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Transcranial Electrical Stimulation

Antal Berényi,"*>3 Mariano Belluscio,* Dun Mao,* Gyérgy Buzsaki

1,24

Many neurological and psychiatric diseases are associated with clinically detectable, altered
brain dynamics. The aberrant brain activity, in principle, can be restored through electrical
stimulation. In epilepsies, abnormal patterns emerge intermittently, and therefore, a closed-loop
feedback brain control that leaves other aspects of brain functions unaffected is desirable. Here,
we demonstrate that seizure-triggered, feedback transcranial electrical stimulation (TES) can
dramatically reduce spike-and-wave episodes in a rodent model of generalized epilepsy.
Closed-loop TES can be an effective clinical tool to reduce pathological brain patterns in

drug-resistant patients.

successful, although not well-understood,
Athelapy in drug-resistant cases of Parkinson’s
disease and depression is deep brain stim-

ulation (/-3), in which high-frequency stimula-
tion is applied continuously. In many diseases,
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Fig. 1. Experimental setup. (A) Artifact reduction by means of tripolar
recordings of LFP and unit activity in superficial, mid-, and deep cortical layers.

such as epilepsies, events recur unpredictably and
often are separated by long interictal intervals
(4-6). In such instances, a closed-loop, transient
feedback control could abort seizure episodes
without inducing detrimental side effects of

Stimulus
isolator

Filtered CSD

CSD is derived from the three signals (LFPs from channels a and c are subtracted

from the 2x amplitude of channel b activity). The derived CSD signal is filtered
(10 to 130 Hz), and signals exceeding the predetermined amplitude threshold
are detected (spike detection). The thresholded signals are used to trigger TES,
applied to the skull either in a bipolar configuration (left versus right hem-
ispheres) or frontal midline versus parietal areas (as shown). (B) Example of LFP
signal during a spontaneously occurring SW episode, CSD, and its filtered
version in the absence of TES stimulation. (C) Similar SW episode in the presence
of TES stimulation. The gating (red) “dead time” pulse (80 ms) was used to
prevent prolonged spurious triggering of the stimulator during the wave

components of SW episode.
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continuous stimulation (7—/3). We attempted
to achieve seizure control by means of closed-
loop transcranial electrical stimulation (TES) in
a rodent model of generalized (“petit mal™) epi-
lepsy (14, 15) because previous experiments have
shown that even very weak TES can reliably
entrain neurons in widespread cortical areas
(16-20).

We first demonstrated the effect of TES on
cortical excitability. Local field potentials (LFPs)
and multiple-unit activity (MUA) were recorded
by chronically implanted tripolar electrodes (Fig.
1A) and placed in the deep and superficial layers
of the frontal and parietal cortical areas (21).
TES was applied either between the left and right
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Fig. 2. TES modulates cortical neuronal firing and
spike component of SW. (A) Raster plot and histo-
gram of multiple-unit firing during interictal 1-Hz
TES (sinus). (B) Because both TES and SW strongly
modulated unit firing, SW-related discharge was
calculated in 10 bins (100-ms windows), using the
spike component as reference in each bin. TES-induced
cyclic modulation of multiple-unit firing during SW
is shown. (C) TES modulation of the LFP spike of SW
[different rat from (A) and (B)] and mean and SD of
SW in each bin. (D) Polar plots of the magnitude of
the LFP spike component in the absence (left, ran-
dom phase) and presence of TES (right). (A) to (D)
are single-session examples. (E) Group data showing
the effectiveness of TES stimulation on unit-firing
modulation during SW patterns. Modulation index
(MI) of 1 corresponds to sessions in which TES com-
pletely silenced MUA in at least one bin. (F) Dis-
tribution of Ml of the LFP spike amplitude compared
with randomly shuffling the relationship between
LFP spike amplitude and TES phase in all sessions
and rats (n = 9 rats).

