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Abstract

Background—Transcranial magnetic stimulation (TMS) is used to selectively alter neuronal 

activity of specific regions in the cerebral cortex. TMS is reported to induce either transient 

disruption or enhancement of different neural functions. However, its effects on tuning properties 

of sensory neurons have not been studied quantitatively.

Objective/Hypothesis—Here, we use specific TMS application parameters to determine how 

they may alter tuning characteristics (orientation, spatial frequency, and contrast sensitivity) of 

single neurons in the cat’s visual cortex.

Methods—Single unit spikes were recorded with tungsten microelectrodes from the visual cortex 

of anesthetized and paralyzed cats (12 males). Repetitive TMS (4Hz, 4sec) was delivered with a 

70mm figure-8 coil. We quantified basic tuning parameters of individual neurons for each pre- and 

post-TMS condition. The statistical significance of changes for each tuning parameter between the 

two conditions was evaluated with a Wilcoxon signed-rank test.

Results—We generally find long-lasting suppression which persists well beyond the stimulation 

period. Pre- and post-TMS orientation tuning curves show constant peak values. However, strong 

suppression at non-preferred orientations tends to narrow the widths of tuning curves. Spatial 

frequency tuning exhibits an asymmetric change in overall shape, which results in an emphasis on 

higher frequencies. Contrast tuning curves show nonlinear changes consistent with a gain control 

mechanism.
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Conclusions—These findings suggest that TMS causes extended interruption of the balance 

between sub-cortical and intra-cortical inputs.

Keywords

Transcranial magnetic stimulation; orientation, spatial frequency, contrast selectivity; single unit 
activity

Introduction

Historically, numerous attempts have been made to alter brain activity in normal and 

abnormal physiological conditions. A prominent approach has been used to modify function 

by use of external application of electrical fields [1–3]. In addition to attempts to alter 

normal function, approaches have been used to treat clinical disorders by use of electrical 

stimulation. A relatively noninvasive technique, transcranial magnetic stimulation (TMS), 

has been shown to modify motor function in the human brain [4,5]. This has led to 

numerous studies [6–8].

Although consequences of specific parameters of TMS have been studied, numerous factors 

complicate interpretation. Variables include: different brain regions and cell types, various 

synaptic mechanisms, input and output patterns to local areas of the brain, and stimulation 

parameters. Reported TMS neural findings include: facilitation or suppression or both in 

specific brain areas [9–12]. Variability is substantial within both normal and abnormal 

subject populations [13,14]. In addition, TMS effects may rely on initial cortical activation 

state or excitability levels of specific neural populations [15–17].

This background suggests the need for a focused procedure with limited parameters. The 

physiological parameters of visual cortical neurons are well established. In addition, we 

have previously studied these responses in relation to hemodynamic signals and state 

dependent characteristics following TMS application [17,18]. Here, we investigate how 

basic tuning properties of cortical cells are affected by repetitive TMS (rTMS).

Although TMS effects on neural selectivity have been addressed previously, [19–21], former 

work concerned neural selectivity at population levels. This involved causal relations 

between targeted brain areas and behavioral tasks. Our current study involves TMS effects 

on cortical response selectivity, quantified at a cellular level. Based on well-established 

knowledge of the central visual pathway, our findings provide clues for understanding 

neural mechanism of TMS effects.

Materials and Methods

Animal preparation

Single unit spikes and LFP data were collected from the visual cortex of anesthetized and 

paralyzed cats (12 males). All procedures were conducted in accordance with guidelines by 

NIH and by the Animal Care and Use Committee at the University of California, Berkeley. 

We induced initial anesthesia with 3% isoflurane, and inserted venous catheters for 

continuous infusion of drugs during surgery and recording. While a tracheotomy and a 
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craniotomy (Horsley-Clarke coordinates P4L2) were performed, anesthesia was maintained 

with continuous propofol (20mg/kg·hr) and fentanyl (10μg/kg·hr). After the surgery, 

infusion rates of continuous propofol (6~8mg/kg·hr) and fentanyl (4μg/kg·hr) were adjusted 

individually for each animal to be at an adequate level of anesthesia. Then, to prevent eye 

movements, the animal was paralyzed with continuous pancuronium (0.2mg/kg·hr).

Transcranial magnetic stimulation (TMS)

TMS was delivered with a 70mm figure-8 coil connected to a Magstim Rapid stimulator 

(Magstim Company, Whitland, UK). Electrode penetration was made at an angle of A45, 

M0 (Figure 1A). This allows the figure-8 coil to be positioned obliquely near the transverse 

plane superior to the visual cortex [17,18]. The midpoint of the coil was centered on the left 

visual cortex craniotomy, 1.5~2cm from the skull. TMS pulse trains (4Hz, 4sec) were 

delivered by a TTL digital pulse at 80~100% stimulation intensity. At this intensity and 

range of distances, the induced electric field strength is estimated to be ~100-160 V/m [22].

