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Abstract

Transcranial magnetic stimulation (TMS) involves the application of time-pulsed
magnetic fields to cortical tissue through a coil positioned near the head. TMS is
widely used for studying the mechanisms underlying perception and behaviour and
is considered a potential therapeutic technique for various conditions. However, the
application of TMS has been hindered by the lack of understanding of its mechanism
of action. Here we studied the effects of three repetitive TMS (rTMS) paradigms on
intra-cortical neuronal responses to oriented gratings in cat area 18. Each of
stimulation protocols, including continuous theta-burst, intermittent theta-burst, and
15 Hz rTMS, consisted of 600 pulses. Application of continuous theta-burst and 15
Hz rTMS suppressed the action potential response to oriented grating stimuli for
1.5-6 minutes. In contrast, application of intermittent theta-burst stimulation was
associated with enhancement of the action potential response ~15 minutes following
TMS. Neuronal assemblies that were more responsive before the application of
rTMS, were affected more than neurons that were less responsive before rTMS. In
spite of these changes, the preferred orientation, the orientation tuning of the multi-
unit activity and the spatial pattern of the responses recorded from assemblies
neurons remained unaffected. Our findings demonstrate that rTMS does not modify
the functional selectivities of ensembles of neurons; rather, it has a linear gain effect
on their responses.
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Introduction

Transcranial magnetic stimulation (TMS) involves the application of time-pulsed
magnetic fields to cortical tissue through a coil positioned near the head. Since its
inception (Barker et al., 1985a), TMS has been considered as a potential therapeutic
technique for conditions of recovery from stroke (Ernst, 1990; Khedr et al., 2009;
Leong, 2009; Takeuchi et al., 2005), psychiatric disorders such as depression
(Berlimet al., 2012; Berlim et al., 2013), schizophrenia (Prikryl and Kucerova, 2013;
Rajji et al., 2013) and others. It has been used in pain research and in studies
involving conduction pathways of the central and the peripheral nervous systems
(Awad et al., 2013; Massé-Alarie et al., 2013; Schabrun et al., 2013). TMS has also
been commonly used to investigate the relationship between brain and behavior
(Rossini et al., 2010). However, the application of TMS has been hindered by the
lack of understanding of its mechanism of action, and therewith, the lack of tools for
predicting its effect on cortical processing (Wasserman and Zimmerman, 2012).
Therefore, most of the concepts on the rTMS’ mechanisms of action have been
speculative.

Various TMS delivery paradigms cause different effects that last for different
durations. The effect of single-pulse TMS lasts, at most, a few tens of milliseconds
(Rossi et al., 2009; Pascual-Leone, 2002). Therefore, it is generally used as an
‘instantaneous’ paradigm in which TMS is delivered during the performance of a
task. Repetitive TMS (rTMS), on the other hand, is used both as an ‘instantaneous’
and ‘prolonged’ paradigm, since the duration of its effect is on the order of seconds
or minutes, outlasting the application of the pulses (Rossi et al., 2009; Pascual-
Leone, 2002). Based upon the frequency of repetition of pulses, rTMS can be further
classified into low frequency (<= 1Hz) and high frequency (>1 Hz) rTMS. Low and
high-frequency rTMS paradigms are known to induce significant effects on cortical
excitability and plasticity (Valero-Cabre et al., 2007; Gersner et al., 2011; Siebner,
2010; Vlachos et al., 2012). Low frequency rTMS has been shown to decrease
cortical excitability and hence increase seizure threshold (Tergau et al., 1999; Joo et
al., 2007; Prikryl and Kucerova, 2005). The converse may be true for high-frequency
rTMS, which increases cortical excitability (Berardelli et al., 1998), and therefore
may be prone to induce seizures.

Several high-frequency TMS stimulation protocols have been used. Our interest lies
in a particular rTMS protocol developed by (Huang et al., 2005). This technique
conditions the brain with bursts of high-frequency rTMS. Each burst consists of 3
pulses at 50 Hz. These bursts can then further be repeated at a frequency of SHz
(theta), 10 Hz (alpha) or 20 Hz (beta) to provide an rTMS paradigm which can be
referred to as theta-, alpha-, or beta-burst stimulation, respectively (De Ridder et al.,
2007).
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Previous studies that combined continuous or burst rTMS paradigms with invasive
electrophysiological recordings have been pursued in rodent (Benali et al., 2011;
Levkovitz et al., 1999), feline (de Labra et al., 2007; Espinosa et al., 2007; Espinosa
et al., 2011; Moliadze et al., 2005; Moliadze et al., 2003; Pasley et al., 2009), non-
human primate (NHP) models (Baker et al., 1995; Dancause et al., 2006), and one
human patient (Wagner et al., 2004a). The reported effects of TMS paradigms on
cortical excitability and function are highly variable. Continuous theta burst (cTBS)
applied to the motor cortex suppressed motor evoked potentials (MEPs) amplitudes
— a peripheral measure of cortical excitability (Huang et al., 2005; Ishikawa et al.,
2007). In contrast, Benali et al. (2011) reported an increase in the fundamental (in a
train of three) somatosensory evoked potentials (SEPs) PiN; amplitudes following
cTBS conditioning. The opposite result was reported bt Zapallow et al. (2012). In
their hands, the PiN; amplitude is significantly suppressed for 5 to 9 minutes
following cTBS. In addition, Ishikawa et al. (2007) and Zapallow et al. (2012)
reported that cTBS suppressed a different SEPs component — P2sN33 or effectively
P>N>. Possibly explaining part of the variability, Noh et al. (2012) and (Vernet et al.,
2013) showed that the effect of cTBS may depend on the site in which activity is
measured by demonstrating that cTBS suppressed MEP amplitudes but had a longer
lasting increase in EEG power amplitudes. In contrast to the reported effects of
cTBS, intermittent theta burst (iTBS) shows consistent facilitatory effect on both
MEPs and SEPs (Benali et al., 2011; Di Lazzaro et al., 2008; Huang et al., 2005).
However, 15 Hz rTMS — a paradigm that delivers single pulses at the average
frequency of the bursts used for cTBS — seems to cause variable effects. It has shown
facilitatory effects on MEPs (Wu et al., 2000) and no effect on MEPs (Huang et al.,
2005; Maeda et al., 2000a). Thus, previous reports on the effect of 15 Hz and ¢cTBS
on neurophysiological activity are inconsistent.