Fig. 3. Closed-loop feedback TES stimulation aborts
SW episodes. (A and B) SW episodes (LFP and fil-
tered CSD traces) without (top) and with (bottom)
feedback TES. (C) Distribution of the duration of SW
episodes in the absence (control, blue) and presence
of feedback TES. Shown are data from two example
sessions with effective (10 mV/mm voltage gradient
intensity) and ineffective, subthreshold (0.8 mV/mm)
TES stimulation.

temporal electrodes, placed directly on the skull,
or between these bitemporal electrodes, against
a frontal midline electrode (Fig. 1B and fig. S1)
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(18). TES-induced artifacts were reduced by using
tripolar electrodes and deriving current source
density (CSD) of the recorded traces online (Fig. 1,
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C and D). TES sinusoid trains at 1 Hz induced
significant rate modulation of multiple unit firing
patterns both in the absence and presence of
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Fig. 4. Closed-loop feedback ~ A - B so
TES stimulation aborts SW = 16} =$§Q“°|
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spike-and-wave (SW) episodes (P < 0.01; 61 of
103 cortical sites; 7 = 3 rats; Rayleigh test) (Fig. 2).
In addition to affecting the firing rates of neurons,
TES at 1 Hz also strongly modulated the spike
amplitude of SW patterns (Fig. 2, C and D, and
fig. S2) but had no effect on the duration of SW
episodes [time (1) =8.62 s, 21,902 s of TES epochs;
t=9.14s, 21,775 s of control epochs; n = 9 rats;
P > 0.05; ¢ test for dependent samples]. Addi-
tional control experiments demonstrated that TES,
at the intensities used, neither induced arousal
effects when applied during sleep nor affected
overt behavior during waking, as demonstrated
by the lack of TES-induced head movements
(figs. S3 and S4).

‘We next sought to examine how brain activity—
triggered stimulation affects SW patterns. Because
SW patterns are strongly periodic events, involv-
ing reverberatory activity of the thalamocortical
loop (14), we applied Gaussian waveforms of
50-ms TES after the detected spike components.
SW-triggered TES shortened the duration of SW
episodes in an intensity-dependent manner (Fig. 3).
Group analysis of closed-loop TES stimulation
showed that the mean duration of the SW epi-
sodes was significantly shorter in nine of the
nine rats (P < 0.01; two sample ¢ test). In addition,
the percent time spent in SW episodes in a given
session was significantly reduced in seven of the
nine rats (P < 0.01). Overall, feedback TES
stimulation lead to a >60% decrease of both the
duration of SW episodes and the fraction of ses-
sion time spent in SW across animals (Fig. 4).
The percent decrease of time spent in SW epi-
sodes in a given session was largely a conse-
quence of the decreased duration of SW episodes
because there was a significant correlation be-
tween the mean duration and the fraction of
time in SW episodes [correlation coefficient (7) =
0.60; P<0.001; Pearson’s correlation test] (fig.
S5). This relationship thus shows that TES did
not simply fragment or delay SW episodes. The
number of SW episodes per unit time was not
significantly different between control and TES
sessions (P > 0.05; two sample ¢ test), indicating
that TES-induced reduction of SW episodes did
not lead to a rebound or long-term compensatory
increase of their probability of occurrence.

These findings show that brain pattern—
triggered feedback TES of cortical neurons can
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interfere with thalamocortical reverberation dur-
ing SW episodes and effectively reduce their
duration. SW patterns—the hallmark of generalized
petit mal epilepsy—arise from complex inter-
actions between thalamic and neocortical neu-
rons (14, 22—24). During the wave component of
the SW cycle, both neocortical and thalamic
neurons are largely silent (22—25). We hypothe-
size that cortical excitatory feedback during this
silent period, brought about with TES, quenched
the ongoing rhythm by recruiting subsets of
thalamic cells, which in turn became refractory
during the duty phase of the native SW cycle, as
shown through tandem optogenetic activation of
the thalamus and neocortex in mice (fig. S6).
Brain activity—timed feedback of TES appears
critical because 1-Hz sinusoid trains did not affect
the duration of SW episodes.