Recording procedure

Neural activity was recorded with two-channel tungsten microelectrodes. Amplified raw 

signals from each electrode were bifurcated and fed into a band-pass filter to extract spike 

(500Hz ~ 8MHz) and LFP (0.7~170Hz) activity. Single units were identified based on spike 

waveform. Time stamps of single unit spikes and digitized LFPs were saved at resolutions of 

25kHz and 500Hz, respectively. Analysis methods and results from LFP data are available 

in Supplementary Materials.

Once a single unit was well isolated, several procedures were run to find the optimal drifting 

sinusoidal grating stimulus (50% contrast) that evokes the maximum response of the unit 

(orientation → spatial frequency → temporal frequency → binocular phase (for binocular 

cell) → size). And the obtained parameters were used to get detailed quantitative tuning 

properties for the main measurements.

To get detailed orientation tuning, we used 10 orientation values for each trial spanning 90° 

with the pre-determined optimal orientation as the center (e.g., 0~90° at intervals of 10°). 

The other parameters of drifting sinusoidal grating stimuli were fixed at optimal values. 

Both stimulus duration and inter-stimulus interval were set at 2 seconds, so a total of 40 

seconds was required for all 10 tested orientations to be presented per trial. Short TMS pulse 

trains (4Hz, 4sec) were delivered just before the beginning of the 16th trial (Figure 1B). 15 

trials before (trials 1~15) and after (trials 16~30) the TMS delivery were used to create two 

orientation tuning curves for the comparison between pre- and post-TMS conditions. Pre- 

and post-TMS trials corresponded to times of around −12.5~0 minutes and 0~12.5 minutes, 

respectively. Procedures to obtain spatial frequency and contrast tuning curves were 

identical to those for orientation. But the range of 10 tested values was fixed regardless of a 

cell’s preference (Spatial frequency: 0.1~2 c/deg, Contrast: 5~100%; values were evenly 

distributed on a logarithmic scale). For some cells, fewer values (7~8) were tested to save 

time.
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Data analysis

• Fitting of basic tuning curves

To quantify the effects of TMS on orientation tuning properties, individual tuning curves 

were fitted with a Gaussian function as follows.

(1)

where K is the maximum neural response, x is the orientation, μ is the preferred orientation, 

σ is the standard deviation of the Gaussian, and R0 represents the baseline neural response 

when visual stimulation is not provided. The spatial frequency tuning curves were also fitted 

with the same function as above. But note that they are not Gaussian shaped when the x-axis 

is transformed to a logarithmic scale.

The contrast tuning curves were fitted using the Naka-Rushton function [23].

(2)

where Rmax is the asymptotic maximum neural response, c is the contrast, c50 is the contrast 

at which the fitted curve reaches half of the maximum, n is the power function exponent, and 

R0 represents the baseline neural response when visual stimulation is not employed.

For individual neurons, tuning parameters were computed for each pre- and post-TMS 

condition. In order to understand the overall effects of TMS on functional tuning, the 

statistical significance of changes for each tuning parameter between two conditions was 

evaluated with a Wilcoxon signed-rank test.

Results

We studied 133 neurons from the visual cortices of 12 animals. We examined in detail 

effects of TMS on tuning properties of orientation, spatial frequency, and contrast sensitivity 

for 35, 32, and 25 cells, respectively (a total of 92 neurons). The excluded cells were either 

not affected by TMS due to poor positioning of the magnetic coil, lost during recording, or 

exhibited erratic behavior such as sudden neuronal silence or spike bursts independent of 

TMS application that prevented quantitative analysis.

TMS effects on orientation tuning: representative neurons

In previous initial studies, we used short TMS pulse trains and found, in most cases, that 

single unit neural activity in visual cortex was substantially suppressed for long periods 

[17,18]. Our current experiments yield similar findings. For this result in Figure 2A, the 

orientation of a grating has been varied between 40° and 130° in 10° steps presented in 

random order. Orientation is represented along the ordinate and response strength is color-

coded according to the scale on the right. Neural activity is strongest in the red region and 

weakest in the blue. The abscissa shows trial number and time relative to application of 

TMS. At the top, a scale shows black filled circles followed by gray and then open which 
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represent, respectively, pre-TMS, post-TMS, and recovery conditions. The downward open 

arrow indicates when TMS has been applied. A relatively wide range of orientations, 

centered at the peak value of 80°, is active prior to application of TMS. During the first 15 

trials prior to delivery of TMS, which corresponds to −12.5~0 minutes, neural activity for all 

orientations tested is relatively stable. After TMS is delivered between the 15th and 16th 

trial (time = 0), there is a clearly diminished response over the range of tested orientations. 

Note for this case and in general, TMS induced suppression is sustained for several minutes 

or more after completion of a 4 seconds TMS application (see Time axis at the bottom of 

Figure 2A).

These results are shown graphically in Figure 2B. Maximum suppression occurs at 80° and 

responses are reduced on both sides of the peak over the entire responsive part of the tuning 

curve. Note that the change in neural activity is similar in shape but not in magnitude (black 

vs. gray line curve), for the preferred orientation (80°) and non -preferred (e.g., 100°). Also, 

recovery is not complete as the dashed line curve remains lower than that of the pre-TMS 

condition even at a recovery period of 12.5~22.5 minutes after TMS application.

