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Abstract

Repetitive transcranial magnetic stimulation (rTMS) is a noninvasive method that has been used to treat
various brain disorders. The modulatory effects of rTMS can be adjusted by changing the repetition
patterns. Theta-burst magnetic stimulation (TBS) is a magnetic stimulation pattern that can induce
long-lasting modulatory effects with a short stimulation period. However, its effects on auditory brain
regions remain unclear because of a lack of animal studies in which invasive techniques allow for a
detailed exploration of the underlying neural mechanisms. In the current study, we investigated the effects
of TBS on the C57BL/6J mouse auditory cortex using a custom-built 7 mm magnetic stimulation coil.
Extracellular recordings were made before, during, and after the application of intermittent TBS (iTBS),
continuous TBS (cTBS), or sham stimulation. Local field potential amplitudes were increased for 5–
20 min post-iTBS compared with the sham condition and were decreased at 10 min post-cTBS compared
with the sham condition. The bidirectional modulatory effects observed in our study are consistent with
previous findings from other brain regions. Additionally, multiunit activities were significantly altered in
cortical layers 2/3 and 4 but not layer 5, indicating that themodulatory effects were localized to the surface
region of the auditory cortex. Interestingly, in the iTBS group, the amplitude of average spike waveforms
increasedwith a 15 min delay. Our findings provide physiological evidence of TBSmodulation of the rodent
auditory cortex and may guide future research seeking to optimize rTMS for modulating hearing abilities.
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Significance Statement

Theta-burst magnetic stimulation (TBS) shows promise for inducing long-lasting neural modulation
with short stimulation duration. However, the majority of findings come from studies targeting the
motor cortex, and our understanding of its effects in sensory cortical regions remains relatively limited.
Additionally, many rodent studies have used human-specific coils that stimulate the entire rodent brain,
thus complicating the identification of brain regions responsible for modulatory effects. Here, using a
specially constructed millimeter-sized coil, we applied localized TBS to the mouse auditory cortex and
successfully induced a bidirectional modulatory effect. Given the limited number of studies assessing
the effects of TBS in the mouse auditory cortex, our findings provide valuable methodological insights
as well as physiological evidence of TBS-induced auditory modulation.

Introduction
Repetitive transcranial magnetic stimulation (rTMS) is a noninvasive brain stimulation

technique that uses coils to modulate neural activity. It is approved by theContinued on next page.

Received Dec. 18, 2024; revised March
21, 2025; accepted April 8, 2025.

The authors declare no competing
financial interests.

Author contributions: T.Y. and T.T.
designed research; T.Y. and T.T.
performed research; T.Y. contributed
unpublished reagents/analytic tools;
T.Y. analyzed data; T.Y. and T.T. wrote
the paper.

We thank Ryo Furukawa for his
insightful and valuable advice. T.T. was
supported by the Suzuken Memorial
Foundation, the Nakatani Foundation
for Advancement of Measuring
Technologies in Biomedical
Engineering (Nakatani Foundation),
and Grants-in-Aid for Exploratory
Research (Grant Number 21K19755)
and for Scientific Research (B) (Grant
Number 23H03416). T.Y. was
supported by the Hokkaido
University—Hitachi Collaborative
Support Program and the Japan
Society for the Promotion of Science
(JSPS) KAKENHI (Grant Number
24KJ0305).

Research Article: New Research
Sensory and Motor Systems

May 2025, 12(5). DOI: https://doi.org/10.1523/ENEURO.0577-24.2025. 1 of 20

https://orcid.org/0009-0001-3659-5865
https://orcid.org/0000-0001-9429-9880
https://doi.org/10.1523/ENEURO.0577-24.2025


United States Food and Drug Administration for treating disorders such as depression,
migraine, obsessive-compulsive disorder, and nicotine addiction (Scheper et al., 2022).
After three decades of research, it is now understood that the repetition pattern of
rTMS is a key determinant of its modulatory effect (Chervyakov et al., 2015; Bai et al.,
2022). rTMS applied at frequencies below 1 Hz is considered low-frequency rTMS, which
is known for its inhibitory effects on neural activity (Sebastianelli et al., 2017). In contrast,
rTMS with stimulation frequencies above 10 Hz is classified as high-frequency rTMS and
has facilitatory effects (Che et al., 2021). Theta-burst magnetic stimulation (TBS), first
reported by Huang et al. (2005), is a complex stimulation pattern in which triplet pulses
with a 20 ms interpulse interval (50 Hz), called “bursts,” are presented at an interburst
interval of 200 ms (5 Hz). Similar to low- and high-frequency rTMS, TBS can be used to
induce bidirectional modulatory effects by changing its patterns. Continuous application
of TBS is called continuous TBS (cTBS) and produces inhibitory effects (Huang et al.,
2005). The addition of 8 s intervals after each 2 s TBS train can change its modulatory
effect to a facilitatory effect and is called intermittent TBS (iTBS; Huang et al., 2005).
The notable advantage of TBS is its long-lasting effects with a short stimulation duration;
only 40 s of cTBS produces 60 min of inhibition, and 200 s of iTBS has facilitatory effects
on the brain for 20 min (Huang et al., 2005; Suppa et al., 2016). In clinical settings, how-
ever, TBS application is less common than high-frequency rTMS application because it
is a relatively new stimulation pattern that requires further evidence and adjustment.
To fully optimize TBS protocols, a bottom-up approach that enhances our understand-

ing of the underlying neuronal mechanisms is crucial. Rodent models offer valuable
insights because they allow for invasive experiments. The motor cortex is one of the
most common target regions because the resulting modulatory effects can be easily
examined usingmotor-evoked potentials (Klomjai et al., 2015; Jannati et al., 2023). In con-
trast, studies targeting sensory cortical regions, and especially the auditory cortex, are rel-
atively limited. Several studies have demonstrated the modulatory effects of rTMS in
auditory brain regions. For example, Mulders et al. (2016) applied low-intensity rTMS to
the auditory cortex of guinea pigs and observed reduced behavioral signs of tinnitus with-
out significantly altering spontaneous firing rates in the inferior colliculus. Later, Mulders
et al. (2019) reported that 1 and 10 Hz rTMS to the prefrontal cortexmodulates the auditory
thalamus, but observed no improvements in tinnitus. It was subsequently reported that
facilitatory stimulation patterns (20 Hz and iTBS) applied to the prefrontal cortex can suc-
cessfully modulate neural activity in the auditory thalamus and reduce tinnitus (Zimdahl
et al., 2021). To our knowledge, however, no studies have explored the modulatory effects
of TBS on the auditory cortex itself, nor have any used mouse models, which are com-
monly used and well established in research.
In the present study, we constructed a rodent-specific, millimeter-sized magnetic stim-

ulation (MS) coil and demonstrated modulation of the mouse auditory cortex using low-
intensity TBS. Using numerical simulations, we chose an input peak-to-peak voltage
that achieves our target electric field strength in layer 4 of the auditory cortex.
Electrophysiological activity in the auditory cortex was recorded before, during, and after
TBS. Given the limited number of studies reporting neural activity during TBS, we also
analyzed peak amplitude changes in MS-evoked potentials (MSEPs) obtained during
iTBS and cTBS. To assess the modulatory effects of TBS, neural activity before and after
TBS was compared among the iTBS, cTBS, and sham (0 V input to the coil) conditions.
Our coil successfully induced a bidirectional modulatory effect in whichMSEP peak ampli-
tudes increased for 20 min after iTBS and reduced for 10 min after cTBS. Multiunit activity
(MUA) analysis revealed that spike counts decreased for 20 min after cTBS delivery, and
spike waveform amplitudes were modulated with a 15 min delay after iTBS delivery. The
modulatory effects were observed in layers 2/3 and 4, but not in layer 5, indicating that the
localized modulatory effects resulted from the low-intensity TBS. These findings suggest
valuable information about the related methodologies and provide physiological evidence
of auditory cortex modulation in mice, which may guide future research aiming to optimize
TBS for treating hearing disorders, such as tinnitus.