Not only the sign — suppression or facilitation — of the effect of rTMS on
neurophysiological activity is not yet determined, their amplitudes too. Yet another
important feature of the effect of rTMS paradigms is their time course. What’s the
duration of the effect? How long after the application of rTMS do responses go back
to their normal amplitudes?

In order to reconcile these inconsistent reports, we applied intracortical recordings
of two more local measures of excitability, namely action potentials and gamma-
band responses. To this end, we recorded neurophysiological responses to oriented
grating stimuli from an array of electrodes implanted in cat area 18. We aimed to
determine the effects of cTBS, iTBS, and 15 Hz rTMS paradigms on neuronal
responses, including the sign — suppression or facilitation, amplitude of the response
relative to the amplitude prior to rTMS, time-course and the spatial pattern of the
responses.
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Materials and Methods
Animals and anesthesia

All procedures were approved by the animal care committees of the Montreal
Neurological Institute and McGill University and were carried out with great care
according to the guidelines of the Canadian Council on Animal Care. Data were
obtained from one male and six female cats, weighing 3.7 to 4.7 Kg. Twelve
hemispheres (2 hemispheres from 5 cats and one hemisphere each from 2 cats) have
been used to obtain 12 datasets for each TMS paradigm. Of the 12 datasets, 4 datasets
were rejected: three due to unstable baseline activity (which makes it difficult to
quantify the effect of TMS) and one due to seizure induction.

We performed acute experiments. Glycopyrrolate (0.01-0.05 mg/Kg) was
administered intramuscularly (IM). Fifteen minutes later, we administered a cocktail
of acepromazine (0.11 mg/Kg SC) and ketamine hydrochloride (20 mg/Kg, IM). The
animals were then placed on a heating pad, and their body temperature was
maintained within the range of 38.0°C-38.5°C). The cats were intubated and
ventilated using a respiratory pump, with a mixture of 80% Medical Air, 20%
Oxygen and isoflurane. Venous cut-downs were performed to insert cephalic vein
catheters into both forelimbs. These two lines were subsequently used for all
intravenous (IV) administrations.

The animals were carefully placed on a stereotaxic frame with their heads supported
by ear bars coated with lidocaine hydrochloride gel. To prevent the dryness of the
cornea, we applied contact lenses. Throughout the experiment, the animals’ heart
rate (HR; measured with ECG), pulse oximetry (SPO.), end-tidal carbon dioxide (Et-
COz) and body temperature (T) were monitored and stabilized. Once all
physiological parameters were stable, Gallamine Triethiodide (5 ml) was injected
through one of the IV lines to induce paralysis, in order to prevent eye movements.
All surgical wounds were infused with 2% lidocaine hydrochloride. Glycopyrrolate
(IM every 7 hours at 0.01 mg/kg), Buprenorphine (IV every 12 hours at 8.5 pg/kg)
and Dexamethasone (IV every 24 hours at 0.3 mg/kg) injections were administered
to prevent tracheobronchial secretions, post-operative pain, and inflammation,
respectively.

The cranium was exposed, and two holes were drilled for the insertion of small metal
screws for recording the EEG. For optical imaging and for the subsequent
implantation of an electrode array, a larger circular opening (approximately 18 mm
in diameter) was made, centered on the midline at Horsley-Clark coordinate A4. A
chamber was attached to the skull. In order to prevent edema, mannitol (250 mg/kg)
was injected (IV) 30 minutes before performing duratomy. The dura mater above
area 18 was resected. Artificial cerebrospinal fluid (aCSF) or agarose were used to
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protect the exposed cortex. At the end of the surgical procedures, gas anesthesia was
switched from isoflurane to halothane (Sigma-Aldrich). An infusion of 6ml/kg/hr of
5% Dextrose in Lactated Ringer’s solution and 2% Gallamine Triethiodide (2
mg/Kg/hr) was administered throughout the duration of the experiment. During the
imaging and recording sessions, the halothane level was kept at 0.7-1.0% and the
heart rate was maintained at 160-180 BPM. The animal was mechanically ventilated
at a rate of 25-40 strokes per minute and a volume of 10-15 ml/kg, maintaining the
end-tidal CO2 within 32-38 mm Hg. The gas mixture was adjusted within the range
of 100 % medical air to 80% medical air / 20% O2, to keep the oxygen saturation
level at > 94%.