Another example, presented in Figure 2C & D, shows an effect of TMS that is more severe 

than in the previous case. Substantial suppression occurs immediately following TMS 

delivery (downward open arrow). Note in Figure 2C and D, the very low response level 

during the period indicated by gray dots. The suppression lasted for 12.5 minutes. It is also 

clear in this case and many others that the lower response after TMS results in a narrowing 

of the tuning width. Although, again, the recovery brings the response level back to nearly 

that of pre-TMS delivery, the overall tuning curve response is still slightly lower (dashed 

line curve) at times of 12.5 to 22.5 minutes after TMS application. The final example of 

Figure 2 (E and F) is an exception to the general finding that our 4Hz rTMS nearly always 

results in prolonged suppression of neural responses (80 out of 92 units). For a small number 

of cases, as in this example, TMS caused facilitation instead of suppression. Note that the 

pre-TMS filled circles section of the response is considerably lower than that following 

application of TMS as illustrated by the gray line graph. Again, maximum facilitation occurs 

at the preferred orientation (110°) and effects tapering off on either side of optimal. 

Recovery data for this example (dashed line) shows that restoration remains relatively 

limited and clearly below that of the facilitation level even after periods of 12.5 to 22.5 

minutes.

TMS effects on spatial frequency tuning: representative neurons

As in the case of orientation, spatial frequency is a central parameter of sinusoidal grating 

stimuli. Similar data to those for orientation are shown using the same format as in Figure 2 

for TMS effects on spatial frequency selectivity. In Figure 3A, results are shown for a cell 

from which responses were obtained for seven spatial frequencies (0.13~1.2 c/deg, evenly 

distributed on a logarithmic scale) for a total of 40 trials. A short TMS pulse train was 

applied just before the 16th trial (downward arrow), corresponding to time zero. Graphical 

results are shown in Figure 3B for spatial frequency tuning curves during pre- and post-TMS 

conditions, along with a recovery period. Data have been fit with the same equation as that 

for orientation tuning. However, since the spatial frequency axis (X-axis) is transformed to a 
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logarithmic scale, the fitted curve is not Gaussian shaped but has a longer tail on the left 

side. In the case of TMS induced suppression, as in this example, the area under the gray 

curve (post-TMS condition), is smaller than those under the other two curves. The fitting 

asymmetry causes TMS suppression to be more prominent at low compared to high spatial 

frequency ranges. In the recovery phase (dashed lines), the original tuning curve is nearly 

reproduced with slightly diminished response levels. Another example is shown in Figure 

3C, D. Although the effect of TMS is similar to that of the previous example, the difference 

between low and high spatial frequencies is more accentuated. In this case, following TMS, 

high spatial frequencies yield slightly greater neural responses. The recovery curve is again 

similar to that prior to TMS, but the peak is slightly shifted to the right. A third example 

(Figure 3E, F) shows again the very unusual case of TMS induced facilitation in spatial 

frequency tuning. Note that the most extensive effects are exhibited at low spatial 

frequencies. Once again, the recovery data (dashed line) show a nearly identical, but slightly 

reduced, tuning curve as that prior to TMS.

TMS effects on contrast-response function: representative neurons

The third basic property of cortical tuning that we examined for TMS effects is contrast 

sensitivity. This is a fundamental tuning parameter and has been investigated in numerous 

studies of visual function [23–25]. Figure 4 contains three examples showing effects of TMS 

on contrast sensitivity. Display format is the same as the previous figures. In the first 

example (Figure 4A), neural responses are given for 10 different contrast values ranging 

from 5 to 100% evenly distributed on a logarithmic scale, and recorded in 40 trials. There is 

a steady gradual increase in response strength as contrast is increased. The sigmoid shaped 

response function, typical in contrast sensitivity measurements both behaviorally and 

neurophysiologically, is shown in Figure 4B. The curves here are fitted with a Naka-

Rushton function (see Materials and Methods). The result of TMS application is a 

substantial suppression across the entire contrast range with an emphasis in the mid values 

(gray filled circles). Note that the suppression after TMS varies with contrast levels such that 

at low and high contrasts, effects are minimal and they are most extensive in the middle 

range. The subsequent recovery data (open circles with dashed line) is close to but still 

beneath the original control runs (black filled circles). Another example, Figure 4C & D, is 

similar to the previous cell. But TMS effects are more evenly distributed across a broad 

contrast range with minimal effects at the lowest levels. Note also that in this example, 

recovery data (dashed lines) are superimposed on original control responses with the 

exception of the highest contrast values tested. The third example, Figure 4E & F, shows a 

more linear contrast response function than in the previous cases. However, there is a 

striking difference in this case, because TMS has a facilitation effect rather than one of 

suppression and this is shown clearly throughout the range of contrasts tested except at 

100%. For this example, the matrix in Figure 4E is missing a component from post-TMS 

time 12.5 to 22.5 minutes, because neural responses were not recorded during a recovery 

condition.