Materials and Methods
Coil parameters. A millimeter-sized coil for magnetic stimulation (MS) was constructed

(Shonan Engineering Corporation). The solenoid coil was wound 635 times with
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0.16-mm-diameter polyurethane-coated copper wire around a resin bobbin (2 mm inner diameter × 7 mmouter diameter ×
10 mm height, Fig. 1A). A Permalloy 45metal rod (2 mm diameter × 12 mm long; The Nilaco Corporation) was inserted into
the bobbin hole to serve as the coil core. To prevent winding breakage, epoxy resin was applied to part of the coil.

Electromagnetic field simulation. Previous research using rat brains has revealed that modulation occurs in the motor
cortex when the induced electric field (E) from MS reaches 10 V/m (Tang et al., 2016b). Based on this finding, we set a
numerical target of E≥10 V/m and used numerical simulations to determine the peak-to-peak voltage (Vpp) required to
achieve this target.
To obtain a general estimate of the electric field and magnetic flux density generated in the brain by our coil, we used

COMSOLMultiphysics (Ver. 6.1, COMSOL), a general-purpose physics simulation software that is based on the finite ele-
ment method. The calculations were performed using the application server of a supercomputer system (PRIMERGY
CX400/CX2550, Fujitsu).
The coil model geometry was based on the dimensions of the constructed millimeter-sized coil. The coil model was

reproduced as a cylinder with an outer diameter of 7 mm, a height of 10 mm, and an inner diameter of 2 mm. It was uni-
formly wound 635 times by a wire with a diameter of 0.16 mm and a conductivity of 5.998× 107 S/m. The coil core was

Figure 1. Summary of the experimental methods.A, Constructedmillimeter-sized coil with a Permalloy 45 core.B, Stimulation patterns for iTBS and cTBS.
Each vertical line represents a single-pulse input to the coil. Ci, Placements of the coil and electrode. The electrode was inserted into the starting point of
response observed by FAI (Extended Data Fig. 1-1). Cii, Experimental system for simultaneous stimulation and neural data acquisition. D, Outline of the
modulatory experiment. The black bars show the duration of the 0.2 Hz repetitive magnetic stimulation (MS) delivered for MS-evoked activity
measurements.
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modeled as a cylinder with a diameter of 1.8 mm and a height of 12 mm. Materials were set to “copper” for the coil and
“nickel steel permalloy oriented” for the coil core. The permeability of the permalloy was set to 1.74 ×106.
The mouse brain geometry was adapted from the three-dimensional (3D) model on Thingiverse (https://www.

thingiverse.com/thing:3079327), which is based on the Scalable Brain Atlas (Bakker et al., 2015). The original model
had a very fine mesh, resulting in long computation times. The mesh was therefore simplified using the Remesh module
of Blender (Ver. 3.1.2, Blender Foundation), an open-source 3D computer graphics software. The Remesh settingswere as
follows: smooth mode, Octree depth of 4, and scale of 0.9. The surface was then smoothed using the subdivision surface
module with the Catmull–Clark method at Level 1.
The brainmodel imported into the software was rotated 45° along the rostral–caudal axis. The coil model was positioned

0.5 mm above the brain surface, with the end of the coil aligned with the auditory cortex location (9 mm caudal from the
rostral end) according to a brain atlas (Allen Institute for Brain Science, 2004). A cylinder representing air was created to
cover the coil and the entire brain model, and the “air” material properties were assigned from the material library. All
geometries were constructed using the “fine mesh” settings.
A physical model of electromagnetic field analysis (magnetic fields) within the AC/DC module was used. Calculations

were made within the frequency domain with a 100 kHz frequency to represent a 10 µs rise time. The input voltages
were swept in 5 V intervals from 5 to 25 V (Vpp = 10–50 V). Boundary conditions included a 0.05 mm gap between the
coil and the coil core to prevent errors from domain interference and a 1 mm layer of infinite element domain surrounding
the air domain to account for the shape influence on the calculation results. Additionally, the air was assigned a small con-
ductivity (1 × 10−7 S/m) to prevent the divergence of calculations. The material parameters used in the simulation are pro-
vided in Table 1.

Coil property measurements. A biphasic square waveform pulse was used for the voltage input applied to the coil. The
waveform was generated by a function generator (WF1947, NF Corporation) and amplified 10-fold using a high-speed
bipolar power supply (KIT61380, NF Corporation) before being applied to the coil.
Themagnetic flux density of the coil wasmeasured to compare the performance of the constructed coil with the simulation

results and previous research. Five Hall effect sensors (SS94A2D, Honeywell) were used to measure the magnetic flux den-
sity at Vpp=0–60 V of the input waveform. Each Hall effect sensor was positioned directly beneath the coil one at a time, with
a 0 mm distance between the sensor and the coil. Magnetic flux density measurements from five Hall effect sensors were
averaged to increase measurement reliability. Hall effect sensors were powered by a direct current power supply (PA36-2B,
TEXIO) providing 8 V of power. A magnetic flux density measurement system was constructed to synchronize the voltage
application to the coil with the timing of magnetic flux density measurements. A digital acquisition (DAQ) system
(USB-6343, National Instruments) and a custom-made program created in Python 3.11 were used to control the function
generator and to measure the voltage output from the Hall effect sensor. The measurements of the Hall effect sensors
were validated by comparing themwith those obtained from a calibrated teslameter (TM-801, Kanetec), where themagnetic
flux density induced by a Vpp=5 V, 50 Hz sine wave was measured and yielded an observed error of approximately 3%.
Heat generation upon voltage application to the coil was measured using a T-type thermocouple (SCHS1-0

KT-0207C5878, CHINO). Voltage readings from the thermocouple were converted to digital data using an A/D converter
(GL100-WL-4VT, Graphtec) and recorded using the associated driver and software (GL100-APS, Graphtec). The coil was
fixed in the air using a custom-built holder and a micromanipulator (SM-15L, Narishige), while the thermocouple tip was
precisely positioned at the bottom of the coil using another micromanipulator. Temperature changes were measured for
the 0.2 Hz repetitive MS (rMS), cTBS, and iTBS patterns. TBS was administered as bursts of three biphasic rectangular
pulses at 20 ms intervals (50 Hz), repeated with a 200 ms interburst interval (5 Hz; Fig. 1B). In the cTBS condition, the burst
waveform was continuously presented for 40 s (600 pulses in total). In the iTBS condition, the burst waveform was pre-
sented for 2 s within every 10 s interval, over a period of 200 s (600 pulses in total). The temperature was recorded for
300 s at each voltage level (Vpp = 10, 20, 30, 40, and 50 V). Additionally, temperature changes on the brain surface during
each stimulation pattern (Vpp = 40 V) were measured by placing the coil and thermocouple directly on the mouse’s brain
surface.
Sound emission from the coil during MS at Vpp = 40 V was measured. A microphone (Type 4939-L-002, Brüel and Kjær)

was placed 2.5 mm away from the coil to record sound pressure changes. The voltage measured from the microphone
was amplified using a measuring amplifier (Type 2636, Brüel and Kjær) and recorded using a DAQ system (USB-6343)
at a sampling frequency of 500 kHz. Recordings were made in a soundproof room with the door closed. To eliminate

Table 1. Material parameters used for electromagnetic field stimulation

Material Relative permittivity Relative permeability Conductivity

Air 1 1 1.0 × 10−7

Nickel steel permalloy oriented 1 1.74 × 106 1.74× 10−6

Copper 1 1 5.998× 10−7

Brain tissue 3.52 × 103 1 1.54× 10−1
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MS artifacts, baseline recordings were obtained by placing a microscope glass slide between the microphone and the coil
(Extended Data Fig. 2-1A). Sound recordings were made over 100 trials for each condition (with and without the glass
slide), and the waveforms were averaged across the trials. The sound waveform without the MS artifact was obtained
by subtracting the baseline waveform from the waveform recorded without the acrylic board (Extended Data Fig. 2-1B–D).