To dilate the pupils, we administered 2.5% phenylephrine hydrochloride
(Mydfrin®, Aventix Animal Health). The eyes were protected using contact lenses
with zero power; they were focused on a tangent screen at a distance of 30 cm using
external lenses with power determined by retinoscopy. The retinal vessels, blind-
spot, and area-centralis of each eye were back-projected onto the screen.

Visual Stimuli

To generate the visual stimuli, we used the Psychophysics toolbox (Brainard, 1997).
The visual stimuli were displayed on a 21” LCD screen with a refresh rate of 60 Hz.
The screen was positioned at a distance of 30 cm from the animal, subtending an
angle of 30-55° in the visual field, contralateral to the hemisphere investigated. The
animals were stimulated binocularly, using 50% contrast sinusoidal-wave gratings
with a spatial frequency of 0.15 cycles per degree and a temporal frequency of 4 Hz.

To optimize the position of the electrode array, we used optical imaging to
acquire hemodynamic responses to grating stimuli. Each presentation of a visual
stimulus was associated with 12s-long data-acquisition, starting with 2s of
presenting static gratings followed by 5s of moving grating and 5s of static gratings.
To allow for the relaxation of activity-dependent vascular changes, each 12-second
period of data-acquisition was followed by 8-second inter-stimulus interval (ISI).
The stimulus was switched to the static grating of the next condition at the beginning
of the ISL.

Each of 30 trials consisted of acquiring responses to 16 grating stimuli moving
in 16 directions, spanning the orientation and direction spaces at a resolution of
22.5°. In addition, we acquired baseline optical images during a presentation of a
blank image — an iso-luminant gray screen — of luminance equal to the average
luminance of the gratings. All 17 conditions were presented once in each trial with
a randomized order of presentation, averaging out any systematic effects of stimulus
presentation order.
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Optical imaging and implantation of a multi-electrode array

Responses of neuronal assemblies were imaged optically and subsequently recorded
with microelectrode arrays (MEAs). The surface of the cortex was imaged using a
differential data acquisition system (VDAQ Imager 3001, Optical Imaging Ltd.,
Rehovot, Israel) equipped with a 12-bit bit-depth Pantera 1M60 camera (Teledyne
Dalsa, Waterloo, Ontario, Canada) and a macro lens (Nikon, AF Micro Nikkor, 60
mm, 1:2.8 D). The camera was focused on the surface of the cortex, ensuring that
the cortical blood vessel architecture was captured. Preferred orientation was
mapped parallel to the surface of cortex (Grinvald et al., 1986; Shmuel and Grinvald,
2000). After obtaining the orientation map, an optimally responding region was
selected for implanting a 10x10 electrode array (3.6 mm x 3.6 mm area, 400 um
separation between adjacent electrodes, and 1 mm electrode length; Blackrock
micro-systems, Salt-Lake Cirt, UT) for electrophysiology recordings. The array was
then inserted using a pneumatic inserter. Figure 1 shows an orientation map obtained
during one of the experiments followed by the placement of the electrode array.
After the insertion of the array, a laser beam was used to register the location of the
array (Figure 1c). The array was then covered by a thin layer of Surgifoam soaked
in artificial CSF (approximately 1 mm thickness in the soaked state) in order to
replicate the CSF layer and keep the brain wet. The drilled out piece of bone was
then placed above the array, now cushioned by a layer of wet Surgifoam.

A 70 mm butterfly TMS coil was placed above the array approximately 10 mm from
the cortical surface. Since the gyrus on which the array was inserted was directed in
the anterior-posterior direction, the TMS coil was oriented tangentially to the cortex
amd perpendicularly to the anterior-posterior axis. This caused the induced current
profile to approximately align with the mediolateral axis (perpendicular to the
direction of the gyrus). This orientation is important for inducing the maximum
electric field that can be induced in a gyrus for a particular stimulation intensity
(Thielscher et al., 2011).
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Figure 1. Mapping the area intended for array implantation followed by coil positioning. (a)
Preferred orientation map obtained using optical imaging. (b) The position of the implanted array,
determined based on the orientation map. (c¢) Localization of the TMS coil above the array, using
a laser-guided pointer held perpendicularly above the array.

rTMS protocols and experimental paradigm

Trains of rTMS pulses of biphasic waveforms were generated by a Magstim Rapid
TMS stimulator (Magstim, Whitland Dyfed, UK) and administered to cortical area
18 through the coil.