TMS effects on response selectivity based on spike activity: population data

Our next step is to determine if TMS effects on response selectivity, which we have shown 

here for representative cells, are general in our data population. To quantify TMS-induced 
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changes in orientation selectivity, we compare Gaussian fitting function parameters used for 

pre- and post-TMS conditions (Figure 5A). The main results derived from spike activities of 

35 cells are as follows. First, a decrease of response magnitude is reflected in parameter K, 

which determines the height of the tuning curve (i.e., the maximum response). For most 

cells, parameter K in the pre-TMS condition is bigger than that for the post-TMS condition 

(Figure 5B) and the difference is statistically significant (Wilcoxon signed-rank test, 

p<0.001), confirming that the our 4Hz rTMS is much more likely to cause suppression 

(filled triangles) than facilitation (open squares) of neural activity. TMS-induced 

suppression does not cause a horizontal shift (i.e., change of preferred orientation) of the 

tuning curve (Wilcoxon signed-rank test, p=0.41, Figure 5C). However, TMS effects on 

orientation selectivity are not entirely explained by vertical scaling of the tuning curve of the 

pre-TMS condition. Strong suppression at non-preferred orientations often results in near-

zero firing rates which are not different from spontaneous spike activity, so that the width of 

the orientation tuning curve becomes narrower (Wilcoxon signed-rank test, p<0.01, Figure 

5D). A smaller width of the tuning curve means that a cell responds to a more limited range 

of visual stimuli (i.e., sharp orientation tuning). Previous studies have suggested that 

intracortical inhibition contributes to neural response suppression and sharp orientation 

tuning [26–29]. We discuss below the role that intracortical inhibition may play in the 

observed TMS effects on orientation selectivity.

TMS-induced changes in spatial frequency tuning are similar to those observed for 

orientation tuning. First, 4Hz rTMS causes suppression of neural responses. Thus, parameter 

K, representing the maximum neural response, is significantly smaller in post-TMS 

condition than that in pre-TMS (Wilcoxon signed-rank test, p<0.001, Figure 5F). Again, 

TMS-induced suppression and facilitation cases are expressed as filled triangles and open 

squares, respectively. Second, like preferred orientation, preferred spatial frequency 

associated with the strongest neural response is rarely changed by TMS (Wilcoxon signed-

rank test, p=0.5, data not shown). Furthermore, spatial frequency tuning width in a post-

TMS condition tends to be smaller than that for pre-TMS. However, unlike orientation 

tuning, decreases of tuning width do not reach statistical significance (Wilcoxon signed-rank 

test, p=0.12, data not shown).

An odd finding is that TMS-induced suppression is concentrated in the low frequency range. 

When spatial frequencies are higher than a cell’s preferred value, neural response is 

minimally suppressed or even increased in some cases (Figure 3). To quantify this 

asymmetric effect of TMS on spatial frequency, we define the low and high spatial 

frequency cutoffs as lowest and highest spatial frequencies that yield neural activity stronger 

than half-maximum values of Gaussian-fitted spatial frequency tuning curves (Figure 5E). 

Our population data (32 cells) show that the low spatial frequency cutoffs in post-TMS 

conditions are significantly higher than those in pre-TMS (Wilcoxon signed-rank test, 

p<0.01, Figure 5G). But the high spatial frequency cutoffs don’t show systematic increases 

or decreases after TMS (Wilcoxon signed-rank test, p=0.88, Figure 5H). These asymmetric 

changes in overall shape result in an emphasis on higher spatial frequencies.

As stimulus contrast varies from low to high, neural responses to the contrast varying 

stimulus are gradually increased until they are saturated at given contrast values. Therefore, 
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if a neural response is suppressed by TMS, the neuron requires a higher stimulus contrast to 

produce a response as strong as for the pre-TMS condition. We note that two different types 

of gain control can be involved in the suppression related change of the contrast-response 

function. If maximum neural responses (i.e., saturated neural responses) for pre- and post-

TMS conditions are comparable, although they are produced at different contrast values, 

contrast-response functions in post-TMS conditions may be overlapped with rightward shifts 

of pre-TMS conditions. This case exemplifies contrast gain control [24,30]. On the other 

hand, if the maximum response in a post-TMS condition is lower than that for pre-TMS 

(even if response saturation for the two conditions occurs at similar contrast values), contrast 

tuning in post-TMS will be better explained by a vertical scaling rather than a horizontal 

shift of the pre-TMS condition. This case represents response gain control [31,32].

Among contrast tuning curve fitting parameters, Rmax and C50 are good indicators to judge 

which type of gain control is more relevant to TMS-induced suppression. Rmax and C50 

represent the maximum (i.e., saturated) neural response and the stimulus contrast producing 

a half-maximum response, respectively. If response gain control is involved, Rmax is 

decreased but C50 is rarely affected. In the case of contrast gain control, on the other hand, 

C50 but not Rmax is changed.