Surgical procedures. All animal procedures were performed in accordance with the Hokkaido University Animal Care
Committee’s regulations.
Fifteen C57BL/6J mice aged 7–12 weeks (five males and 10 females) were used. All mice were housed in plastic cages

with free access to water and food. The mice were segregated by sex and kept in cages with no more than five mice per
cage. The room temperature wasmaintained at 20–22°C, and the light cycle was set to a 12 h light/dark schedule to repro-
duce day and night conditions.
Mice were anesthetized by urethane (1.5 g/kg body weight, Wako). To reduce sensory input other than auditory infor-

mation, the eyelids were closed with instant adhesive to block vision, and the whiskers were cut to reduce somatosensory
input. Hair on the top of the head and the left temporal area was shaved, and topical anesthesia (Xylocaine Jelly 2%,
Sandoz Pharma K.K.) was applied to the scalp. The scalp and periosteumwere then incised to expose the parietal portion
of the skull. A custom-built fixation device was attached to the parietal bone using instant adhesive and dental cement.
The fixation device was then bolted to a custom-made fixation stand to stabilize the cranial position of the mice.
The temporal muscle was removed to expose the skull near the auditory cortex, and a craniotomy was performed using

a dental drill. The dura mater was then carefully removed using a disposable needle and precision scissors (8-cm-long
Vannas Scissors, CVD 14122, World Precision Instruments) to expose the brain. A saline solution was periodically applied
to prevent desiccation of the brain surface.
To identify the auditory cortex among the surgically exposed brain regions, flavoprotein autofluorescence imaging (FAI)

was used (Extended Data Fig. 1-1). FAI was conducted using an upright microscope (THT, Brainvision) equipped with a 1×
objective lens (numerical aperture 0.23, Plan Apo 1×, LeicaMicrosystems) and a complementarymetal oxide semiconduc-
tor (CMOS) imaging system (MiCAM02, Brainvision). Excitation light was provided by a blue light-emitting diode light
source (LEX2-B, Brainvision), which passed through a bandpass filter (wavelength, 466 ±20 nm; No. 86-352, Edmund
Optics) and was reflected 90° by a dichroic mirror (wavelength, 509 nm; FF509-Fdi01-15x36, Semrock) onto the brain.
The autofluorescence of flavoproteins generated in the brain passed through the dichroic mirror and an absorbance filter
(wavelength, 525 ± 45 nm; Edmund Optics) before being captured by the CMOS camera. The imaging frequency was set
to 20 frames/s, and fluorescence images were recorded for 5 s, centered around the sound stimulation timing.
For each FAI trial, tone bursts of 80 dB sound pressure level (SPL) with frequencies of 4, 8, and 16 kHz and a duration of

100 ms were used as the stimulus sound. Each frequency was presented 10 times, once every 8 s. The captured images
were averaged using a dedicated software (BV Ana, Brainvision). The averaged images were further processed using a
5 × 5 pixel moving average spatial filter and a five-frame moving average temporal filter. The resulting fluorescent images
were played back as an animation, and the location at which the response propagation beganwas identified as the primary
auditory cortex, which was then used as the insertion point for the electrode. The electrode was inserted at the site most
responsive to 8 kHz sound stimulation, provided a response was detected in the FAI. If the response to the 8 kHz stimu-
lation was weak, sites responsive to other frequencies (i.e., 4 or 16 kHz) were used instead. Consequently, the insertion
site remained consistent across animals, located approximately 2.8 mm posterior and 4.8 mm lateral to the bregma.

Neural data recording. Extracellular recordings were conducted by inserting amultielectrode array (A1x16-5mm-50-177,
NeuroNexus) into the auditory cortex region (identified using FAI) of anesthetized mice. The multielectrode array was
securedwith ametal rod. Using amicromanipulator (SM-15L,Narishige), the electrodewas positioned so that its tip touched
the surface of the auditory cortex, and it was then inserted 800 µm. Next, themillimeter-sized stimulation coil was placed on
the caudal side of the exposed brain surface, approximately 0.5 mm caudal to the insertion point (Fig. 1Ci). To prevent the
brain surface from drying out, agarose gel (0.45%, Kanto Chemical) was applied. The coil was secured using a microma-
nipulator (SM-15L, Narishige) and a custom-built holder that was fabricated using a 3D printer. An Ag/AgCl reference
electrode was placed approximately 1 mm rostral to the exposed area.
Neural activity was recorded in a soundproof room. Signals obtained from themultielectrode array were amplified in two

stages using two amplifiers, for a total gain of 250×, and were recorded at a sampling frequency of 40 kHz using a data
acquisition board (OmniPlex, Plexon). The timing of the MS was recorded by capturing the trigger output from the DAQ
with the data acquisition board (Fig. 1Cii).
The obtained neural signals were analyzed by filtering them into local field potentials (LFPs) and MUAs. A 50 Hz low-

pass filter was applied to focus on the frequencies below the gamma range and to remove artifacts caused by MS.
MSEPs were obtained by cropping the LFP waveforms around the MS timestamp and were averaged across trials for
peak detection. Because LFPs are generated primarily by synaptic currents entering a population of neurons (current
sinks), the negative peak amplitude serves as an indicator of local synaptic input intensity (Herreras, 2016). Therefore,
we obtained the negative peak within 100 ms from the stimulus onset in the average MSEP waveform and used the neg-
ative peak amplitude for analysis. MSEP waveforms from layers 2/3, 4, and 5 (one channel per layer, three layers per ani-
mal) were included for statistical analysis.
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A 600–8,000 Hz bandpass filter was then applied to the raw waveforms to extract the high-frequency components, and
spikes were detected using a custom-made programwritten in Python 3.11. For spike detection, the spike detection algo-
rithm from the spike sorting software Offline Sorter (Plexon) was used. First, the standard deviation of the entire recorded
waveform (sfull) was calculated. Next, the noise portion within 2.7× sfull was extracted, and its standard deviation (snoise)
was calculated. A threshold of −3× snoise was then set, and the point at which the waveform crossed this threshold from
above was identified as the spike timestamp. The waveform around this timestamp was detected as the spike waveform.
The waveforms were cropped from −200 µs before the spike timestamp, with a width of 800 µs. Finally, spikes with an
amplitude greater than 20× snoise and those occurring within 5 ms after MS were considered artifacts and were excluded.

Event-related activity recording. Neural responses to sound and MS were measured. For each condition, stimuli were
delivered at a frequency of 0.2 Hz (interstimulus interval of 5 s) with 30 repetitions.
To confirm that the electrode was inserted in the auditory cortex, neural responses to sound stimuli were recorded. An

80 dB SPL, 4 kHz tone burst with a duration of 100 ms was used as the sound stimulation. Signal generation and timing
control for the stimuli were performed using a custom-made Python program, which outputs sound waveforms and stim-
ulation triggers from a DAQ system (NI-6259, National Instruments). The sound waveforms were then amplified by an
amplifier (SA1, Tucker-Davis Technologies) and supplied to a speaker (MF-1, Tucker-Davis Technologies).
We then recorded neural responses to single-pulse MS (single-MS). The coil’s input signal was a biphasic pulse with

Vpp = 40 V, which was generated by a function generator and bipolar power supply, as described in the previous section.
The timing of theMSwas controlled using the trigger output from the DAQ. Neural responses to single-MSweremeasured
under two conditions: regular MS and MS postmortem. The postmortem condition was used to confirm that the neural
responses were not artifacts of MS; the coil was positioned in the same way as during regular MS. The mice were killed
by administering an overdose of anesthesia.