Three different rTMS paradigms were administered: a 15 Hz rTMS paradigm (a train
of 15 Hz pulses for 40s amounting to a total of 600 pulses) and two theta-burst
paradigms (three pulses of TMS at 50 Hz repeated at 200 ms intervals; Huang et al.,
2005). We applied cTBS (a single train of TBS for 40 s amounting to 600 pulses)
and 1TBS (a 2s train of TBS repeated every 10 s for 190s amounting to 600 pulses).
All TMS paradigms were delivered at 55% MSO, which equivalent to 100% RMT.

Figure 2 depicts our experimental paradigm associated with each of the 3 rTMS
protocols. Each presentation of a visual stimulus consisted of 1s of a blank iso-
luminant gray screen, followed by 1s of moving grating. Each 34s trial consisted of
presenting 16 gratings stimuli spanning the orientation and direction space at a
resolution of 22.5°, and 1 blank condition. The order of the directions in each trial
was randomized. Seventy-five such trials were run for each TMS protocol. TMS was
administered following the completion of 15 baseline trials, before the 16th trial

started. Thus, the duration of one run was 8.5 minutes of pre-TMS and 34 minutes
of post-TMS.
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Throughout each run, extra-cellular neurophysiological signals were recorded
continuously at a sampling rate of 24,414 Hz using a Tucker Davis Technology
(Alachua, FL) data acquisition system. We recorded local field potentials and
spiking activity.

(a) Blank 0 Stim 0 Blank 2 Stim 2 Blank 6  Stim 6 Blank 10 Stim 10 Blank 16 Stim 16

1357 Blank 225° Blank 360"

Blank Blank Blank 45°

(b)

sesc]5trials=g === escsccccscsscccscscsscscses 60 trialss==ececcccccccccccccccccnns

Figure 2. Experimental Paradigm. (a) Each trial consists of 16 conditions (8 orientations and 16
directions of motion orthogonal to orientation, spanning 360° in steps of 22.5°) and a blank
condition. Each stimulus was presented for 1 s, with 1 s inter-stimulus interval during which a
blank gray image was presented. (b) Each square block corresponds to one trial. We obtained data
from fifteen trials before TMS, followed by the delivery of TMS and subsequently 60 trials
following the application of TMS.

Data analysis

The results from each run consisted of 75 vectors ordered according to time of the
acquisition, each of which containing the responses to 17 conditions during one trial.
For analysis, we re-sampled the 75 vectors to 25 vectors by averaging 3 consecutive
trials. Responses were averaged over the same orientation, maintaining the vector
structure.

Statistical significance of the effect of TMS was tested using a t-test with p<0.05.
Post-hoc false discovery rate (FDR) correction based on Bejamini and Yekutieli’s
procedure was performed on all statistical tests. Statistically significant decreases
and increases are represented by blue and red (*) markers, near the lower and upper
y-axis extremities, respectively. Statistical significance of the correlation plots was
obtained by transforming correlation coefficients to Fisher coefficients and
performing a t-test on the Fischer coefficients. However, for presentation purposes,
actual correlation coefficient values are presented. To evaluate the similarity
between two distributions we applied a paired Kolmogorov-Smirnov test followed
by a Chi-squared goodness-of-fit test.
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Sifting orientation-selective channels from other channels

Each evoked response to a visual stimulus was split into three segments: spontaneous
segment (800 milliseconds baseline activity before the onset of the stimulus),
transient segment (first 200 milliseconds after the onset of the stimulus) and,
sustained segment (200-1000 milliseconds after the onset of the stimulus). The
sustained segments of evoked responses provided the most stable measures for
analysis; Hence, they were used for subsequent analyses to quantify the effect of
TMS.

In order to determine the effect of TMS on neuronal populations, it was important
to first ascertain which channels (out of 96 implanted channels) demonstrated
orientation tuning. This was achieved by computing the circular variance of direction
tuning curves (Ringach et al., 1997; Ringach et al., 2002). In mathematical terms,
circular variance (CV) for a bi-modal distribution, such as that expected for direction
selectivity (Shmuel and Grinvald, 1996; Swindale et al., 2003), is given by

360

ZR o 26
k

CV="m— (6.1)

>R,
k=0

where, Ry is the response — firing rate — corresponding to direction & of the gratings
and Ok represents the direction angle of the drift of the gratings. The CV can be
further simplified for uni-modal distribution, such as that expected for orientation
selectivity (Hubel and Wiesel, 1962)

~

CcV=2_ (6.2)

R

k=0

k

To weed out channels that showed tuning from channels that did not, we calculated
the CV obtained for each of the 96 channels based on the action potential responses.
A CV threshold of 0.9 was selected for separating tuned and un-tuned channels.