Results from our population data (25 cells) confirms that TMS-induced suppression is likely 

to be mediated by contrast gain control. First, we don’t find any meaningful difference 

between Rmax values of pre- and post-TMS conditions (Wilcoxon signed-rank test, p=0.8, 

Figure 5J). Data points above the diagonal line in Figure 5J are easy to be interpreted to 

represent TMS-induced facilitation. But this is true in only a minority of cases. If the neural 

response in a post-TMS condition is not fully saturated, even at the highest stimulus 

contrast, Rmax at that stage (even if it is suppressed (filled downward triangles)) can be 

larger than that for the pre-TMS condition. Second, C50 is significantly larger in the post-

TMS compared to the pre-TMS condition (Wilcoxon signed-rank test, p<0.01, Figure 5L). 

However, the steepness (i.e., shape) is not systematically affected by TMS delivery 

(Wilcoxon signed-rank test, p=0.51, Figure 5K).

Discussion

In this study, we have investigated TMS effects on tuning properties of visual cortical 

neurons. To limit variables and obtain clear results, we have used a fixed delivery of TMS 

(4Hz, 4sec). We show that a short TMS pulse train generally induces prolonged but 

reversible suppression of neural activity. Our main finding is that response selectivity of 

individual neurons is significantly altered following delivery of TMS. Specifically, although 

the peaks of orientation tuning curves are rarely changed, there is strong suppression at non-

preferred orientations which generally narrows the widths of the tuning curves. Suppression 

also occurs for spatial frequency tuning but effects are not symmetric regarding optimal 

spatial frequencies. Shapes of spatial frequency tuning curves tend to be altered primarily in 

low frequency ranges. Changes in contrast tuning curves are also found. They are explained 

by rightward horizontal shifts in response functions suggesting changes are mediated by 

contrast gain control. Finally, TMS-induced changes in spike responses are also observable 

in LFP signals, especially at high frequencies (70~100 Hz, see Supplementary Materials).
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TMS effects: Suppression vs. Facilitation

Although the dominant effect of our 4Hz rTMS is suppression, facilitative effects are also 

occasionally observed (12 out of 92 cells). TMS-induced facilitation shows a similar time 

course of neural activity change as with suppression but in an opposite direction. In general, 

TMS modulates cortical activity in a frequency-dependent manner [33–36]. Findings include 

reduced cortical activity following low frequency (1Hz) and increased levels after high 

frequency stimulation (>10Hz). The stimulation frequency we used is at a mid-level (4Hz), 

which may be near the border of overlap between suppression and facilitation. In addition, 

magnetic coil position may affect findings of suppression and facilitation. In the visual 

cortex, TMS-induced suppression may require stimulation of stronger intensity than that for 

facilitation [37–40], although we need to keep in mind that effects of stimulus intensity may 

be different for single pulse TMS and rTMS conditions. Since the intensity of the magnetic 

field induced by TMS decreases exponentially with distance from the coil [41], when a coil 

is positioned away from the skull, a high stimulus intensity may cause facilitation instead of 

suppression. And neurons in deeper cortical layers may be more facilitated than those in 

superficial regions.

Although we do not have histological identification of specific cortical lamina, we can use 

recording depths to infer layers as done in previous work [42]. Studies have shown that the 

major recipient of input from LGN is layer 4 which consists mainly of simple type cells 

[43,44]. Complex cells reside mainly in upper and deeper layers [45–47]. We have used our 

cortical depth information along with standard physiological observations to infer 

populations of simple and complex cells. Our results show that effects of TMS are not 

significantly different for simple and complex cells.

In a simulation study, magnetic stimulation (MS) induces the largest depolarization at the 

soma. Increasing the diameter of the soma reduces the magnetic threshold for action 

potential generation [48]. In addition to the diameter of the soma, number (or size) of axons 

may be an important feature which determines different TMS effects. Extracellular electrical 

stimulation in cortical gray matter directly activates axons but not cell bodies [49]. And the 

soma is much more difficult to excite than the axon [50,51]. These results suggest 

differences of activation of cortical neurons that depend on TMS parameters. However, a 

detailed relationship of these factors to TMS-induced suppression or facilitation is not 

currently available.

In our study, facilitation cases are relatively rare, so there is not sufficient data to draw a 

meaningful relationship with cell types. Other work could be undertaken in which different 

stimulation frequencies and intensities can be used independently to determine details of 

occurrence of TMS-induced facilitation.

Long lasting effects of repetitive TMS

TMS can be applied with single stimulation (single-pulse TMS), or as pairs of stimuli with 

one or more coils (paired-pulse TMS), or as multiple stimuli in trains (repetitive TMS or 

rTMS) [8]. Depending on parameters (e.g., intensity, duration, inter-stimulus interval, etc.), 

cortical excitability can be increased or decreased [33,34,36,52,53]. Compared with other 
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protocols, a main characteristic of rTMS is that it can induce long-term changes of cortical 

excitability [8]. This has led to use of rTMS as a noninvasive treatment in psychiatry. rTMS 

has been reported to be effective for depression, bipolar disorder, schizophrenia, aphasia, 

and chronic pain [7,8]. However, clinical applications rely on empirical findings that are not 

based on underlying neural mechanisms.

