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Abstract

Objective: Cathodal transcranial direct current stimulation (tDCS) is a focal

neuromodulation technique that suppresses cortical excitability by low-ampli-

tude constant electrical current, and may have an antiepileptic effect. Yet, tDCS

has not been tested in status epilepticus (SE). Furthermore, a combined tDCS

and pharmacotherapy antiseizure approach is unexplored. We therefore exam-

ined in the rat pentylenetetrazol (PTZ) SE model whether cathodal tDCS (1)

suppresses seizures, (2) augments lorazepam (LZP) efficacy, and (3) enhances

GABAergic cortical inhibition. Methods: Experiment 1 aimed to identify an

effective cathodal tDCS intensity. Rats received intraperitoneal PTZ followed by

tDCS (sham, cathodal 1 mA, or cathodal 0.1 mA; for 20 min), and then a sec-

ond PTZ challenge. In Experiment 2, two additional animal groups received a

subtherapeutic LZP dose after PTZ, and then verum or sham tDCS. Clinical

and electroencephalography (EEG) epileptic activity were compared between all

groups. In Experiment 3, we measured GABA-mediated paired-pulse inhibition

of the motor evoked potential by paired-pulse transcranial magnetic stimula-

tion (ppTMS) in rats that received PTZ or saline, and either verum or sham

tDCS. Results: Cathodal 1 mA tDCS (1) reduced EEG spike bursts, and sup-

pressed clinical seizures after the second PTZ challenge, (2) in combination

with LZP was more effective in seizure suppression and improved the clinical

seizure outcomes compared to either tDCS or LZP alone, and (3) prevented

the loss of ppTMS motor cortex inhibition that accompanied PTZ injection.

Interpretation: These results suggest that cathodal 1 mA tDCS alone and in

combination with LZP can suppress seizures by augmenting GABAergic cortical

inhibition.

Introduction

Epilepsy affects 60 million people worldwide and about a

third of the patients have drug resistant seizures.1,2 The

annual incidence of prolonged seizures, or status epilepti-

cus (SE), is up to 60 per 100,000; its mean mortality rate

is 20%, and many of the surviving patients are left with

significant morbidity.3–6 Lorazepam (LZP) is the first-line

treatment for prolonged seizures and SE, but it is incom-

pletely effective, and its use is limited by respiratory

depression.7,8 Rapid termination of SE and of frequent

repetitive seizures, is essential, since the risk of neurologic

injury with prolonged seizures is in large part dependent

on their duration.9,10 However, since ~30–40% of patients

do not respond to initial pharmacologic SE treatments,6,7

there remains an unmet need for efficacious treatments

that can augment LZP efficacy, preferably without the risk

of respiratory compromise.
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Transcranial direct current stimulation (tDCS) modu-

lates neuronal activity via weak electrical currents that

are conducted to the cerebral cortex via scalp elec-

trodes, and has been studied in several animal models

of neurological disease.11 While the tDCS mechanisms

of action are incompletely understood, the effects of

weak constant electrical current on cortical activity are

predictable: under the anode tDCS enhances cortical

excitability, while under the cathode tDCS reduces cor-

tical excitability and, as shown in limited reports, may

prophylax against seizures.12–16 However, while tDCS

has been explored as a treatment for established epi-

lepsy,12,16 it has not been tested as a means to abort

ongoing seizures. We therefore conducted the following

experiments to test the capacity of cathodal tDCS to

suppress acute seizures in a rat pentylenetetrazol (PTZ)

SE model. We also test whether cathodal tDCS can

augment the antiepileptic efficacy of LZP. Last, to

obtain insights into the antiepileptic mechanism of

action of cathodal tDCS, we use paired-pulse transcra-

nial magnetic stimulation (ppTMS) to test whether

gamma-aminobutyric acid (GABA)-ergic cortical inhibi-

tion, the target mechanism of many first-line antiepilep-

tic drugs, is enhanced by cathodal tDCS.