Results
The effect of TMS on firing rates and gamma band power

To quantify the effect of TMS right after its delivery, we analysed the data from the
channels that were tuned to orientation. This was achieved by plotting the time
courses of firing rates (FRs) and band-limited magnitude of gamma activity (gBLM).
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Figure 3 presents the time courses of the averaged FRs, low gBLM (30-57 Hz) and
high gBLM (63-150 Hz) for each rTMS paradigm. Each individual measure (FR or
low/high gBLM) was first normalized separately for each channel and condition by
its just-pre-TMS value (5" time point on the plots). The normalized responses were
then averaged across all orientations, tuned channels and, finally across all
hemispheres. Both ¢cTBS and 15 Hz rTMS paradigms resulted in considerable
suppression of spiking activity right after their administration. cTBS and 15 Hz
rTMS suppressed spiking activity for 6.8 and 1.7 minutes, respectively (t-test,
p<0.05, FDR corrected, N = §8; represented by blue ‘*’ markers near the lower y-axis
extremity). In contrast, iTBS showed no suppressive effect after its delivery. iTBS
caused statistically significant but sporadic long term facilitation in spiking activity
(represented by red *’ markers near the upper y-axis extremity). The changes were
less obvious In low and high gBLM. However, the trends were similar: ¢cTBS and
15 Hz rTMS suppressed gamma-band activity for 1.7 minutes after their
administration with no significant long term effects. In contrast, iTBS showed no
short term effects but a significant increase in long term gBLM, which was more
consistent in high gBLM than in low gBLM.
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Figure 3. Average normalized action potentials firing rate and gBLM responses in cTBS, iTBS,
and 15 Hz rTMS experiments. In all cases, normalization was done with respect to responses on
the time point right before the application of TMS.
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The effect of TMS on the spatial pattern of the response

In the previous section, we examined the effects of rTMS on the average firing rate
and gamma activity across all orientations and tuned channels. How these effects
influence the spatial pattern of the responses to each orientation? To address this
question, we compared the post-rTMS responses recorded in all channels to all
orientations relative to their pre-rTMS counterparts. The comparison was done with
reference to the pattern of responses recorded in the just-pre-TMS trial. This gave us
a measure of how the response pattern of each trial varied with respect to the pre-
TMS trial. To test a possible linear relationship between the pre- and post-TMS
responses, we chose not to use simple linear regression, because simple regression
assumes that one of the two variables — the one represented along the horizontal axis
— 1s given with no errors. Here, both the pre-TMS and post-TMS responses are
subject to noise and measurement errors. Therefore, we applied orthogonal
regression, which assumes and models errors along the two axes (Leng et al., 2007).
Figure 4 presents a snippet of the results, showing a scatter plot and the orthogonal
regression line fits of post-TMS responses at different time points (1.7, 6.8 and 18.7
minutes after TMS) relative to the pre-TMS responses to all orientations averaged
over the 3 trials (1.7 minutes) before TMS. The scatter plots show an approximate
linear behavior of the responses at different time points. The orthogonal regression
line for each cluster depicts the major axis of anisotropy. The slope of each
regression represents a multiplicative factor, the gain associated with that cluster
relative to the pre-TMS baseline. For the given experiments presented in Figure 4 —
one each for cTBS, iTBS and 15 Hz rTMS conditioning selected randomly — we
observe that cTBS conditioning resulted in a decrease in spiking activity after 2
minutes and 7 minutes (slopes of the red and green regression lines vs. the slope of
the black unity line); Nineteen minutes following the application of cTBS, the
reponses already returned to baseline (slope of blue regression line vs. slope of black
unity line). iTBS conditioning resulted in a prolonged increase in cortical activity
(shown by the higher slope of the blue regression line with respect to the unity line);
this effect was not visible immediately following TMS administration (as indicated
by the overlap of the red and black regression lines). 15 Hz rTMS resulted in a
decrease in cortical responses following the delivery of TMS; Nineteen minutes
following the application of 15 Hz TMS, the responses showed a slight increase
relative to the baseline. These results demonstrated a linear gain effect of the three
rTMS paradigms we applied, albeit from only one experiment and only 3 time
points.
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Figure 4. Linear gain effect of TMS: Post- Vs Pre TMS responses to oriented grating stimuli for
cTBS, iTBS, and 15 Hz rTMS conditioning. Each plot presents the average spiking response
recorded by tuned channels after the delivery of a particular rTMS conditioning paradigm with
respect to average spiking response recorded during the sustained part of the response by the same
tuned channels before the delivery of rTMS, for a specific experiment run. Averaging took place
across the prolonged part of the response (200-1000 ms following the presentation of the stimulus)
and over three consecutive trials, separately for each channel and orientation. Responses obtained
1.7, 6.8 and 18.7 minutes (portrayed by red, green and blue markers, respectively) after the delivery
of the particular rTMS paradigm were compared to responses averaged over 1.7 minutes before
TMS delivery. The colored scatter plots represent the relationship between post-TMS responses to
the pre-TMS response. The corresponding colored lines for the scatter plots are the orthogonal
regression lines. The black lines represent the lines with slope 1 and intercept 0 (unity slope lines).

