crucial for maintaining normal operations of
neuronal circuits (Lazarevic et al., 2013; Hampe et al.,, 2018).
It was hypothesized that the administration of ketamine at
the anesthetic level might lead to a disruption of GABAergic
and glutamatergic systems (Sleigh et al., 2014; Akeju et al,
2016). Blockage of NMDA receptors on interneurons by
ketamine reduces GABA signaling and disinhibits pyramidal
neurons (Seamans, 2008). Although the mechanism of the
ketamine-induced PPS remains unknown, given its similarity in
waveforms with interictal spikes, it is likely that the disinhibition
of the glutamatergic excitation and the disruption of the
GABAergic inhibition contribute to the occurrence of PPS
(Avoli et al., 2006; Staley and Dudek, 2006). It must be
noted that the effect of ketamine on glutamatergic signaling
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Comparison of neuronal spike firing rates between pre-rTMS signal during PPS, pre-rTMS signal without PPS, and post-rTMS signal without PPS.
(A) Firing rate histograms of S1 neurons (n = 46, bin size = 2 s) during the three types of signals. (B) Firing rate histograms of M1 neurons (n = 19,

PPS. Red: pre-rTMS without PPS vs. post-rTMS without PPS.

bin size = 2 s) during the three types of signals. (C,D) Scatter plots of firing rates of neurons. Blue: pre-rTMS during PPS vs. post-rTMS without

is dose-dependent. There is an excitatory effect caused by a
surge of glutamate following a subanesthetic dose of ketamine,
while inhibitory effects occur at an anesthetic dose (Moghaddam
et al,, 1997; Silberbauer et al., 2020). Interestingly, GABAergic
and glutamatergic systems are also potential targets of rTMS.
Previous studies have shown that 10 Hz rTMS increases the
GABA level in depression patients (Dubin et al.,, 2016). This
increase of GABA may explain the suppression effect of rTMS
on the PPS observed in this study. Further experimental and
modeling studies are required to fully elucidate the complex
interactions of ketamine and rTMS on the cortical oscillations
and circuits.

The third finding of this study is that rTMS can
significantly increase the firing rates of single neurons in
the sensorimotor cortices. The firing rates of neuronal spikes
largely increased when there was no PPS, e.g., immediately
after rTMS, compared with the pre-rTMS firing rates either
during or without PPS. These results suggest that there
might be multiple mechanisms contributing to the changes
of firing rates caused by rTMS. Indeed, it was also reported
that 10 Hz rTMS reduced the GABAergic synaptic strength
(Lenz et al,, 2016) and increased the glutamatergic synaptic
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strength (Vlachos et al,, 2012; Lenz et al., 2015) in mouse slice
cultures. One plausible hypothesis is that the modification of
synaptic plasticity caused by rTMS accounts for the increase
of spontaneous spiking activities we report in this manuscript.
It is worth noting that there is a strong correlation between
changes in firing rates and changes in LFP after the first and
the second rTMS. It is highly likely that the rebound effects
observed in firing rate and LFP power share some common
mechanisms, either due to the effect of ketamine along or
the combined effects of rTMS and ketamine described above.
However, it is unlikely that the changes in firing rate are directly
caused by the changes of PPS, since there is no significant
difference in firing rates during PPS or periods without PPS
(Figure 13). Despite the unknown mechanisms, there seem to
be a strong negative correlation between occurrence of PPS,
a high-frequency oscillation presumably caused by abnormally
synchronized spiking activities, and firing rate of asynchronized
spike activities, which presumably underlay normal information
processing and brain functions. Our results show that ketamine
tends to push cortical circuits to the abnormal synchronized
state while rTMS on the other hand is highly effective in
restoring cortical circuits to the normal asynchronized state.
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This opposing effect of ketamine and rTMS on cortical
oscillation may have important implications to understanding
the underlying mechanisms of ketamine and rTMS.

Neocortical areas utilize similar types of neurons and
circuit organizations to achieve different functions (Harris
and Shepherd, 2015). S1 is responsible for processing somatic
sensations; M1 controls voluntary movements. In this study,
rTMS showed similar but variable effects on the S1 and MI:
r'TMS suppressed PPS for a longer period of time and caused a
larger increase of neuronal spike firing rates in the S1 than in the
M1. Previous studies have shown that long-term potentiation
(LTP) can be more reliably induced by electrical stimulation in
the S1 than in the M1 (Castro-Alamancos et al., 1995). Although
the rTMS effects showed in this study were much shorter than
LTP (minutes vs. hours), it is possible that the two phenomena
(stronger responses in the S1 than M1) were caused by similar
mechanisms underlying synaptic plasticity.

In this study, the effects of subthreshold rTMS and
ketamine on cortical activities were investigated in rats deeply
anesthetized with ketamine. The main discovery was that
ketamine and rTMS had converging effects on sensorimotor
cortical oscillations, and such effects were indicated by the
robust induction of PPS by high-dose ketamine and effective
abolishment of such PPS by rTMS. It is worth noting that
the anesthetic dose of ketamine administered in this study
(75 mg/kg) is much higher than the subanesthetic dose used in
treating depression and inducing psychedelic effects in humans
(0.1-0.75 mg/kg infused intravenously over 40 min) even
considering the dose conversion between rat and human (divide
by 6.2) (Krystal et al., 1994, 2019; Nair and Jacob, 2016; Andrade,
2017; Ballard and Zarate, 2020). Since the effects of rTMS are
inherently state-dependent (Silvanto and Pascual-Leone, 2008),
rTMS may produce different after-effects under different doses
of ketamine or different anesthesia regimens. Although the
discovery of this study could not be directly used to explain
the combined therapy of rTMS and subanesthetic ketamine in
human studies, it provided a platform for studying the chemical
and electromagnetic interactions on cortical circuits at single
neuron and neuronal population resolutions. In addition, the
alternation of SWA and PPS induced by ketamine observed
in this study could be used as a novel biomarker to monitor
and characterize the anesthesia state. This phenomenon might
provide new insights into the anesthetic action of ketamine on
brain activities.

In future studies, we will further investigate the effect of
ketamine with different doses and the effect of rTMS with
different stimulation parameters in both anesthetized animals
and behaving animals performing cognitive tasks. Such studies
will deepen our understanding to the underlying mechanism
of effects of ketamine and rTMS, as well as their interactions,
and may have important implications to the development of a
combined chemical and electromagnetic therapeutic strategy for
treating neurological and neuropsychiatric disorders.
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