Materials and Methods

Animals

About 114 adult male Long Evans rats (weight:

318.8 � 39.2 g; mean � SD) were used in the study.

All animals were housed in a temperature-controlled

animal care facility with a 12 h light–dark cycle. All

procedures were approved by the Animal Care and

Use Committee at Boston Children’s Hospital (Bos-

ton, MA) and were conducted in accordance with the

National Institutes of Health Guide for the Care and

Use of Laboratory Animals. Efforts were made to

minimize animal suffering and the number of animals

used.

tDCS

We used a constant current DC-stimulator (Model no:

ALX-1.0/0/.1; Soterix Medical, New York, NY) capable of

outputting either 0.1 or 1 mA current. The tDCS mon-

tage consisted of an active electrode in form of a electro-

encephalography (EEG) disc electrode (10 mm gold,

Grass Technologies, West Warwick, RI) placed on the

dorsal scalp and a reference electrode in the form of sal-

ine-soaked (3% NaCl) sponge (3 9 3 cm) pressed under-

neath the ventral torso. Prior to placement of the active

tDCS electrode, after shaving, the rat’s scalp was gently

rubbed using NuPrepTM Skin Prep Gel (Cardinal Health,

Dublin, OH) to lower skin impedance. The active elec-

trode was filled with conductive EEG paste (Ten20; D.O.

Weaver and Co., Aurora, CO) to ensure maximal electri-

cal conductance between the scalp and the electrode, and

was secured to the dorsal scalp at midline using adhesive

collodion. During cathodal tDCS, the active electrode on

the scalp served as the cathode and the sponge as anode.

No current was delivered during sham tDCS. The rats

experienced only minimal discomfort during electrode

placement. Animals were mechanically restrained on a

platform with two broad Velcro straps positioned over

the torso behind the forelimbs and in front of the hind-

limbs (Fig. 1A), as per laboratory protocol.17,18 Once the

straps were secured, the animal was confined to the plat-

form but retained full range of motion of the head, limbs,

and tail. An advantage of this mechanical restraint is that

it enables a continuous view of the animal’s head and

extremities allowing for clinical seizures to be observed,

and that it allows easy access to the rat’s head for EEG

and tDCS electrodes.

Figure 1. Experimental setup and design. (A) Rat tDCS-EEG setup. In Experiments 1 and 2, with the rat restrained on a platform, disk (active),

and sponge (reference) electrodes were secured to the rat’s scalp and torso, respectively. Constant cathodal DC (1 or 0.1 mA) or sham (0 mA)

current was delivered via wires connecting a DC stimulator to the electrodes. One-channel EEG was recorded using SWE. The recording SWE was

positioned on the scalp over the parietal region and the reference over the dorsal snout at midline. (B) Rat ppTMS-EMG-tDCS setup. In

Experiment 3, a figure-of-eight TMS coil was fixed to a micromanipulator arm and positioned over the left hemisphere. Motor evoked potentials

were recorded using monopolar stainless steel needle electrodes placed into the brachioradialis of the contralateral right forelimb and between

the digits of the footpad. A ground electrode was inserted in the tail. Also tDCS electrodes were secured to the scalp and torso as described

previously. (C) Experimental design. In Experiments 1 and 2, the rats were closely observed after baseline EEG acquisition and the injection of PTZ

alone (Experiment 1) or together with LZP (Experiment 2), for occurrence of first myoclonic jerk. One minute after the myoclonus, 20 min tDCS

treatment was started: sham, cathodal 1 mA or cathodal 0.1 mA in Experiment 1, and sham or cathodal 1 mA in Experiment 2. The rats were

then monitored clinically and by EEG for 10 min before and 15 after administration of a second dose of PTZ (20 mg/kg, i.p.). The entire session

lasted for about 60 min and was video-monitored. In Experiment 3, sham or cathodal 1 mA tDCS was administered for 20 min immediately after

injection of saline or PTZ. MEP ppTMS inhibition was continuously recorded at baseline, during sham or cathodal tDCS and 25 min after the tDCS

treatment. tDCS, transcranial direct current stimulation; EEG, electroencephalography; SWE, subdermal wire electrodes; ppTMS, paired-pulse

transcranial magnetic stimulation; PTZ, pentylenetetrazol; LZP, lorazepam; MEP, motor evoked potential.
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Video-EEG