Our subsequent analysis meant to test whether the effects of the three rTMS
paradigms can be modelled as linear gains for the entire data-set. Figure 5 presents
the time-courses of the slopes and y-intercepts of the regression lines along with the
correlation coefficients. The three parameters represent global measures of neuronal
responses since they represent changes across channels and orientations as a function
of time. The regression slope represents a multiplicative factor by which responses
were either suppressed or facilitated relative to the pre-rTMS response. The y-
intercept refers to an additive component of responses relative to the pre-TMS
baseline responses. The correlation coefficients indicate the similarity of the patterns
of responses relative to the pre-rTMS pattern of responses. Each of these time
courses of parameters was obtained separately for each experiment. Figure 5
presents the time-course averaged separately across all cTBS, iTBS and 15 Hz runs.
The lower row of panels in Figure 5 presents the time courses of the correlation
between each response pattern and the just-pre-TMS response pattern, averaged
across experiments.
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Figure 5. Time courses of the slopes and y-intercepts of the orthogonal regression lines and
correlation coefficients applied to the scatter plots. The slope and intercept time courses represent
the time point by time point results of orthogonal regression of responses to oriented gratings
relative to the baseline responses recorded pre-TMS, for cTBS, iTBS and 15 Hz rTMS. The error
bars represent the standard errors of mean (N = 8 experiments).

Table I presents the values of mean correlation coefficient values pre-rTMS (time
points 1 to 4 or trials 1 through 12) and immediately after (time points 6 to 9 or trials
16 through 27) the application of rTMS. Based on these values we conclude that the
application of TMS does not significantly change the response patterns (except for
a 1.7 minutes-long transient effect right after the application of 15 Hz TMS).

In summary, in all 3 paradigms, the effect of rTMS on spiking activity response is
approximately linear relative to pre-TMS responses, showing short term suppression
in ¢cTBS and 15Hz, and long term facilitation in iTBS (and a non-significant trend
of facilitation in ¢cTBS). However, the response pattern remains unchanged.
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Table 1. Variation of the mean correlation coefficient values across trials before and

after the delivery of rTMS (cTBS, iTBS, and 15 Hz rTMS conditioning).

Correlation | Pre-TMS trials (1 to 12) Post-TMS trials (16 to
( Mean +SEM) 27) (Mean £+SEM)
rTMS Paradigm
cTBS 0.853 + 0.035 0.826 + 0.034
i1TBS 0.865 + 0.020 0.841 £+ 0.028
15 Hz 0.840 + 0.029 0.799 + 0.030

Mean correlation coefficients before (time points 1 to 4 or trials 1 through 12) and immediately
after (time points 6 to 9 or trials 16 through 27) the application of rTMS. Each of the response
patterns was compared to the response pattern from time point 5 (trials 13-15), which served as
the pre-rTMS baseline response. The table reports mean correlation coefficient = standard error of
means (SEM) computed over the correlation coefficients obtained from 8 hemispheres.

The effect of TMS on orientation selectivity and tuning

The cortical sites that were classified as tuned to orientation are expected to show
different firing rate responses to different orientations. If the effect of TMS is indeed
linear relative to responses prior to TMS, we should expect that the orientation
tuning will not change following the application of TMS. To test this expectation
directly, we analyzed orientation tuning before and after TMS. Orientation tuning
curves were obtained by first averaging the responses to the two opposite directions,
both orthogonal to the same orientation. Therefore, the bi-modal direction tuning
curves were transformed to unimodal orientation tuning curves spanning 0 to 180
degrees. The tuning curves were fitted with Von-Mises function (Swindale, 1998;
Swindale et al., 2003) to which we added a variable to account for an additive offset
(‘DC?):
cos(2(8-po))-1
R(B)=Ae S +B

where R is the response to gratings of orientation 8°, A is the response at the
preferred orientation, B is the DC offset, po is the preferred orientation and S is the
spread parameter. The motive to add a DC parameter was to account for spontaneous
activity and untuned visual evoked response analogous to a DC offset. In other
words, the global signal (untuned evoked responses) was expected to be fitted by the
DC offset parameter.
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Figure 6. The upper panels present time courses of preferred orientation of each tuned channel,
from one experiment with cTBS, iTBS, and 15 Hz rTMS. The lower panels present cumulative
distributions of the maximum deviation of the preferred orientations of all tuned channels across
all experiments. The maximum deviation is computed relative to the preferred orientations right
before TMS, i.e. time point 5). In black, the deviations recorded at the beginning of the experiment
session (-6.8 to -8.5 minutes with respect to when TMS is applied, also denoted by the black arrows
in the upper panels). In red, the deviations recorded following the administration of rTMS (6.8 to
8.5 minutes following rTMS, also denoted by the red arrows in the upper panels).

We first determined whether TMS changed the preferred orientation associated with
each electrode. The upper row in Figure 6 presents the preferred orientation of all
tuned channels in one experiment, obtained from the fitted tuning curves. The curves
show that barring noise, there was no systematic change in preferred orientation as
a function of time. In order to quantify the effect of TMS on the preferred orientation,
we computed the difference in preferred orientation for each channel relative to the
channel’s preferred orientation right before the administration of rTMS. The
distributions in the second row in Figure 6 depict the preferred orientation at the
beginning of the TMS session (time point 1, 6.8-8.5 minutes pre-TMS) and after the
TMS conditioning (time point 9, 6.8-8.5 minutes post-TMS) relative to time point 5,
just before TMS). These distributions are cumulative, including data from all tuned
channels from all experiments. There was no statistically significant difference
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between the two distributions (D = 0.064, 0.057 and 0.039; X* = 5.95, 21.52, 18.72

where D is the Kolmogorov-Smirnov test statistic and X? is the Chi Square goodness
of fit statistic for the distributions associated with ¢cTBS, iTBS and 15 Hz rTMS,
respectively). Based on the similarity of the distributions before and after TMS, we
concluded that TMS did not change the preferred orientation.