Modulation induction experiment. A modulation induction experiment was conducted to evaluate whether TBS using
our millimeter-sized coil was able to modulate auditory cortical functions in mice. Both iTBS, known for its facilitatory
effect, and cTBS, known for its inhibitory effect, were applied to the mouse auditory cortex. Neural responses to
single-MS (one stimulus every 5 s for a total of 30 trials over 150 s) were measured every 5 min before and after TBS
(pre- and post-TBS phases, Fig. 1D). For both single-MS and TBS, a biphasic rectangular waveform at Vpp = 40 V was
used. The input signal to the coil was applied using the same method as described in the previous section.
Neural activity during TBS delivery was analyzed to detect potential changes in the response patterns. The negative

peak amplitude of the MSEP for each TBS burst was then extracted for analysis. To assess the temporal changes in
MSEP amplitudes during TBS, the bursts were segmented into 10 equal sections (each comprising 20 ms). The mean
MSEP waveform and corresponding negative peak amplitude were computed for each section. Statistical analyses
were then performed to evaluate the temporal changes in MSEP amplitudes across these sections.
iTBS consisted of 10 bursts of triplet pulses within a single 2 s train. To examine how the MSEP amplitude changed

within the iTBS train, we grouped the TBS bursts by their position (nth burst) within each train (from the first to the
10th). The negative peak amplitude of the MSEP was then computed for each burst number and compared. No similar
analysis was performed for cTBS, as it is continuous and does not consist of discrete bursts.
To identify the modulatory effects induced by TBS, neural responses were analyzed in both the pre- and post-TBS

phases. The changes of MSEPs were assessed by comparing the negative peak amplitudes across three conditions:
(1) cTBS, (2) iTBS, and (3) sham stimulation (Vpp = 0 V). For MUA, peristimulus time histograms (PSTHs) were generated
using 5 ms bins to count spikes before and after single-MS. Next, the number of spikes occurring 5–50 ms after
single-MS was computed by subtracting the baseline spike count (the number of spikes occurring 5–50 ms before stim-
ulation) and was compared among the three conditions. Additionally, the negative peaks of average spike waveforms
occurring 5–50 ms poststimulation were calculated and subjected to statistical analysis.
Statistical analyses were conducted using the Kruskal–Wallis test to assess significant differences among multiple

conditions. When significant differences were detected, post hoc comparisons were performed using the Steel–Dwass
test. The level of significance was set to 5%.

Results
Measured coil properties
Because electric fields are challenging tomeasure, magnetic flux density is used as amore accessiblemetric for assess-

ing the intensity of MS, thus allowing the comparison of stimulation intensities across different studies. Figure 2A illus-
trates the waveform of the biphasic pulse input applied to the coil, with a peak-to-peak voltage (Vpp) of 40 V. The
waveform of the magnetic flux density measured using the Hall effect sensor is shown in Figure 2B. In accordance
with the biphasic pulse input, both positive and negative magnetic flux densities were observed. The positive peak mag-
netic flux densities were 1.1 ± 0.04 mT at Vpp = 0 V, 14.6 ± 0.8 mT at Vpp = 5 V, 29.4 ± 1.4 mT at Vpp = 10 V, 43.6 ± 2.3 mT at
Vpp = 15 V, 58.0 ± 2.9 mT at Vpp = 20 V, 73.0 ± 3.5 mT at Vpp = 25 V, 83.0 ± 4.0 mT at Vpp = 30 V, 91.4 ± 4.4 mT at Vpp = 35 V,
99.6 ± 5.1 mT at Vpp = 40 V, 106.3 ± 5.0 mT at Vpp = 45 V, and 112.9 ± 5.2 mT at Vpp = 50 V.
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Temperature is a crucial factor that modulates neuronal excitability. We therefore measured the temperature changes at
the bottom of the coil while fixed in air during single-MS and TBS. The temperature changes during MS sessions are
shown in Figure 2C. Single-MS resulted in almost no temperature change, with peak changes of 0°C at Vpp = 10 V,
0.1°C at Vpp = 20 V, 0.1°C at Vpp = 30 V, 0.4°C at Vpp = 40 V, and 0.3°C at Vpp = 50 V. For iTBS, the peak temperature
changes were 0.07°C at Vpp = 10 V, 0.1°C at Vpp = 20 V, 0.9°C at Vpp = 30 V, 1.9°C at Vpp = 40 V, and 3.7°C at Vpp = 50 V.
For cTBS, the peak temperature changes were 0.2°C at Vpp = 10 V, 0.5°C at Vpp = 20 V, 1.5°C at Vpp = 30 V, 3.1°C at
Vpp = 40 V, and 5.7°C at Vpp = 50 V. Additionally, the temperature changes on the brain surface were measured while

Figure 2. Custom-made coil properties and magnetic stimulation (MS) effects associated with heat generation and acoustic noise. A, Waveform of the
bipolar pulse input to the coil. B, Magnetic flux density for each input voltage. Each line corresponds to a different input voltage (Vpp = 0, 5, …, 50 V).
C, Change in temperature at the bottom of the coil (i) in air and (ii) on the brain surface for each stimulation pattern. Each line corresponds to a different
input voltage (Vpp = 20, 30, 40, 50 V). D, Waveform of the sound recorded from the coil at Vpp = 40. Gray shading represents the time at which voltage was
applied. Raw responses with and without the glass slide are provided in Extended Data Figure 2-1. E, Frequency spectrum of the sound emitted from our
coil. The sound waveform shown in Figure 2D (0–1.5 ms) was transformed into frequency components using fast Fourier transformation. The maximum
sound pressure level (SPL) was 30.8 dB SPL at 35 kHz.
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applying single-MS and TBS with an input voltage of Vpp = 40 V, which resulted in a maximum increase of 0.1°C during
single-MS, 0.4°C during iTBS, and 0.7°C during cTBS.
When a current is applied to a coil, sound can be generated because of the mechanical vibrations of the windings pro-

duced bymagnetic fields. To assess the amount of sound emitted from the coil during MS, we recorded the sound using a
microphone. Figure 2D shows the sound waveform recorded from the coil, and Figure 2E shows the frequency spectrum
of the recorded sound. The maximum observed SPL was 30.79 dB SPL at 35 kHz.
In summary, magnetic flux density increased with Vpp, and sound emissions peaked at 30.8 dB SPL. Single-MS

sessions caused very minimal temperature changes, whereas iTBS and cTBS led to small temperature rises. Together,
these findings demonstrate that single-MS had minimal thermal and acoustic impact.

Simulated coil properties
Electromagnetic fields were estimated using numerical simulations to determine the appropriate stimulation intensity for

the modulation experiment. To ensure that the simulation conditions accurately reflected the actual measurements, the
magnetic flux density was subsequently estimated and compared with the measured data. Figure 3A illustrates the dis-
tribution of magnetic flux density in 3D space, and Figure 3B shows the cross section indicated in Figure 3A. In Figure 3C,
the estimated magnetic flux density values are compared with the actual measurements obtained using the Hall effect
sensor. The estimated magnetic flux density values were 29.6 mT at Vpp = 10 V, 59.2 mT at Vpp = 20 V, 88.8 mT at
Vpp = 30 V, 118.3 mT at Vpp = 40 V, and 147.9 mT at Vpp = 50 V.
The electric fields were then estimated to determine the stimulation intensity that was required to achieve the numerical

target of E≥10 V/m. Figure 3D illustrates the 3D distribution of the electric field, whereas Figure 3E shows the 2D distribu-
tion of the electric field in the same cross section as in Figure 3B. In Figure 3F, the estimated electric fields at various
depths from the brain surface are shown for each input voltage. At Vpp = 40 V, the electric field reached our numerical tar-
get within depths ranging from 0 to 600 µm, which covers layers 1–4 of the cortex.

LFP responses to sound and single-MS
To confirm that the recording site was in the auditory cortex, responses to tone-burst sounds were recorded.

Additionally, to confirm that MS induces neural activity, neural responses to single-MS were recorded. In Figure 4, typical
LFP waveforms in response to tone-burst (Fig. 4A), single-MS (Fig. 4B), and single-MS postmortem (Fig. 4C) are shown.
Some waveforms exhibited high variability across trials due to strong spontaneous activity, but the average waveform
remained stable and representative (Fig. 4B).
The LFP responses to tone burst and single-MS had significantly larger peak amplitudes compared with the single-MS

postmortem condition (Fig. 4D; tone burst, p=0.001; single-MS, p=0.001; Extended Data Table 4-1, a1 and a2).
The LFP responses to tone-burst sounds confirmed that the recording site was indeed in the auditory cortex. Moreover,

the finding of significantly larger peak amplitudes in single-MS recordings than in postmortem single-MS recordings
indicates that the single-MS responses were not MS artifacts.