EEG signals were acquired with two thin silver/silver-

chloride Teflon-coated EEG subdermal wire electrodes

(Ives EEG Solutions, Newburyport, MA),18 with a refer-

ence contact positioned over the dorsal snout at midline,

and an active contact placed unilaterally over the parietal

region. Rats tolerated the electrodes without signs of local

pain or discomfort after initial subcutaneous placement.

The one-channel EEG was recorded using a Cadwell EEG

system (Cadwell Laboratories Inc., Kennweick, WA) at a

sampling rate of 400 Hz. The signals were bandpass fil-

tered 1–70 Hz and included a 60 Hz Notch filter. EEG

traces were reviewed by Easy EEG v.2.1 (Cadwell Labora-

tories Inc, Wennewick, WA) and EDFbrowser v.1.22

(Teunis van Beelen, Netherland) analysis applications.

High definition videos were acquired in all cases, and

were time-registered with the EEG.

Seizure induction

Seizures were provoked by intraperitoneal (i.p.) PTZ

(Sigma-Aldrich, Co., St. Louis, MO), a GABAA receptor

antagonist. The PTZ-induced rat seizure model has been

commonly used to test the effects of anticonvulsant drugs

and stimulation techniques.19,20 In Experiment 1 and

Experiment 2, PTZ was administered in two consecutive

doses, 75 and 20 mg/kg (i.p.). This dose schedule was

determined prior to the start of the experiment to reliably

produce more clusters of generalized tonic-clonic seizures

(GTCS), as is common in human SE. To avoid the con-

founds of convulsion on the motor evoked potential

(MEP) readout in Experiment 3, we administered a

50 mg/kg (i.p.) PTZ dose while rats were under pentobar-

bital anesthesia.

ppTMS

Focal TMS was delivered using a Magstim Rapid mag-

netic stimulator (Whitland, Carmarthenshire, Wales,

U.K.) and a figure-of-eight coil (outside diame-

ter = 66 mm, inside diameter = 15 mm; double small

coil; Magstim). MEPs were recorded with monopolar

uninsulated needle electrodes inserted into each brachio-

radialis muscle of the rat forelimb (Fig. 1B). The coil was

held in the stereotaxic frame and its optimal position was

defined as that with the lowest stimulation intensity

required to elicit lateralized MEPs exclusively in the fore-

limb contralateral to the TMS coil location. These meth-

ods were adapted from the TMS methods previously

described in our laboratory.21–23 After determining motor

threshold (MT), pairs of stimuli at 100 msec interstimu-

lus interval were delivered with a 7-sec interpair interval

at 120% MT intensity. The magnitude of paired-pulse

evoked Electromyography (EMG) inhibition was calcu-

lated as the ratio of the second (conditioning) evoked

MEP to the first (test) evoked MEP.17,23

Data analysis

Rats were continuously monitored for clinical and elect-

rographic epileptic activity following PTZ administration.

Video and EEG recordings were also reviewed post hoc

by investigators blinded to the treatment condition.

tDCS clinical outcomes

Most PTZ-injected rats progressed through expected clini-

cal stages from myoclonic jerking to behavioral arrest to

GTCS.24,25 Following first PTZ injection, each rat was clo-

sely observed for 15 min by one of two investigators (S. C.