Successful clinical application of closed-
loop TES has two fundamental requirements
Y9, 11, 26, 27). The first is the recording and
identifying of causal pathophysiological network
patterns. In generalized SW and focal cortical
epilepsies, subdural or epidural electrodes, or
even electrodes inserted into the skull, may be suf-
ficient. In complex partial seizures, which make
up the largest fraction of drug-resistent epilep-
sies, deep-electrode recordings are required for
accurate detection of abnormal patterns (17, 13).
The second requirement is closed-loop feedback
stimulation of the target circuits, whose activa-
tion can interfere with the emerging pathological
pattern. Intra-skull plate electrodes may ideally
diffuse the applied currents to affect sufficiently
large groups of neurons (28). Alternatively, mul-
tiple and appropriately placed plates may be used
to achieve more focal concentration of current.
In contrast to transcranial magnetic stimulation,
which requires large and heavy coils, TES elec-
trodes implanted in the skull and powered by
ultralight electrical circuits are a cosmetically ac-
ceptable solution for long-term clinical applica-
tions. Noninvasive, closed-loop TES stimulation
may also prove useful for improving mental and
mood states.
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Supporting Material:

Materials and Methods

Surgery, electrophysiological recordings and stimulation

All experiments were approved by the institutional Animal Care and Use Committee of New
York University Medical Center. Nine male Long-Evans rats (510-840 g) were implanted with
intracortical recording and transcranial stimulating electrodes under isoflurane anesthesia, as
described earlier (18). Tripolar electrodes were prepared for recording of neocortical local field
potentials (LFP) and multiunit activity. Three 50-um diameter polyimide-insulated tungsten
wires (Tungsten 99.95%) were inserted into a 190-um inner diameter stainless steel tube, and
their tips were spaced 400 um vertically from each other (Fig. 1A). The shortest wire protruded
at least 4 mm from the guide tube. Impedances of the wire electrodes varied between 150-400
kQ at 1 kHz. Ten such tripolar electrodes (30 recording channels) were implanted in each animal
over the frontal and parietal cortical areas of both hemispheres. The electrodes were vertically
advanced through individual holes in the skull, until the most superficial wire of the electrode
reached the surface of the cortex. The hole around the electrodes was filled in with paraffin-wax,
and the electrodes were fixed with dental cement.

Transcranial stimulation electrodes were constructed from the conductive end of a polyimide
flexible cable. The individual interconnects of the cable were soldered together so that the
current could flow equally on each of the conductive pads of the cable. The muscles were

retracted from the temporal bone bilaterally. The skull was thinned using a dental drill to create a



shallow cavity for the stimulation electrodes at approximately above the barrel cortex and at the
anterior midline area (2-5 mm anterior to bregma, Fig. 1B; Fig. S1) of the skull. The stimulation
electrodes were placed in the cavities, with the conductive pads facing the skull, and fixed with
cyano-acrylic glue to the bone, so that the conductive pads of the flex cable were completely
isolated from the surrounding temporal muscles. Two miniature stainless steel screws driven into
the skull above the cerebellum, served as ground and reference electrodes, respectively. A
copper mesh shielding was created around the head implant to protect and electrically isolate the
recording electrodes and preamplifiers from electrical noise of the environment (29). The
connecting wires of the stimulating electrodes were brought outside the grounded copper mesh to
reduce the electromagnetic interference between the stimulation and recording circuits.

The recorded signals were preamplified (20x gain) and split for recording LFP and unit activity
from all sites on the one hand and for computing current source density (CSD) in real time for
each tripolar electrode on the other. CSD signal was computed on-line by a custom-designed
circuit, following the following formula: CSD = 2B-(A+C), where A, B, and C the electrodes
positioned at equally increasing depths in the neocortex (Fig. 1). The computed CSD and the
original LFP signals were further amplified 50 times, bandpass-filtered between 0.1 and 5 kHz
and stored after digitization at 20 kHz sampling rate per channel. The CSD signals were
virtually free of stimulation artifacts and did not saturate the amplifier even during relatively
intense stimulation. Extracellular spike waveforms and local LFP components were not distorted
during TES (18).