MSEPs during TBS delivery
To explore changes in neural activity during TBS delivery, MSEP peak amplitudes in response to iTBS and cTBS were

measured. To observe howMSEP amplitudes change over time, TBS bursts were divided into 10 sections, with 20 bursts
in each section (Fig. 5A). Typical MSEP waveforms during the iTBS sections are shown in Figure 5Bi. For iTBS, there were
relatively consistent peak amplitudes across the sections, with medians ranging from 0.03 to 0.07 mV. There were also no
significant changes in MSEP amplitudes for iTBS across the sections (Fig. 5Ci, p=0.7, Kruskal–Wallis test; Extended Data
Table 4-1, b). Typical MSEP waveforms during the cTBS sections are shown in Figure 5Bii. For cTBS, the peak amplitudes
varied greatly across sections, ranging from −0.02 to 0.25 mV. Furthermore, a downward trend in peak amplitudes was
observed, with the median decreasing from 0.1 mV in the first section to 0.02 mV in the eighth section. Consistent with
this observation, the first section had a significantly larger MSEP amplitude than the eighth section (Fig. 5Cii, p=
0.0046, Steel–Dwass test; Extended Data Table 4-1, c1 and c2).
To examine how MSEP amplitudes change within each iTBS train (i.e., 10 bursts delivered within 2 s), the TBS bursts

were grouped by their position (from the 1st to the 10th burst) within each iTBS train (Fig. 6A). Typical MSEP waveforms
are shown in Figure 6B. The average peak amplitude of the first burst in the iTBS trains (median≈ 0.15 mV) was signifi-
cantly larger than that of most other bursts (Fig. 6C; 2nd, p=0.012; 3rd, p=0.0013; 4th, p=0.0013; 6th, p=0.003; 7th,
p=0.016; 8th, p=0.005; 9th, p=0.048; Steel–Dwass test; Extended Data Table 4-1, d1 and d2). Interestingly, the fifth
burst had a slightly higher amplitude than the surrounding bursts and a significantly higher amplitude than the fourth burst
(p=0.019).
In summary, iTBS maintained consistent MSEP peak amplitudes across sections, whereas cTBS had lower MSEP

amplitudes over time. Additionally, the first burst in iTBS trains exhibited higher amplitudes than later bursts. Together,
these findings highlight the differing effects of iTBS and cTBS on neural activity during TBS delivery.
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MSEP changes after TBS delivery
TBS has bidirectional modulatory effects; however, this has primarily been investigated in studies targeting the motor

cortex. To determine whether such modulation can also be induced in the rodent auditory cortex, we analyzed changes in
neural activity across the auditory cortex before and after TBS. To do this, we analyzed changes inMSEPs before and after
TBS. Typical averageMSEPwaveforms before and after TBS delivery are shown in Figure 7,A andB, where an example of
changes in peak amplitudes can be observed: the peak amplitude increased 5 min after iTBS and decreased 5 min after
cTBS. Although some MSEP waveforms (Fig. 5Bi) exhibited a small positive peak at response onset (0–10 ms), this
response component was not consistently observed across mice.

Figure 3. Simulation results.A, Magnetic flux density in three-dimensional space.B, Magnetic flux density norm in the brain. The cross section shown in (A)
was used, which passes through the center of the coil and is parallel to the rostral direction of the brain.C, Comparison of recorded and simulatedmagnetic
flux density. D, Electric field in three-dimensional space. A top-down view of (D) is provided in Extended Data Figure 3-1. E, Electric field norm in the brain.
The same cross section as (B) was used. F, Change of electric field by depth in the brain for each voltage input. Vpp = 40 surpassed our numerical target of E
≥ 10 (orange line).
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The changes inMSEP peak amplitudes from 5 to 30 min after TBS are shown in Figure 7C. When comparing peak ampli-
tudes from 5 to 30 min after TBS with those of the sham group, significant increases were observed at 5, 10, and 20 min
after iTBS (5 min, p=0.008; 10 min, p=0.013; 20 min, p=0.025), and a significant decrease was observed 10 min after
cTBS (p=0.006; Extended Data Table 4-1, e1 and e2). Additionally, when comparing peak amplitudes between iTBS
and cTBS, peak amplitudes were significantly higher for iTBS from 5 to 25 min after TBS (5 min, p=0.001; 10 min, p=
0.001; 15 min, p=0.002; 20 min, p=0.003; 25 min, p=0.002; Extended Data Table 4-1, e1 and e2).
In summary, TBS effectively modulated neural activity in the rodent auditory cortex. iTBS resulted in significant

increases in MSEP peak amplitudes at 5, 10, and 20 min post-iTBS, whereas cTBS led to a significant decrease at
10 min. These results demonstrate the bidirectional modulatory effects of TBS on neural activity within the auditory cortex.

MUA changes after TBS delivery
MUA before and after TBS were compared to investigate the modulatory effects of stimulation across different layers of

the auditory cortex. Figure 8A shows a typical result of spike detection from the high-frequency components of neural
activity. Single-MS was delivered at the 0 s mark, where artifacts can be observed. The detected spikes are marked
with blue vertical lines.
Figure 8B shows typical PSTHs before and after iTBS, and Figure 8C displays representative PSTHs before and after

cTBS. Changes in spike counts before and after TBS are shown in Figure 8D. Compared with the sham condition, the
iTBS condition showedminimal differences, whereas the cTBS condition exhibited amoderately lower overall spike count.
The baseline spike count stayed relatively stable over time (Extended Data Fig. 8-2).
When the spike counts 5–30 min after TBSwere comparedwith those of the shamgroup, no significant differences were

observed in layers 2/3, 4, or 5 under the iTBS condition (Fig. 8E). In contrast, the cTBS condition had significantly lower
spike counts in layer 2/3 at 5, 10, and 15 min (5 min, p=0.0014; 10 min, p=0.004; 15 min, p=0.002) and in layer 4 at 5, 10,
and 20 min (5 min, p=0.03; 10 min, p=0.001; 20 min, p=0.003; Extended Data Table 4-1, f1 and f2). Additionally, when
iTBS and cTBS were compared, there were significant differences in spike counts in layer 2/3 at 5 and 15 min (5 min, p=
0.01; 15 min, p = 0.03), in layer 4 at 5, 10, and 25 min (5 min, p=0.002; 10 min, p=0.001; 25 min, p=0.03); and in layer 5
(Extended Data Fig. 8-2) at 10 min (p=0.006; Extended Data Table 4-1, f1 and f2).

Figure 4. Representative LFP waveforms in response to (A) tone-burst stimulation, (B) magnetic stimulation (MS), and (C) MS postmortem. For each plot,
the gray lines represent raw LFP plots (30 trials), and the black lines represent the mean LFP waveform. LFP waveforms were obtained by applying a 50 Hz
low-pass filter to the wideband signal. D, Comparison of the peak amplitude across tone-burst, single-pulse MS (single-MS), and postmortem conditions
(9 recording points, 3 animals × 3 channels). **p<0.01 (Kruskal–Wallis test followed by post hoc Steel–Dwass test). The methods and results of statistical
tests used in this study are listed in Extended Data Table 4-1.
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In summary, iTBS induced minimal changes in spike counts across layers 2/3, 4, and 5 of the auditory cortex, with no
significant differences compared with the sham condition. In contrast, cTBS led to significantly lower spike counts in
layers 2/3 and 4 at multiple poststimulation time points.

MUA waveform changes after TBS delivery
Different neuron types exhibit distinct spike waveforms; however, spike sorting was challenging in the present study

because most principal component analysis clusters lacked clear borders. We therefore analyzed the changes in spike
amplitudes to understand the excitability of neuron types with large-amplitude spikes. Examples of detected spike wave-
forms before and after iTBS and cTBS are shown in Figure 9A, demonstrating a trend in which the number of
high-amplitude spike waveforms gradually increased after the TBS intervention compared with the pre-TBS condition.