D. or D. E.) to determine the time of the first myoclonic

jerk. The latency to each GTCS and the GTCS duration was

determined clinically by observation and verified by

blinded review of the video EEG. GTCS incidence after

PTZ injection was used as a measure to determine the treat-

ment effect. However, for statistical purposes, we assigned

latency to 15 min and GTCS duration to 0 sec in animals

that did not have a GTCS during the 15 min of monitor-

ing. Rat mortality was confirmed by clinical exam when

neither respiration nor heartbeat was palpable.

EEG outcomes

A 10-min EEG recording acquired in all surviving rats

immediately between the cessation of tDCS and the point

of second PTZ injection was used for evaluation of the

effect of tDCS on interictal EEG activity. Burst (≥1 sec of

continuous spikes) count was used as the outcome mea-

sure to quantify epileptic activity during this 10 min-long

EEG window. A pattern of repetitive epileptic spikes,

minimally for 1 sec, was categorized as a burst. EEG

traces were visually compared to the baseline EEG

obtained for each rat prior to the first PTZ injection.

Concomitant video recordings were consulted to distin-

guish movement artifacts from epileptic activity. The epi-

leptic spike bursts were counted by optimizing the

automated seizure detection algorithm in Neuroscore

(Data Sciences International, St. Paul, MN). The detected

events were verified by visual inspection.

PSD analysis

Power spectral density (PSD) of the 10 min long posttreat-

ment EEG period was calculated by transforming the time

domain signal to the frequency domain using the Fast Fou-
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rier Transform technique. The grand averaged PSD esti-

mates were then used to calculate power ratios, that is, rela-

tive power expressed as a ratio of the absolute power of a

specific band to the total absolute power, to compensate

for intersubject variability and artifacts. The power bands

were defined per clinical definitions as delta (1–4 Hz), theta

(4–8 Hz), alpha (8–13 Hz), beta (13–30 Hz) and total (1–
30 Hz). Based on the absolute powers in these bands,

power ratios were derived for the following estimates:

delta/total, theta/total, alpha/total and beta/total.

ppTMS outcomes

For each evoked MEP, the largest peak-to-peak voltage

(Vpp) was recorded and averaged for each rat. Paired-

pulse inhibition was expressed as ratio of the test evoked

MEP Vpp to conditioning evoked MEP Vpp, per rat. To

evaluate the changes in cortical inhibition over time after

sham or cathodal tDCS, ppTMS inhibition was averaged

across rats within each treatment group for three time-

points: prestimulation (10 min), during stimulation

(20 min), and poststimulation (15 min).

Statistical analysis

Data were analyzed using GraphPad Prism (v 5.01;

GraphPad Software Inc., La Jolla, CA) with significance

level defined at P < 0.05. Based on the normality of data

(determined by Shapiro–Wilk test) either parametric or

nonparametric tests were used. All results were presented

as median and interquartile range (IQR) or mean

(�SEM) as appropriate. Kruskal–Wallis test was

employed to compare outcomes (duration and epileptic

burst counts) among all three tDCS treatment conditions

followed by Dunn’s post hoc tests to compare between

groups when the main group effect was significant. The

EEG power ratios were compared using one-way analysis

of variance (ANOVA) followed by post hoc Bonferroni

correction. A log-rank (Mantel–Cox) test was performed

to compare the Kaplan–Meier analysis for GTCS inci-

dence rate and latency. To determine the effect of tDCS

on paired-pulse inhibition, repeated-measures ANOVA

was used to compare the inhibition levels at different

timepoints followed by a Bonferroni post hoc correction.