One can differentiate rTMS into two different protocols, ‘conventional’ and ‘patterned’ 

rTMS [8]. Conventional rTMS refers to the application of regularly repeated single TMS 

pulses. In a patterned protocol, repetitive application of short rTMS bursts with high inner 

frequencies is interleaved with short pauses of no stimulation. The latter method is relatively 

new and may have some advantages over the conventional type in that it can induce similar 

changes in cortical excitability with shorter stimulus trains and lower intensities [54]. 

However, this method also has a higher risk of causing seizures than other rTMS protocols 

[55], so it must be applied with caution.

Using the combined approach of electrophysiology and rTMS, we previously have shown 

that short TMS pulse trains (conventional rTMS; 4Hz, 4sec) can cause neural response 

suppression for sustained period. As a next step, we report here that basic response 

selectivities of neurons in visual cortex are altered during this time. Since response 

selectivity involves feedforward and intracortical connections [26–29,56], TMS must affect 

these pathways as considered below.

Neural mechanisms involved in orientation tuning

Feedforward convergence from multiple LGN cells to a V1 neuron determines preferred 

orientation. Thalamocortical synapses are thought to be purely excitatory [57,58]. Therefore, 

for a given spike threshold, orientation tuning for high contrasts should be broader than that 

for low. A feedforward-only mechanism cannot produce sharp orientation tuning. And it 

cannot explain a contrast-invariant characteristic [59,60]. Previous studies of orientation 

tuning at different response latencies show that tuning width is decreased during the 

response [27,61]. This is due to inhibitory inputs from neighboring cortical neurons that are 

delayed compared to feedforward inputs from LGN.

TMS effects on orientation selectivity (diminished neural responses & narrowed tuning 

width) are similar to changes expected when intracortical inhibitions are activated. In 

addition, TMS effects are somewhat analogous to those of visual adaptation in that both 

effects are reversible. However, unlike adaptation-induced plasticity of orientation tuning 

which follows exposure to a given value and results in a peak orientation shift [62,63], TMS 

application does not target a single orientation, so it does not alter preferred angles.

We used 10 different orientation values covering a 90 deg range to quantify orientation 

selectivity of an individual neuron. This method excludes a vector summation analysis 

which could also provide a measurement of orientation selectivity. We note that in our 

analysis, a lack of shift of preferred orientation is a solid finding and not due to an artifact. 

In our data population, mean value of orientation tuning width (parameter σ) is about 15 deg 

(see Figure 5). This means that for most cells, visual responses are reduced to zero at both 

ends of tested orientation range (see Figure 2). The vector summation method would not 

Kim et al. Page 10

Brain Stimul. Author manuscript; available in PMC 2016 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



provide meaningful additional information for preferred direction of motion. We should also 

note that we did not test orientation selectivity in non-preferred directions since responses 

for this variable are generally very low.

Stronger suppression in low spatial frequency range

The main TMS effect for spatial frequency tuning is an asymmetric change in overall shape. 

Low but not high spatial frequency cutoff is significantly increased. These results suggest 

distinct neural circuits responsible for low and high spatial frequency processing.

A large proportion of LGN neurons show low-pass spatial frequency tuning, whereas most 

neurons in visual cortex have band-pass characteristics [56,64,65]. The transition from low- 

to band-pass spatial frequency tuning, like that from broad to sharp orientation tuning, may 

require intracortical inhibitory interneurons [66]. Visual cortical neurons show temporal 

dynamics in spatial frequency tuning. The preferred spatial frequency shifts from low to 

high values [67–69]. Our finding of stronger TMS-induced suppression in the low spatial 

frequency range may be related to these previous results. The short TMS pulse train applied 

to visual cortex may disrupt the balance between feedforward excitatory inputs from LGN 

and inputs from intracortical connections. Increased contribution of intracortical connections 

may result in diminished neural activity in the low spatial frequency range.

Contrast gain control

Cortical cells maintain sensitivity over a wide range of contrast by centering response range 

to specific local levels [24,30]. This contrast gain control process is reflected by a horizontal 

shift of the contrast-response function.

TMS effects on the contrast-response function (increased C50 and unaffected Rmax) are 

better explained by a rightward horizontal shift rather than a vertical scaling of the original 

function. This suggests that TMS-induced suppression may be mediated by a contrast gain 

control mechanism.

Contrast gain control is thought to be generated at an input stage [70,71]. Therefore, post-

TMS neural response may be similar to that for a low contrast stimulus. However, this is at 

odds with previous findings and our current results. First, cortical orientation selectivity has 

a contrast-invariant property [59,60], but TMS-induced suppression narrows the width of 

orientation tuning curves.

Second, spatial frequency tuning for low contrast accentuates low spatial frequencies [72]. 

But TMS-induced suppression is stronger at low frequencies and neural responses to high 

frequencies are minimally altered. Contrast adaptation typically results in horizontal shifts of 

the contrast-response function [24,30,73–75]. Therefore, short TMS pulse trains cause an 

effect similar to what is expected if a population of cortical cells, which covers all 

orientations and a broad range of spatial & temporal frequencies, is adapted to a high 

contrast stimulus.
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Limitations of current study

We have used a single parameter set for the current work to reduce possible variables. We 

should note that effects may be different for various cell types. If various cell types can be 

selectively affected by TMS with different parameters (intensity, frequency, duration, and so 

on), this would provide useful information.