Figure 5. Analysis of MSEPs during iTBS/cTBS delivery. A, Definition of the sections in iTBS/cTBS sessions. Each section in an iTBS session was 20 s in
duration and contained two trains (20 bursts). Each section in a cTBS session was 4 s in duration (20 bursts). B, Representative average MSEP waveforms
for the nth section in the (i) iTBS and (ii) cTBS sessions. MSEP waveforms were obtained by applying a 50 Hz low-pass filter to get rid of the magnetic
stimulation (MS) artifacts. The detected peaks are indicated by black circles. Other plot formats are the same as in Figure 4. Latencies of the detected peaks
are shown in Extended Data Figure 5-1. C, Peak MSEP amplitudes for each section in the (i) iTBS and (ii) cTBS sessions. The line plots show the peak
amplitude changes measured from a single recording point (12 recording points in total from 4 animals). *p<0.05 (Kruskal–Wallis test followed by post
hoc Dunn test).
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Figure 9B shows the changes in peak amplitudes of spike waveforms 5–30 min after TBS, illustrating an increasing trend in
the iTBS condition compared with the sham condition. In contrast, the cTBS condition exhibited considerable variability
over time. Statistical analysis revealed significant increases in peak spike amplitude under the iTBS condition, with sig-
nificant differences observed in layer 2/3 at 15–30 min (15 min, p=0.001; 20 min, p=0.001; 25 min, p=0.001; 30 min,
p=0.001) and in layer 4 at 20–25 min (20 min, p=0.014; 25 min, p=0.016; Extended Data Table 4-1, g1 and g2) compared
with the sham condition (Fig. 9C). For cTBS, a significant difference was observed in layer 2/3 at 20 min (p=0.03;
Extended Data Table 4-1, g1 and g2) compared with the sham condition. No significant differences were observed
between the iTBS and cTBS conditions.
Overall, after iTBS, an increasing trend in high-amplitude spike waveforms was observed, with significant increases in

peak spike amplitudes in layers 2/3 and 4 compared with the sham condition. In contrast, cTBS showed more variability,
with a significant difference from the sham condition observed only in layer 2/3 at 20 min poststimulation.

Discussion
In the current study, we constructed a millimeter-sized coil to stimulate localized regions of the mouse brain and then

evaluated whether localized TBS can modulate the auditory cortex. First, we measured the physical properties of our coil,
which revealed that it was able to induce B=100 mT of magnetic flux density at Vpp = 40 V. Electric field strength in the
auditory cortex at this voltage was estimated by numerical simulation and resulted in E=10 V/m at a depth of 600 µm
from the brain surface. Electrophysiological recordings were then made to observe the neural activity of the auditory

Figure 6. Analysis of MSEPs for each burst in iTBS trains. A, Definition of burst numbers and trains in an iTBS session. B, Representative average MSEP
waveforms for the nth burst in iTBS trains. Filtering and plot formats are the same as in Figure 5B.C, PeakMSEP amplitudes for each burst in iTBS trains. *p
<0.05, **p<0.01 (Kruskal–Wallis test followed by post hoc Steel–Dwass test).
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cortex. Clear LFP responses were visible when tone bursts were presented, confirming that the electrode was indeed
inserted in the auditory cortex. Furthermore, single-MS recordings had significantly larger peak amplitudes in living
animals than in postmortem animals.
Our analysis ofMSEP peak amplitude changes during the TBS sessions revealed no significant differences in iTBS and a

significant decrease in cTBS. Further analysis demonstrated a significant decreasing trend during the 2 s iTBS trains. The
modulatory effects of TBS were assessed by comparing neural activity among the iTBS, cTBS, and sham conditions.
Compared with sham, MSEP peak amplitudes were significantly larger at 5, 10, and 20 min after iTBS. For cTBS, although
MSEP peak amplitudes showed a long-lasting decreasing trend, a significant difference compared with sham was only
observed at 10 min post-cTBS, likely because of high variability. MUA analysis revealed that only cTBS had an effect
on spike counts, which significantly decreased from 5 to 20 min after cTBS delivery. To assess the modulatory effects
on spike waveforms, changes in mean spike waveform amplitudes were analyzed, and a significant increase from
15 to 30 min after iTBS was observed. Changes in MUA were observed in layers 2/3 and 4 of the auditory cortex, but
not in layer 5.

MS properties
Because the brain exhibits functional localization, it is crucial to stimulate just a localized region to differentiate its mod-

ulatory effect from that of other brain regions. The coil that we constructed had a diameter of 7 mm, which is considerably
smaller than the human-specific coils that have been used in other rodent studies (Rotenberg et al., 2010; Vahabzadeh-
Hagh et al., 2012). Although we tried using a figure-of-eight coil, we decided not to use it due to difficulties in positioning
the silicon probe at the focal point, where the base circuit board of the probe collided with the coil. However, using a thin-
ner probe, such as wire electrodes, could allow compatibility with a figure-of-eight coil.

Figure 7. Analysis of MSEPs before and after iTBS/cTBS delivery. A, Representative averageMSEPwaveforms 5 min before (pre, gray line) and after (post,
black line) the iTBS and (B) cTBS sessions. C, Changes in peak MSEP amplitudes after iTBS/cTBS delivery. Each line corresponds to the peak amplitude
changes measured from a single recording point (12 recording points in total, 4 animals × 3 channels). D, Box plots of peak amplitude changes. The line
plots trace themedian amplitude changes. Sham (gray), cTBS (blue), and iTBS (orange) groups are shown, with outliers indicated by circles. *p<0.05, **p<
0.01 (Kruskal–Wallis test followed by post hoc Steel–Dwass test).
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Figure 8. Analysis of multiunit activity (MUA) before and after iTBS/cTBS delivery. A, Representative waveforms of high-pass filtered neural activity.
Recordings from layers 2/3, 4, and 5 (L2/3, L4, and L5, respectively) are shown. The red horizontal lines indicate the thresholds for spike detection.
The blue vertical lines indicate the timestamps of detected spikes. The gray shading from 0 to 5 ms represents the timespan that was ignored for spike
detection, to remove MS artifacts. B, Peristimulus time histograms with raster plots before and after iTBS and (C) cTBS delivery. Bin widths
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Our numerical simulation demonstrated that an input voltage of Vpp = 40 V achieved our numerical target of E=10 V/m at
600 µm from the brain surface. Our numerical target was based on a previous study by Tang et al. (2016b) in which motor
cortical activity was modulated using an electric field of E=10 V/m at 700 µm from the brain surface. Because we had a
similar electric field intensity, we hypothesized that an input voltage of Vpp = 40 V would be optimal for modulating layer 4
of the auditory cortex—an important region that receives inputs from the thalamus (Kratz and Manis, 2015)—without

Figure 9. Analysis of multiunit activity (MUA) waveform amplitudes before and after iTBS/cTBS delivery. A, Representative MUA waveforms before and
after (i) iTBS and (ii) cTBS delivery. Recordings from layers 2/3, 4, and 5 (L2/3, L4, and L5, respectively) are shown. The gray lines represent the detected
spike waveforms. The black solid lines represent the mean spike waveforms. The black dashed lines represent the standard deviations. B, Changes in
spike waveform amplitudes after iTBS/cTBS delivery. Each line corresponds to a single recording point (16 recording points in total for each layer, 4 ani-
mals × 4 channels). C, Box plots of spike waveform amplitude changes. The line plots trace the median amplitude changes. Sham (gray), cTBS (blue), and
iTBS (orange) groups are shown, with outliers indicated by circles. *p<0.05, **p<0.01 (Kruskal–Wallis test followed by post hoc Steel–Dwass test). The
box plot for L5 is provided in Extended Data Figure 9-1.