Experimental design

Experiment 1: Seizure suppression by tDCS

This experiment was designed to test the preferential an-

tiepileptic effect of two tDCS regimens in comparison to

sham stimulation. Rats (n = 65) were randomly assigned to

one of three groups that differed by tDCS treatment condi-

tion: cathodal 1 mA (cath 1 mA; n = 22), cathodal 0.1 mA

(cath 0.1 mA; n = 20), or sham stimulation (sham;

n = 23) (refer to seizure induction and Fig. 1C for protocol

details). Following tDCS and EEG electrode placement, a

baseline EEG of 5–10 min was recorded after which rats

were injected with PTZ (75 mg/kg, i.p.). All rats were con-

tinuously monitored by one of the investigators (S. C. D. or

D. E.) for any signs of observable clinical myoclonus, as an

indication of the onset of epileptic activity. To approximate

a realistic clinical scenario where some delay between sei-

zure onset and administration of antiepileptic treatment is

likely, we delayed tDCS until 1 min following the first myo-

clonic jerk, when active or sham tDCS was applied for

20 min (Fig. 1C). Owing to stimulation artifact, EEG was

turned off during tDCS application. The rats were closely

observed during this period for occurrence of clinical sei-

zures and video-recorded for post hoc visualization of the

correct timing of onset and duration of seizures. EEG was

then recorded for 10 min in the post-tDCS period. Subse-

quently a second PTZ dose (20 mg/kg, i.p.) was adminis-

tered as the clinical observation and video-EEG recording

continued for additional 15 min. The entire session lasted

for about 60 min. Immediately after the session, the rats

were euthanized with CO2.

Experiment 2: Seizure suppression by tDCS
combined with LZP

This experiment was designed to test the antiepileptic effect

of tDCS when administered in conjunction with LZP. A

series of dose–response pilot experiments identified

0.25 mg/kg as subtherapeutic LZP dose that did not sup-

press myoclonic jerking and prevented GTCS in less than

50% of animals. One group of rats (LZP + sham; n = 10)

received LZP (0.25 mg/kg, i.p.) immediately after the first

PTZ injection followed by sham tDCS. Another group of

animals (LZP + tDCS; n = 11) received LZP (immediately

after PTZ) and followed by the most potent cathodal tDCS

treatment (identified in Experiment 1), which started

1 min after the first myoclonus (Fig. 1C). The rest of the

experiment was identical to Experiment 1. To minimize

animal use, we used data from the sham tDCS condition in

experiment 1 for statistical comparisons.

Experiment 3: A measure of cortical inhibition
using ppTMS

For insight into the mechanism of action of tDCS,

we measured intracortical inhibition using ppTMS in a

separate group of rats (n = 28) that were anesthetized

with sodium pentobarbital (65 mg/kg, i.p.). Once anes-

thetized, rats were placed into a stereotaxic frame. TMS

was applied to the left motor cortex and MEP paired-
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pulse inhibition was recorded from the right brachioradi-

alis muscle in each rat.17,23 Rats were then equally divided

into four groups to receive: (1) saline with sham tDCS

(sal + sham), (2) PTZ (50 mg/kg, i.p.) with sham tDCS

(PTZ + sham), (3) saline with most potent cathodal

tDCS intensity, as identified in Experiment 1

(sal + tDCS), or (4) PTZ (50 mg/kg, i.p.) with the same

cathodal tDCS intensity (PTZ + tDCS). Baseline MEPs

were recorded using ppTMS for 10 min, following which

PTZ or saline was administered to the rats. Sham or cath-

odal tDCS was delivered for 20 min and MEP inhibition

was measured at the 25-min timepoint after stimulation

(Fig. 1C). Paired-pulse inhibition (ratio of test to condi-

tioning MEP) was averaged per block. Note that ppTMS

was performed with tDCS electrodes in place under the

coil in both active and sham conditions.

Results

In Experiment 1, we compared the antiepileptic potential

of two cathodal tDCS intensities. In Experiment 2, we

used LZP with the most effective intensity of tDCS as

judged from Experiment 1 to compare efficacies of tDCS

and LZP alone and in combination. In Experiment 3, we

applied ppTMS setup to test whether cathodal tDCS aug-

ments motor cortex paired-pulse, GABAergic, inhibition.