Nine rats with spontaneously recurring spike-and-wave (SW) episodes (30) were included in the
present study. SW patterns were detected real time from a tripolar recording site with the best

CSD signal amplitude/stimulation artifact ratio. The derived CSD trace was filtered using 4"



order analog Butterworth band-pass filter between 10 and 130 Hz. The spike components of the
SW patterns were detected as voltage crossings at a preset threshold level using an analog
voltage comparator after inverting and half-wave rectifying the CSD signal. The generated ‘spike
detection signal’ was used to trigger TES. To avoid false detection of spurious spikes due to the
stimulation artifacts, the stimulator was gated using a re-triggerable monostable multivibrator
with a 80 msec protective delay. In addition, the threshold signal was integrated so that a pulse
was generated only if at least 2 CSD spikes occurred within 200 ms. This procedure prevented

TES pulses to be triggered by cable movement-generated and other transient artifacts.

Closed-loop transcranial electrical stimulation

Transcranial alternating current stimulation was performed with two electrode configurations
(18). For equal intensity and polarity stimulation of both hemispheres, the frontal midline
electrode was chosen as one polarity and the two connected parietal electrodes as the opposing
polarity. Alternatively, the stimulation was delivered to the left and right parietal electrodes.
Both stimulus combinations were tested in each animal, and the configuration with the highest
modulation index (see below) was selected for testing the effect of TES on SW activity.
Stimulation signals were generated by a computer-controlled waveform generator, and
capacitance-isolated by a precision isolation amplifier circuit. The floating (animal) side of the
circuit was powered using two 9 V batteries. Two different stimulus waveforms were used in all
experiments. A continuous 1-Hz sinusoid stimulus of various intensities was used to examine
neuronal entrainment in the initial experiments. For the closed-loop TES experiments, a 50-ms

long Gaussian waveform, triggered by the SW detection signal, was employed. The delay



between the spike component of the SW and the stimulus onset was 0, 10 or 40 ms so that TES
coincided with the spike, the onset or the peak of the wave component of the SW pattern.

The strength of the intracerebral voltage gradient was calculated as a mean ratio of amplitude
differences across pairs of recording electrodes in the axis of the stimulation and their spatial
distances. The maximum stimulus amplitudes used in this study (4-5 V peak-to-peak) generated
approximately 10 mV/mm voltage gradients, while the threshold for TES entrainment of neurons
was approximately 1 mV/mm (18). For sham stimulation, the animal was disconnected from the
stimulus isolation unit. Each TES session consisted of multiple (n = 5 to 24) 10-min sham and
10-min TES epochs while the rat was sitting still in the home cage. TES sessions were repeated
daily to examine the consistency of the TES effect across days and to test the effect of different
intensities. The ‘spike detection signal’, the gating signals, and the pre-isolation stimulus signal

were also recorded and stored.

Movement detection

To detect SW or TES-related movements, a 3-dimensional accelerometer was incorporated into
the head stage (bandwidth: 500 Hz; + 30 m/s* maximum sensitivity). The SW- or TES-triggered
movement vector was calculated from the acceleration signals along the 3 main axes. High
intensity of stimulation occasionally induced visible and detectable twitches or head movements
(Fig. S4). SW patterns were also associated with detectable head movements in a few rats (30).
The mean head movement acceleration was calculated separately for SW episodes and for
interictal (control) periods for both sham and TES recording sessions. These tests served to select
TES intensities, which were subthreshold to induce significantly larger head movements than

present during sham stimulation. In several animals, we also examined the effect of TES on the



brain state. In agreement with a previous observation (18), TES did not induce arousal during
sleep. To examine the potential arousal effect of TES, time resolved LFP spectra were analyzed
during wake-sleep transitions and sleep. The LFP signal was transformed into the time-frequency
domain using a multitaper Fourier transformation, and after whitening of the spectrogram, the
brain state (awake vs sleep; REM vs. non-REM) was quantified on the basis of the theta/delta (4-
8 Hz versus 1-4 Hz) and beta/delta (16-20 Hz vs 1-4 Hz) power ratio in 1-sec long windows (Fig.
S3). These control tests were carried out to exclude the possibility that TES induced modification
of SW activity was brought about by a secondary effect of sensory feedback or a generalized

state change of the brain (18).