�
were set to 5 ms. D, Changes in spike counts after iTBS/cTBS delivery. Each line corresponds to a single recording point (16 recording points in total
for each layer, 4 animals × 4 channels). The changes in baseline spike counts are provided in Extended Data Figure 8-1. E, Box plots of spike count
changes. The line plots trace the median spike count changes. Sham (gray), cTBS (blue), and iTBS (orange) groups are shown, with outliers indicated
by circles. *p<0.05, **p<0.01 (Kruskal–Wallis test followed by post hoc Steel–Dwass test). The box plot for L5 is provided in Extended Data Figure 8-2.
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stimulating deeper brain regions such as subcortical regions and the brainstem. Notably, iTBS and cTBS had no signifi-
cant differences in MUA in layer 5 compared with the sham group (Extended Data Fig. 9-1). On the other hand, regions
adjacent to the auditory cortex, such as the visual cortex and cerebellum, were likely affected by our stimulation
(Fig. 3D, Extended Data Fig. 3-1). However, the actual effect on those regions might have been weaker due to the atten-
uation of the induced electric field by the overlying skin and skull, which were not included in the simulation. In contrast, we
believe that the simulated electric field around the recording site closely reflects experimental conditions, as a craniotomy
was performed in our in vivo experiment.
The electrical resistance of the coil generates heat, which can modulate neural activity. At Vpp = 40 V, the temperature

increasewas 0.4°Cwith iTBS and 0.7°Cwith cTBS on the brain surface. Previous research has reported that a temperature
increase of >4°C is required to modulate the activity of rat hippocampal neurons (Horváth et al., 2020). It is therefore
unlikely that the neural responses obtained from the MS of the prototype coil were caused by heat.
Acoustic measurements showed that the coil generated a maximum SPL of 30.8 dB at 35 kHz. The SPL of the coil is

right below the hearing threshold of mice in our laboratory (Extended Data Fig. 2-1E–G). Thus, given the short duration
and low pressure level of the sound, it is unlikely that the mice heard the sound emitted from our coil.
LFP recordings to single-MS showed clear responseswith significant differences from the postmortem condition, which

confirmed that the observed responses were not MS artifacts. The MS intensity required to induce neural activity remains
under debate. A study by Bonmassar et al. (2012) demonstrated that low-intensity MS can induce action potentials in rab-
bit retinal ganglion cells at an electric field strength of 6 V/m. A more recent study by Osanai et al. (2018) revealed that
submillimeter-sized MS with an electric field below 1 V/m induces neural activity in layer 2/3 of the mouse auditory cortex
in vivo. However, Tang et al. (2016a) reported that, although rMS with an intensity below 10 V/m increases spike firing
rates, it does not directly induce action potentials in layer 5 pyramidal neurons. The thermal and acoustic properties of
our coil were appropriate for avoiding neural activity induction; however, additional experiments should be performed
to completely rule out the effects of heat and sound, such as by recording single-MS responses from deaf model mice
while recording brain surface temperatures. Furthermore, it may be interesting to conduct an experiment delivering
sound-TBS, in which only the click sound recorded from the coil is delivered in a TBS pattern; if sound-TBS does not
have any modulatory effect, it would support the findings of the present study. In contrast, if sound-TBS has a lasting
effect on the auditory cortex, it would indicate that only sound is required to modulate the auditory cortex; this may
then become a new noninvasive method for treating hearing disorders.

Neural activity changes during TBS delivery
Given the limited number of studies that have reported neural activity during TBS application, we investigated MSEP

activity changes during TBS delivery. MSEP amplitudes during cTBS showed a slight decreasing trend in MSEP ampli-
tudes over time, consistent with the known inhibitory effects of cTBS on cortical excitability. In contrast, iTBS did not pro-
duce significant changes in MSEP amplitudes across the stimulation session. This lack of observable changes over time
was unexpected because iTBS is generally considered to produce facilitatory effects. Nonetheless, within the 2 s iTBS
trains, we observed a decreasing trend similar to that in the cTBS sessions, in which the first burst consistently elicited
a significantly larger MSEP amplitude than that of subsequent bursts. This decrease in neural activity observed in the
iTBS trains and cTBS sessionsmight have been the result of a fatigue-like mechanism, in which neural responses diminish
with repeated stimuli, likely reflecting a habituation effect in neural processing (Grill-Spector et al., 2006; Rankin et al.,
2009). A previous study by Löfberg et al. (2013) demonstrated that magnetic and auditory repetitive stimulation reduces
the amplitude of evoked electroencephalographic potentials, suggesting that neural adaptation occurs not only against
sensory responses but also against TMS-evoked activity on a relatively short time scale. Additionally, a recent theta-burst
ultrasound stimulation (TBUS) study revealed that intermittent TBUS elicits 20 oscillatory calcium transients synchronized
to each train, whereas continuous TBUS induces only one acute calcium transient, at the start of the session (Kim et al.,
2024). The calcium transient pattern reported in this previous study resembles the MSEP amplitude changes observed in
the present study, and the two findings may share common neurological mechanisms.

Neural activity changes after TBS delivery
To assess themodulatory effects of TBS on the auditory cortex, we compared changes in neural activity before and after

TBS among iTBS, cTBS, and sham conditions. Statistical comparisons revealed a significant increase in MSEP peak
amplitudes at 5, 10, and 20 min after iTBS. Studies assessing the modulatory effects of iTBS using MSEPs have reported
that these effects lasted for 20 min in humans (Huang et al., 2005) and over 30 min in rodents (Hsieh et al., 2015). Studies
evaluating the modulation of iTBS with EEG have reported increased TMS-induced oscillations and lasting facilitatory
effects on TMS-evoked potentials in the human cerebellum (Rocchi et al., 2023) and prefrontal cortex (Chung et al.,
2017). Additionally, multiple blocks of iTBS increased EEG gamma power and sensory-evoked potentials for several hours
in the rodent somatosensory cortex (Benali et al., 2011; Thimm and Funke, 2015). The significant increase in MSEP peak
amplitudes in our study aligns with these findings reported in the motor and somatosensory cortices.
We also observed a significant decrease in MSEP amplitude 10 min after cTBS. The modulatory effect of cTBS is

thought to last for about an hour in humans (Huang et al., 2005). In a rodent study, a single block of cTBS suppressed
MSEP amplitudes for at least 30 min (Hsieh et al., 2015). The inhibitory effect of cTBS on MSEP in our study was relatively
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weak comparedwith studies usingMSEPmeasurements. However, this finding is partially consistent with previous rodent
studies targeting the somatosensory cortex. For instance, cTBS did not produce long-lasting reductions in EEG power in
the somatosensory cortex (Benali et al., 2011), suggesting that its inhibitory effects might be weaker or short-lived in sen-
sory areas. Similarly, a single block of cTBS initially reduced sensory responses in the barrel cortex but later induced a
weak facilitatory effect after multiple blocks (Thimm and Funke, 2015).
Another possible explanation for the observed weak inhibitory effects of cTBS on MSEP may be attributed to the

frequency of the single-MS used as the evaluation stimulus, which was delivered at 0.2 Hz (5 s intervals). rMS with this
frequency is classified as low-frequency rMS, which has inhibitory modulatory effects even at subthreshold intensities
(Sebastianelli et al., 2017; Ye et al., 2020). In our findings, MSEP peak amplitudes after the sham TBS condition had a slight
reduction (Fig. 7D). Thus, the inhibitory effects of single-MS may have diminished the difference between the sham and
cTBS conditions. However, despite this inhibitory effect, the observed significant increase in MSEP peak amplitude
following iTBS suggests that its actual modulatory effect may be stronger.
To examine the modulatory effects of TBS in auditory cortical layers, we compared the MUA changes before and after