Experiment 1

Cathodal tDCS does not acutely suppress clinical
PTZ seizures

The baseline characteristics of all rats with respect to their

response to the initial injection of 75 mg/kg PTZ were

similar. Predictably, the latency to the occurrence of the

first clinical myoclonic jerk, prior to the initiation of

tDCS did not differ between groups.

The latency to the beginning of a GTCS after the first

myoclonus was also not significantly different between the

three groups of rats. The median latencies until the first

GTCS in all treatment conditions were: sham: 329 sec

(IQR, 138.5–497.3 sec); 1 mA: 440 sec (IQR, 196–1251
sec); and 0.1 mA: 185.5 sec (IQR, 95.5–429 sec), as repre-

sented by the Kaplan–Meier analysis in Figure 2A. This

suggests that initiation of cathodal tDCS did not have an

immediate effect on the propensity for seizures induced

by PTZ (Mantel–Cox test, v2 = 2.62; P = 0.27). The total

duration of the first GTCS (Fig. 2B) was also not signifi-

cantly reduced by either cathodal tDCS treatment as con-

firmed by Kruskal–Wallis test (P = 0.26). In the sham

stimulated group 39% of the rats had additional GTCS

during the 30 min of observation after the first myoclo-

nus, whereas in the tDCS treatment groups 32% and 20%

of those that received cath 1 mA and cath 0.1 mA tDCS,

respectively, experienced a second GTCS. These figures

were not significantly different from each other (chi-

square, P = 0.4). The mortality after the first PTZ injec-

tion was of 22% in the sham stimulated group of rats

and 9% and 5% in the rats that were stimulated with

cathodal 1 mA and cathodal 0.1 mA tDCS, respectively

(chi-square, P = 0.21).

Cathodal 1 mA tDCS suppresses bursts of
epileptic spikes on EEG

For each rat, a 10-min period of EEG recording post-PTZ

and tDCS was digitally scored for epileptic bursts. Elect-

rographic seizure activity was observed in all rats. Fig-

Figure 2. Clinical and EEG outcomes of cathodal tDCS treatment. (A) GTCS incidence and latency after first PTZ injection. Kaplan–Meier survival

curve is used to display percentage incidence of GTCS (y-axis) and its latency (x-axis), after first PTZ injection in all treatment conditions. The

height of each step represents the percentage of rats experiencing a GTCS and the length of the curve represents the GTCS latency from the first

myoclonus. The median latencies in the cath 1 mA and cath 0.1 mA groups, respectively, were not significantly longer than that of sham rats.

Note the clustering of GTCS latencies <300 sec in most animals. (B) GTCS duration after first PTZ injection. The first PTZ injection induced one or

multiple GTCS in most rats. There was no significant reduction in the median durations of seizures in cath 1 mA or cath 0.1 mA treatment

groups relative to sham. (C) Representative EEG traces. Sample baseline EEG without epileptiform activity (1); Sample EEG after PTZ injection

shows a characteristic automatically detected spike-train outlasting 1 sec (2). (D) Spike burst count after first PTZ injection. Graph depicts the

number of EEG burst discharges per 10 min of recording after treatment with tDCS, as digitally counted using the seizure detection algorithm of

Neuroscore (Data Sciences International, St. Paul, MN) and verified by visual inspection. The number of detected bursts was significantly lower in

the rats that were stimulated by cathodal 1 mA treatment relative to sham controls or cathodal 0.1 mA. *P < 0.05. (E) GTCS incidence and

latency after second PTZ injection. Kaplan–Meier survival curve is used to display percentage incidence of GTCS (y-axis) and its latency (x-axis),

after second PTZ injection in all treatment conditions. Curve comparison shows that the GTCS incidence rate of 94% in sham group was

significantly higher than the cath 1 mA (60%) and cath 0.1 mA (74%)-treated animals. Also the sham rats were the quickest to seize after

second PTZ challenge as compared to the treatment groups. Note the clear separation in the Kaplan-Meier curve of cath 1 mA treatment group.