Data analysis

Detection of individual SW episodes was performed offline using a semi-automated method. SW
episodes were detected from the off-line derived CSD signals. Similar to the on-line detection,
the LFP was band-pass filtered with a 4™ order zero phase lag Butterworth filter between 10 and
130 Hz, and the peaks of the spike components, exceeding 2 standard deviation (SD) of the
baseline activity, were detected. SW episodes were separately detected from each brain recording
sites. For the determination of the duration of SW episodes, the detected durations were
averaged. The threshold of spike detection was manually re-adjusted in cases when the automatic
detection generated false positive or false negative events. Consecutive SW episodes were
considered separate (i.e., non-continuous) if at least a 1-sec gap was present between them.
Events containing less than 3 spike components were excluded from the analysis. Multiple unit
activity (MUA) was detected from the high-pass filtered (600 Hz) signals. Multiple unit spikes

were generated by automated clustering and manual cluster cutting (31).



Instantaneous stimulus phase information for SW events and multiunit activity was calculated by
Hilbert-transformation of the recorded 1-Hz stimulus waveform. TES-modulation of unit firing
was computed for both control epochs and SW episodes. MUA phase histograms were
statistically evaluated by Rayleigh-test for circular data against a randomized uniform circular
distribution of the same dataset (phase tags were randomized in the range of +rn radians). To
determine the effect of TES on unit firing probability and the amplitude of SW activity, the data
was binned into 10 bins of equal sizes (36° each). Within each bin, 100-ms long LFP segments
and multiple unit firing were realigned to the peak of the spike component of SW episodes (-20
before to +80 ms after the peak). A mean LFP waveform was calculated within each bin after
linearly de-trending the individual LFP segments from multiple SW episodes. The amplitude of
the spike component of SW was determined as a voltage difference between the peak of the LFP
spike and the baseline (Fig. 2). TES phase-dependent modulation index (MI) was calculated for
the binned LFP patterns as the ratio of the difference and sum of the smallest and largest mean
spike amplitudes. Modulation index for the multiple unit firing patterns were calculated in a
similar way but using the firing rates during the spike components of SW (+ 10 ms surrounding
the LFP spike). Effectiveness of TES on LFP and MUA activity was tested statistically by
performing a Student’s t-test on paired samples on the binned modulation indices against
randomly shuffled phase data.

TES sinusoid trains at 1 Hz (10 min) were applied during both control and spontaneously
occurring SW patterns. Preliminary experiments established that the threshold of voltage
gradient for entraining neurons was ImV/mm (generated by approximately £0.5V stimulation
amplitude at 1 Hz and 0.1 mA current), whereas > +6 V intensity induced arousal and movement

((18); Fig. S4). Therefore, in subsequent experiments intensities between 0.5 and +5 V were



used, which never induced any overt behavioral effects. The maximum tolerated stimulus intesity
was individually determined for each animal. The peak of the stimulus was used to construct
event-related firing histograms. A modulation index was calculated by dividing the difference of

maximum and minimum values during the opposite polarities of the stimulus by the sum of

maximum and minimum values.



Fig S1. TES electrodes. A. The conductor end of the polyimide flex cable used as a stimulation
plate. B. Stimulation plate in situ placed on the left temporal bone during surgery. Conductive
side of the plate is facing the skull. Non-conductive side and the edges of the cable are sealed by
cyanoacrylate glue. C. Schematics of the locations of the implanted stimulating plates (yellow-
grey) and intracortical tripolar wire electrodes (red dots). Each individual red dot corresponds to

a tripolar electrode.
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Fig. S2. Modulation of cortical excitability by 1 Hz TES stimulation. A. Stimulus waveform is
denoted on top. Examples of the modulation index (MI) of spike component-related firing in 3
different rats as a function of the TES phase. B. Examples of the modulation index of the LFP