TBS. Spike counts before and after TBS revealed no significant differences between iTBS and sham. However, significant
reductions in spike counts were observed in layers 2/3 and 4 at 5–20 min after cTBS, which was a longer-lasting
modulatory effect than that of the MSEP amplitude change.
To assess changes in spike waveforms, we analyzed changes in spike waveform amplitudes with MUAs because it was

challenging to sort the spike waveforms into single units. Interestingly, both iTBS and cTBS had a slight increasing trend,
whereas the sham condition showed a decreasing trend. A significant increase in amplitudes was observed primarily for
iTBS in layer 2/3; this increase started 15 min after iTBS delivery. The increase in mean spike amplitudes might have
resulted from increased amplitudes of each spike or from increased numbers of high-amplitude spikes. In extracellular
recordings, changes in spike amplitudes are most often caused by changes in the positions of electrodes relative to neu-
rons. Although there is a high chance that the electrode placement changed over time, it seems unlikely that positional
changes would have occurred in the same manner for all animals in each condition, leading to a significant difference.
We therefore hypothesize that the number of active neuron types—namely, fast-spiking neurons and regular-spiking neu-
rons—changed in our study. Regular-spiking neurons, such as pyramidal neurons, are thought to have a wider and larger
waveform than fast-spiking neurons, such as parvalbumin-positive interneurons, which typically have narrow waveforms
(Chen et al., 1996). A previous study reported that parvalbumin expression decreases 20–40 min after iTBS delivery
(Hoppenrath and Funke, 2013). Parvalbumin-positive neurons have higher firing rates than pyramidal neurons
(Middleton et al., 2012) and inhibit 20–25% of neighboring pyramidal neurons (Thomson et al., 1996), thereby controlling
the spike timing of pyramidal neurons (Moore and Wehr, 2013; Hijazi et al., 2023). Our observed increase in mean spike
amplitudes without a change in overall spike counts following iTBS may therefore be explained by decreased parvalbu-
min-positive neuron activity coupled with increased pyramidal cell activity. This shift in active cell types might result in
larger average spike amplitudes while maintaining consistent overall spike counts, because the reduction in high-
frequency spiking from parvalbumin-positive neurons may be counterbalanced by the increased activity of disinhibited
pyramidal neurons. While we observed changes in spike waveform amplitude following iTBS and cTBS, we acknowledge
that interpreting these changes in detail is challenging due to the nature of MUA recordings. Changes in spike waveform
amplitude may indicate changes in neuronal activity or shifts in the proportion of activated neuron types (e.g., changes in
the ratio of excitatory regular-spiking to inhibitory fast-spiking neurons). However, MUA does not allow precise waveform
characterization, making it difficult to identify individual neuron types or their specific contributions. Further investigations
using single-unit recordings or intracellular measurements are necessary to clarify mechanisms at the single-cell level.
Combining the results of our MSEP and MUA analyses, we observed an increase in MSEP activity 5–20 min after iTBS,

which was followed by an increase in MUA activity after 15 min. It has previously been reported that the expression levels
of immediate early genes and glutamate decarboxylase 2 (all markers of neuronal plasticity) increase 10–20 min after iTBS,
whereas the expression levels of calcium-binding proteins (parvalbumin and calbindin) and glutamate decarboxylase 1
decrease 20–40 min after iTBS (Hoppenrath and Funke, 2013). The timing of these changes aligns with the timing of
MSEP and MUA changes observed after iTBS in our study, thus implying an association between gene expression
changes and electrophysiological activity changes.

Limitations and future directions
One limitation of our study is the use of amultielectrode array during rTMS, whichmay introduce the possibility of micro-

stimulation. However, while the induced electric field from magnetic stimulation may generate small, induced currents in
the electrodes, these currents are expected to be minimal. A previous study has described a method for measuring the
amount of TMS-induced charge injection and showed that, although transcranial magnetic stimulation can produce a
small current, it remains below the threshold required to evoke neuronal activity in intracortical microstimulation
(Li et al., 2017). Due to the lack of detailed circuit specifications from the amplifier manufacturer—particularly the input
capacitance (Cin)—we could not precisely calculate the charge injection. However, using an assumed capacitance
(Cin = 30 pF) and the measured voltage change of the MS artifact (dV/dt = 110.4 V/s), we estimated the charge injection
to be approximately 3.31 nA; i.e., I(t) = Cin · dV/dt = 30× 10−12 [F]× 110.4 [V/s] = 3.31 [nA]. The current required to
induce microstimulation is on the order of microamperes (Voigt et al., 2017; Allison-Walker et al., 2021). Given that our
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estimated current is orders of magnitude lower, it is unlikely to cause microstimulation. Therefore, the primary factor influ-
encing brain activity in our setup is the direct effect of magnetic stimulation, rather than unintended microstimulation from
induced currents in the recording electrodes.
In the present study, we focused on the modulatory effects of TBS on neurons; however, it is worth noting that non-

neuronal cell types, such as glial cells, can also be affected by rTMS. Astrocytes, which provide nutrients to neurons
and contribute to the formation of the blood–brain barrier, experience a reduction in the expression of genes specifically
related to inflammation and calcium signaling following 1 and 10 Hz low-intensity rMS (Clarke et al., 2021). Additionally,
14 d of iTBS promotes the survival andmaturation of oligodendrocytes (Cullen et al., 2019) and expands gaps in themyelin
sheath (nodes of Ranvier), thus reducing the propagation speed of membrane potentials (Cullen et al., 2021). Furthermore,
not only glial cells but also cerebral blood flow can be influenced by rTMS. Blood flow is an indirect biomarker of neuronal
activity, with neurons and astrocytes acting on arterial smooth muscle in response to glutamate release (Attwell et al.,
2010). Moreover, one study reported that electromagnetic stimulation causes smooth muscle contraction (Blanquer
et al., 2022), suggesting that MS might directly increase blood flow. An investigation of the modulatory effects of TBS
on non-neuronal factors (such as glial cells and blood flow) in addition to neurons will provide amore detailed understand-
ing of the mechanisms of TBS.
rTMS has been explored as a potential treatment for tinnitus, which is a condition in which a phantom sound is perceived

without any external auditory stimulus. The evidence level of rTMS as a treatment for tinnitus is considered low
(Lefaucheur et al., 2020) because two large clinical trials have reported conflicting results: Folmer et al. (2015) demon-
strated that 1 Hz rTMS reduced tinnitus in 64 patients, whereas Landgrebe et al. (2017) revealed no significant effects
in a larger sample of 146 patients. However, several studies have noted that tinnitus is associated with hyperactivity in
auditory brain regions (Noreña and Eggermont, 2003; Mulders and Robertson, 2009). Thus, although the precise mech-
anism of tinnitus suppression by rTMS is not yet fully understood, it has been hypothesized that reducing this hyperactivity
may contribute to the suppression of tinnitus (Zhang, 2013). To our knowledge, the present study is the first to assess the
effects of TBS in the auditory cortex of mice. We measured changes in neural activity to single-MS instead of sound, with
the aim of evaluating the modulatory effects at the point at which TBS was applied. As a next step, the modulatory effects
on sound responses and tinnitus activity should be studied, to determine whether our low-intensity TBS protocol is sui-
table for tinnitus suppression in mice. Additionally, conducting repetitive auditory stimulation in an iTBS or cTBS pattern
could be interesting, as it may serve as a potential noninvasive treatment for hearing disorders if it induces a modulation
effect. Conversely, if no modulation effect is observed, it could function as a sham condition for magnetic TBS experi-
ments. Furthermore, the use of recently developed tools such as optogenetics might be useful for understanding the
circuit-level mechanisms of rTMS-induced tinnitus suppression.

Conclusion
In the present study, we used a millimeter-sized coil to demonstrate that localized TBS was able to induce bidirectional

modulation of the mouse auditory cortex. Electrophysiological measurements revealed that repetition suppression
occurred during TBS delivery; decreasing trends in MSEP amplitudes were observed within a train in iTBS and within a
whole session in cTBS. By analyzing the changes in neural activity before and after TBS, a bidirectional modulatory effect
was observed in which MSEP amplitudes increased for 20 min after iTBS and decreased for 10 min after cTBS. Although
the inhibitory effects of cTBS were weak in terms of MSEPs, a significant decrease in spike counts was observed 20 min
after cTBS. Additionally, iTBS had a delayed facilitatory effect on spike amplitudes, which matches the reported time
course of decreased parvalbumin expression from previous research. Given the limited number of studies assessing
the modulatory effects of TBS on the auditory cortex of rodents, our findings provide valuable physiological evidence
of TBS modulation in the mouse auditory cortex. Nonetheless, further research is needed to fully understand the mech-
anisms underlying how rTMS modulates the auditory system and to be able to treat certain hearing disorders, such as
tinnitus.
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