It is also worth examining TMS effects on temporal dynamics of functional tuning. This 

analysis requires a reverse correlation method, which is more time consuming than what we 

have used in the current study. However, even under the assumption that TMS may induce 

larger contributions of intra-cortical processing, it does not necessarily follow that TMS 

effects on response selectivity are only observable at delayed response latency. Without 

TMS application, intra-cortical inhibition is forced to be later than feedforward input. 

However, if TMS causes a different neuronal state (e.g., elevated intra-cortical inhibition 

even before visual stimulation), TMS effects on response selectivity may occur from the 

earliest response latency.

Exact recovery times can be studied by detailed examination of relatively late trials 

(31st~40th trials in our protocol) following the post-TMS condition. We showed here that 

TMS effects are not permanent and that their influence on response selectivity gets weaker 

at delayed phases.

It is also desirable to determine if our results obtained in anesthetized animals can be 

translated into human TMS studies. Our stimulation parameters are somewhat different from 

those generally used for human rTMS. Most human studies tend to involve weaker 

stimulation intensities, but longer durations than what we have used here [8]. Effects of 

TMS in humans have been reported to last up to several hours [76–78]. TMS – fMRI 

combined studies may provide correlations between TMS-induced behavioral changes and 

hemodynamic alterations in functionally related brain regions.

Conclusions

Short rTMS pulses (4Hz, 4sec) applied over the cat’s visual cortex cause long-lasting 

reversible changes in neural activity. Neural responses to visual stimuli generally are clearly 

suppressed after TMS application and they gradually recover to levels close to pre-TMS 

conditions during 10~15 minute periods. Facilitative effects are observed in a small number 

of cases (12 out of 92). The TMS-induced changes in neural responses are reflected at both 

input (LFPs) and output (spike activity) stages of cortical processing. These effects are 

accompanied by substantial changes in response selectivity including: sharper orientation 

tuning, selective suppression at low spatial frequencies, and response saturation at higher 

contrast values. These findings suggest that TMS interrupts the existing balance between 

sub-cortical and intra-cortical inputs for relatively extended time periods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• rTMS (4Hz, 4sec) causes long-lasting changes in functional tunings of visual 

neurons

• TMS-induced suppression narrows the width of orientation tuning curves

• Response suppression is greater in low spatial frequency range

• Contrast-response functions saturate at higher contrast values
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Figure 1. 
Experimental paradigm. A. Figure-8 coil is positioned obliquely near the transverse plane 

superior to the visual cortex (1.5~2cm apart from the cortical surface). Its midpoint is 

aligned to the left visual cortex craniotomy (Horsley-Clarke coordinates P4 L2). Tungsten 

electrode penetration is made at an angle of A45, M0. B. We examine how rTMS alters 

selectivity of cells in the visual cortex. To do this, we measure orientation, spatial frequency, 

and contrast tuning properties of cells and compare the properties between pre- and post-

TMS conditions. For orientation tuning run, 7~10 differently oriented circular grating 

patches (stimulus duration: 2 seconds, inter-stimulus interval: 2 seconds) are presented in a 

cell’s classical receptive field in each trial (depicted as squares below the time arrow). 4Hz 

TMS pulse train is delivered for 4 seconds in the inter-trial interval (10 seconds) between 

15th and 16th trials. Black and gray colors are used to represent pre- and post-TMS 

conditions, respectively.
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Figure 2. 
Three examples showing TMS effects on orientation selectivity. A. Neural response of an 

example cell is depicted as a form of matrix. X- and Y-axis indicate trial number and 

orientation, respectively. In each trial (column), 10 different orientations (40~130°, 10° step) 

were tested. Response magnitude is coded with colors on a blue-red scale. 4Hz rTMS 

(downward arrow) was delivered for 4 seconds just before the 16th trial. The total 40 trials 

are divided into three groups based on elapsed time from TMS delivery: pre-TMS (1~15th 

trials, black filled circles and line), post-TMS (16~30th trials, gray filled circles and line), 
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and recovery (31~40th trials, open circles and dotted line) conditions. Trial number was 

translated into time from TMS delivery. Neural response was abruptly changed as soon as 

TMS was applied. The TMS effect was reversible and it lasted for approximately 10 

minutes. B. Three orientation tuning curves were created from the cell depicted in (A). 