spike amplitude of SW in 3 different rats.
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Fig. S3. Low frequency TES does not induce arousal. Time-resolved spectral power of LFP
recorded from the parietal cortical area during wake-sleep transition. During the first 600 sec,
the rat was exploring the home cage. Note high power in the theta (arrow), beta (double arrow,
1.e., second harmonic of theta) and low gamma frequency (30-60 Hz) bands. Note also the lack
of SW episodes during exploration (lack of TES artifacts). SW episodes occurred maximally
during waking immobility (30) starting at 660 sec, as indicated by the TES artifacts (red lines).
No artifact suppression was used to highlight SW-triggered TES. The rat fell asleep between
700 and 750 sec. Note the lack of changes in spectral power following TES stimulation,

indicating that TES did not induce detectable arousal.
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Fig. S4. SW and TES-induced head movements. Top, Averages of the accelerometer generated
signals (X, y and z planes), triggered by the spike component of SW episodes. In this example
rat, SWs were often associated with visible whisker and head movements (30). Bottom,
Averages of accelerometer generated signals, triggered by TES pulses at high intensity (£5.5V).
Note TES-enhanced head movement at 40 ms. For the evaluation of TES on SW episodes only
intensities subthreshold to head-movement induction (< 2 SD of no-TES baseline) were used to
eliminate potential sensory feedback-induced secondary effects. Right panel: mean acceleration
vector (motor activity) during interictal and ictal periods with and without TES (data are
averaged across all sessions in all animals). Note that there is no significant difference in ictal

motor activity between stimulated and control sessions.
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Fig. S5. Correlations between the mean duration and percent time spent in SW episodes in
a given session. Left panel: Correlation between the duration of SW episodes and percent of
time spent in SW periods. Each dot represents mean values in a given session. Right panel:
Correlation between the TES-induced reduction of SW duration and the reduction of time spent

in SW.
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Fig. S6. Breaking the excitatory reverberation in the thalamocortical loop by optogenetic
suppressing of cortical circuits. A. Experimental setup. An etched optic fiber was placed onto an
8-shank silicon probe (32) and implanted into the reticular nucleus of thalamus to induce SW
pattern (33, 34). Blue LEDs (squares) were placed epidurally at two positions on each side.
Cortical surface LFP activity (ECoG) was monitored by epidural screw electrodes. Pvalb-IRES-
Cre;Ai32 double transgenic mice (n = 4), expressing ChR2 in parvalbumin type interneurons
were used (34). B. Reverberation in the thalamocortical loop. Interactions between the reticular
nucleus (RT) and thalamocortical (TC) neurons form the basis of the thalamic rhythm (black,
excitatory; red, inhibitory connections; (35)). The cortico-thalamic loop amplifies these
oscillations (36). Blue light stimulation of the RT neurons induces corticothalamic oscillations,
whereas light stimulation of cortical PV interneurons (Int) induces rebound excitation in cortical
pyramidal cells (Py). Feedback excitation during the wave (silent) period of SW activity is
hypothesized to interfere with thalamo-cortical amplification. C. Induced SW activity by

repetitive stimulation of RT parvalbumin-expressing (ChR2) neurons. D-F. On alternate trials, a



single light pulse was delivered to the reticular nucleus (RT — laser; 5 msec; magenta line on top
of panel D), to the neocortex via LEDs (E; 30 msec; blue line) or both (F). Each line
corresponds to a single trial, where color coding corresponds to amplitude. Red and blue colors
correspond to positive (neuronal ‘silence’) and negative polarity components, respectively. Note
single pulse induction of SW activity (left panel) and suppression of SW by closed-loop light
activation of the neocortex (right panel). Averaged traces (mean and SD) are superimposed on
the panels. G. Light-induced discharge of RT neurons and LFP. H. Thalamocortical neuron.
Note strong delayed suppression and rebound spiking activity. I-J. Two neocortical neurons.
Note delayed suppression and rebound spiking activity. Suppression of neuronal firing

corresponds to the wave component of SW. C-F, waking mouse, G-J urethane anesthesia.
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