In order to analyze the effect of TMS on other parameters of orientation tuning, we
aligned all fitted tuning curves according to their preferred orientation such that the
preferred orientation corresponded to 90°. Figure 7 shows plots of the average tuning
curves fitted to the average of three trials right before TMS (in dark) and to the
average of three trials right after TMS (in red). These tuning curves were averaged
across all tuned channels and all experiments. The curves demonstrate the
suppressive effect of cTBS and 15 Hz right after TMS, and the weak suppression
following iTBS. Note that the relative change in firing rate for a given orientation
following TMS relative to the average firing rate for the same orientation prior to
TMS seems to remain approximately equal across all orientations. This means that
the responses to the oriented gratings post-TMS bore a linear relationship with the
response responses pre-TMS. An additional support to this observation is
demonstrated by the vertical lines representing the full-width at half height before
and after TMS, which are approximately equal.

cTBS iTBS 15Hz
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Figure 7. Average tuning curves of three trials right before (black) and right after (red) the
administration of ¢TBS, iTBS, and 15 Hz rTMS. The darker lines represent the mean values
whereas the lighter regions around them show the standard error of means across all experiments.
The vertical solid black and dotted red lines mark the widths of the tuning curves at the
corresponding half heights before and after TMS, respectively.

Figure 8 presents the time courses of the average tuning curves for the three TMS
paradigms. The black and red arrows indicate the time points at which the tuning
curves shown in Figure 7 were extracted from.
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Figure 8. Time-courses of average tuning curves fitted with Von-Mises function. The dotted black
vertical lines separate the tuning curves into the pre-TMS and post-TMS regions. The tuning curve
of spike firing rate obtaind from each recording site was fitted with Von-Mises function. Each of
the fitted function curves was circularly shifted such that the preferred orientations of all fitted
curves were aligned before averaging across all recording sites.

Figure 9 presents the time courses of 1) the mean relative difference in firing rate
response amplitude between the preferred and non-preferred orientation (orientation
that elicits the lowest firing rate). Note that ‘relative’ refers to that same measure in
time point 5, just before TMS; 2) non-preferred orientation firing rate (DC
parameter); 3) half-width at half maximum height (HW@HM), also termed the
bandwidth of the tuning curve; and, 4) circular variance (CV). CV is a global
measure of tuning and selectivity whereas the bandwidth is a local measure (Ringach
et al., 2002). Consistent with the results presented in Figure 3 and Figure 5, cTBS
and 15 Hz TMS suppressed the amplitude of the response of the tuning curve for 6.8
and 1.7-3.4 minutes, respectively. Consistent with the results presented in Figures 3-
5, 1TBS caused a late (14-32 min following TMS) increase in tuning curve
amplitude. TMS caused a transient (1.7 min long) increase in CV right after cTBS
conditioning. No statistically significant changes in tuning bandwidth were
observed following each of the 3 TMS paradigms. We concluded that none of the
TMS paradigms affected orientation tuning and selectivity. We further concluded
that the effect of TMS on the response amplitude is linear relative to the baseline
pre-TMS response.
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Figure 9. Time courses of the amplitude (response to preferred orientation minus the response to
the orthogonal-to-preferred orientation, normalized to the same measure obtained just-prior to
TMS), DC (response to the non-preferred orientation) half-width at half-maximum-height and
circular variance of the fitted tuning curves. The left, middle and right columns present the values
obtained from applying cTBS, iTBS, and 15 Hz rTMS, respectively.

Discussion

Simulations show that the current density elicited by TMS is approximately
homogeneous in the region covered by the multi-electrode array (Romero et al.,
2019). A standard 70-mm butterfly coil — which we used in our study — is thought to
maximally stimulate about 1-2 ¢cm? of cortex beneath its central junction (Sandrini
et al., 2011). Therefore, the effect of TMS spreads out over a larger area than that
covered by the electrode array.

Is the effect of TMS on the neuronal assemblies within the region influenced by the
TMS similar? Is it additive, multiplicative or non-linear for different populations of
neurons within that area? Or are neuronal assemblies, be it strongly responding or
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weakly responding, have their performance after the application of TMS affected by
the same percentage relative to their responses before the application of TMS? Is the
effect exerted by different rTMS protocols similar? Here we addressed these
questions by applying different rTMS protocols on a 3.6 mm x 3.6 mm area of the
feline visual cortex.

Effect of rTMS on neuronal responses

Based on previous studies in humans, low-frequency and high-frequency rTMS
decreases and increases cortical excitability of the motor cortex, respectively
(Berardelli et al., 1998; Fitzgerald et al., 2006).