Black, gray, and open circles are mean neural responses for 10 different orientations 

computed in pre-TMS, post-TMS, and recovery conditions, respectively. Error bar indicates 

standard error of mean. Error bars are smaller than circles when not visible. In these three 

conditions, the preferred orientation is not changed but response magnitude is clearly 

diminished in post-TMS condition compared with the other two conditions. More detailed 

analysis of TMS-effects on orientation selectivity will be dealt in Figure 5A~D. C, D. 
Another example cell showing TMS effects on orientation selectivity. The same conventions 

are used as in (A), (B). The black circle at 180° is hidden by the open one. E, F. Our rTMS 

(4Hz, 4sec) mainly caused prolonged suppression of neural responses in cat’s visual cortex 

(80 out of 92 units). But, in small cases, TMS-induced facilitation was also observable. One 

example is introduced here.
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Figure 3. 
Three examples showing TMS effects on spatial frequency selectivity. A. In this example 

cell, neural responses for 7 different spatial frequencies (0.13~1.2 c/deg, evenly distributed 

in logarithmic scale) were recorded in 40 trials. The plotting conventions are the same as in 

Figure 2A. 4Hz rTMS (downward arrow) was applied just before the 16th trial. The total 40 

trials are divided into three groups to create tuning functions in pre-TMS (1~15th trials, 

black filled circles and line), post-TMS (16~30th trials, gray filled circles and line), and 

recovery (31~40th trials, open circles and dotted line) conditions. B. Spatial frequency 
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tuning curves of pre-TMS, post-TMS and recovery conditions were created from the cell 

depicted in (A). Equation used for curve fitting is the same as the one used for orientation 

tuning. But spatial frequency tuning curve is not Gaussian shaped, because x-axis is 

transformed to logarithmic scale. The area under the gray curve (post-TMS condition) is 

smaller than those under the other two curves. Note that TMS-induced suppression is more 

apparent in low spatial frequency range than high spatial frequency range. More detailed 

analysis of TMS-effects on spatial frequency selectivity will be dealt in Figure 5E~H. C, D. 
Another example cell showing TMS effects on spatial frequency selectivity. E, F. This 

example shows TMS-induced facilitation in spatial frequency tuning run.
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Figure 4. 
Three examples showing TMS effects on contrast selectivity. A. In this example cell, neural 

responses for 10 different contrast values (5~100%, evenly distributed in logarithmic scale) 

were recorded in 40 trials. The plotting conventions are the same as in Figure 2A. 4Hz 

rTMS (downward arrow) was applied just before the 16th trial. The total 40 trials are divided 

into three groups to create tuning functions in pre-TMS (1~15th trials, black filled circles 

and line), post-TMS (16~30th trials, gray filled circles and line), and recovery (31~40th 

trials, open circles and dotted line) conditions. B. Contrast tuning curves of pre-TMS, post-
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TMS and recovery conditions were created from the cell depicted in (A). The curves are 

fitted with the Naka-Rushton function, . The area under gray curve 

(post-TMS condition) is smaller than those of the other two curves. Note that despite of 

TMS-induced suppression, response magnitude at the lowest (5%) and highest (100%) 

contrast is comparable in pre- and post-TMS condition. More detailed analysis of TMS-

effects on contrast selectivity will be dealt in Figure 5I~L. C, D. Another example cell 

showing TMS effects on contrast selectivity. E. F. This example shows TMS-induced 

facilitation in contrast tuning run. Neural response for recovery condition was not recorded, 

so the matrix in (A) is blank between 31st and 40th trials.
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Figure 5. 
Summary of TMS effects on response selectivity. A, B, C, D. TMS effects on orientation 

selectivity were tested in 35 cells. (A) Three parameters (K, μ, σ) representing the maximum 

neural response, preferred orientation, tuning width are taken from Gaussian fitting function. 

(B) Parameter K is compared between pre- and post-TMS conditions. Difference between 

two conditions is significant (Wilcoxon signed-rank test, p<0.001). TMS-induced 

suppression and facilitation cases are indicated by filled triangles and open squares, 

respectively. (C) Parameter μ is compared between pre- and post-TMS conditions. 

Regardless of suppression or facilitation, the preferred orientation is not affected by TMS. 

(D) Parameter σ is compared between pre- and post-TMS conditions. TMS-induced 

suppression often makes orientation tuning sharper, and this change (reduced tuning width) 
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is statistically significant (Wilcoxon signed-rank test, p<0.01). E, F, G, H. TMS effects on 

spatial frequency selectivity were tested in 32 single units. (E) Parameter K represents the 

maximum neural response. Low and high cutoff spatial frequencies were defined as the 

lower and higher spatial frequencies evoking the half-maximum neural response, 

respectively. (F) Parameter K is significantly decreased in post-TMS condition (Wilcoxon 

signed-rank test, p<0.001). (G) Low cutoff spatial frequency is significantly higher in post-

TMS than pre-TMS conditions (Wilcoxon signed-rank test, p<0.01). (H) High cutoff spatial 

frequency is not significantly changed between pre- and post-TMS conditions. I, J, K, L. 
TMS effects on contrast selectivity were tested in 25 single units. (I) Three parameters 

(Rmax, n, c50), taken from Naka-Rushton function, represent the saturated neural response, 

steepness of curve, stimulus contrast producing the half-maximum neural response, 

respectively. (J) Parameter Rmax is not significantly changed by TMS (Wilcoxon signed-

rank test, p=0.80). (K) Parameter n is compared between pre- and post-TMS conditions. (L) 

Parameter c50 is significantly increased in post-TMS condition (Wilcoxon signed-rank test, 

p<0.01). Considering (J) and (L) together, results suggest that TMS effects on neural 

response are better explained by contrast-gain rather than response gain control.
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