Data from animal studies using TMS in combination with direct electrophysiological
recording have provided insight into the TMS effects. Moliadze et al. (2003)
performed extracellular single-unit recordings in the cat primary visual cortex (area
17) while directing a 70 mm figure of eight coil — similar to the one we used — to the
recording site. Consistent with the findings on low-frequency TMS in humans,
single biphasic TMS pulses elicited facilitation of activity during the first 500 ms,
followed thereafter by a suppression of activity lasting up to a few seconds.

In contrast to the agreement on the effect of low-frequency TMS, animal studies that
applied high-frequency TMS reported suppression of neuronal activity, unlike the
findings from the human motor cortex. Valero-Cabre et al. (2005) demonstrated that
the application of 20 Hz rTMS induces a relative decrease in metabolic activity at
the site of direct application and at specific distant sites of the stimulated hemisphere,
indicating an rTMS-induced decrease in neural activity. Allen et al. (2007) and
Pasley et al. (2009) applied TMS to the cat visual cortex and evaluated the
consequences to neuronal activity. In contrast to findings observed in the human
motor cortex, short TMS pulse trains (1 to 4 s, 1 to 8 Hz) elicited an immediate
suppression of action potential and LFP responses that lasted 5 to 10 minutes (Allen
et al., 2007; Pasley et al., 2009). The immediate, short suppression effect we
observed after applying 15 Hz rTMS (Figures 3-5 and 7-9) is consistent with the
response suppression elicited by Moliadze et al. (2003) following the application of
single pulses, and that observed by Allen et al. (2007) following the application of 8
Hz TMS. The differences in the effect durations observed in the different studies —
Moliadze et al. (2003), Allen et al. (2007), and our study (Figures 3-5 and 7-9) can
be attributed to the different frequencies applied in the 3 studies, and to the different
durations of rTMS.

Huang et al. (2005) were the first to introduce TBS in humans. Application of 600
pulses of cTBS reduces the excitability of the motor cortex, as indicated by the motor
evoked potentials measured in a hand muscle (Huang et al., 2005). In contrast, iTBS
increased this excitability, and 15 Hz rTMS did not show significant effects. Our
intra-cortical measurements are — by large — aligned with the effects of cTBS and
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1TBS on the motor cortex in humans (Huang et al., 2005). Analogous parameters
recorded from different regions of the brain can be affected differently by the same
TMS paradigm. We hypothesize that the differences between the findings from the
human motor cortex by Huang et al. (2005) and our findings from the cat visual
cortex may be attributed to the different laminar structure of the motor and visual
cortex..

TMS does not influence the global pattern of responses

Linearity and correlation analysis of firing rates revealed that TMS influences the
responses of neuronal assemblies in orientation columns the same way. In other
words, the response of multi-unit activity across all orientations — be it preferred or
non-preferred orientation — bears a linear gain effect relationship to their
corresponding responses before TMS, with the same multiplicative factor across
recordings from all electrodes. This was also demonstrated using tuning curve
analysis in which we show that TMS did not affect the preferred orientation and the
global measures of tuning and selectivity (Figures 6-9). These findings indicate that
the rTMS paradigms do not change the functionality of the circuit. Rather, they
modify the amplitude of the responses.

In conclusion, TMS effects on cat area 18 responses to grating stimuli can be
modeled as linear gain effects. This can be explained by the current density elicited
with a figure-of-eight coil, which is approximately constant in the 3.6 mm X 3.6 mm
region where the electrode array is implanted. The state of ensembles of neurons in

a population within a constant field distribution is affected to the same extent by
TMS.

Neuronal mechanisms of rTMS

The precise mechanisms of TMS action are still unclear. Variuos hypotheses have
been made with regard to the neuronal mechanisms underlying the effect of TMS
and rTMS.

Simultaneous recording of LFPs and spiking activity in the primary visual cortex of
macaque monkeys showed that the spatial extent of gamma activity and its
relationship to local spiking activity is stimulus-dependent (Jia et al., 2011). Small
gratings induce a broadband increase in spectral power. Large gratings induce a
gamma rhythm characterized by a distinctive spectral “bump,” which is coherent
across widely separated sites. These results are consistent with the increasing
amplitude of the intrinsic signal responses with increasing anisotropy of grating
stimuli (Shmuel et al., 1996). Previous studies showed that TMS disrupts the
temporal structure of activity by altering phase relationships between neural signals
(Allen et al., 2007; Pasley et al., 2009), specifically between neurons belonging to a
more extended circuit activated by the stimulus (Pasley et al., 2009; Sandrini et al.,
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2011). This could well be a mechanism that contributes to our findings too. Indeed,
a possible disruption of the high coherence elicited by grating stimuli is a plausible
mechanism underlying the suppression effects cTBS and 15 Hz TMS elicited in our
study.

A plausible hypothesis is that TMS induces intracortical inhibition (Sandrini et al.,
2011). Indeed, an induced electric field can increase GABA levels (Dubin et al.,
2016), which in turn, suppresses activity. Our finding of a linear gain effect
suppression of neuronal responses following ¢cTBS and 15 Hz TMS, with no changes
observed to the preferred orientation or the tuning of orientation preference is
consistent with elevated levels of GABA.
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