(F) GTCS duration after second PTZ injection. The seizures caused by second PTZ injection were significantly of shorter duration in the cath 1 mA

treatment group as compared to the sham-treated animals. Boxes indicate median and first and third quartile. Tukey’s error bars are indicated by

top and bottom whiskers. An outlier value is indicated, beyond the Tukey’s error range by the solid circle. *P < 0.05. EEG,

electroencephalography; tDCS, transcranial direct current stimulation; GTCS, generalized tonic-clonic seizures; PTZ, pentylenetetrazol.
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ure 2C plots representative traces of (1) baseline EEG

without epileptiform discharges, and (2) EEG after PTZ

injection showing characteristic automatically detected

epileptic bursts outlasting 1 sec. With regard to the EEG

epileptic activity, Kruskal–Wallis test revealed a significant

group effect of burst counts (P = 0.03). By post hoc com-

parisons using Dunn’s test, as demonstrated in Figure 2D,

there was a statistical difference in count of spike bursts

with a median of 6 (IQR, 1–14) for the cathodal 1 mA

treatment group (P < 0.05) as compared to 14 (IQR,

8.75–26) in sham. The 12 median (IQR, 7.5–21.25) bursts
after cathodal treatment with 0.1 mA stimulation inten-

sity were not significantly lower than sham or higher than

cathodal 1 mA treatment.

Cathodal 1 mA tDCS reduces power in the EEG
theta-alpha-beta frequency bands

After treatment with tDCS, the PSD of the 10 min-long

EEG period was analyzed in the low frequency bands.

One-way ANOVA results show that cathodal tDCS treat-

ment significantly changed the power in delta

(P = 0.003), theta (P = 0.037), alpha (P = 0.011) and

beta (P = 0.016) bands. Post hoc Bonferroni tests confirm

that cath 1 mA tDCS increased the EEG power in the low

delta band (P < 0.01) whereas it significantly reduced the

power ratios in theta (P < 0.05), alpha (P < 0.01) and

beta (P < 0.01) bands as compared to sham or cath

0.1 mA-treated groups (Table 1). These findings corrobo-

rate with the reduction in spike bursts observed after

cathodal 1 mA stimulation and thus reconfirm the effec-

tiveness of cath 1 mA tDCS in suppressing epileptic EEG

activity.

Cathodal 1 mA tDCS suppresses seizure reentry

The second PTZ injection (20 mg/kg, i.p.) induced a

GTCS in 94% of surviving sham rats, 60% of the 1 mA

and 74% 0.1 mA stimulated animals. Kaplan–Meier

analysis (Fig. 2E) displaying the incidence of GTCS after

second PTZ injection in the three groups of rats revealed

significant differences between the traces by Log-rank

(Mantel–Cox) test (v2 = 9.61; P = 0.008). Individual

comparisons of the sham and cath 1 mA GTCS curves

show a high statistical difference in the median GTCS

incidence and latencies between the two as also noted in

Figure 2E (Mantel–Cox test, v2 = 12.16, P = 0.0005).

Comparison of median GTCS durations using Kruskal–
Wallis reveals a significant group effect (P = 0.028). The

median duration of 26 sec (IQR, 0–48 sec) was signifi-

cantly shorter in rats stimulated with cath 1 mA relative

to 56 sec (IQR, 31.25–97.25 sec) of sham (P < 0.05) as

calculated by post hoc Dunn’s tests (Fig. 2F). The overall

mortality (of 35%, 18% and 15% for the sham, cath

1 mA and cath 0.1 mA groups, respectively) was not sig-

nificantly different among all groups.

Thus cathodal 1 mA tDCS proved to be the more

effective stimulation that suppressed clinical epileptic

activity caused due to the second PTZ injection and miti-

gated electrographic epileptic discharges recorded after

the first PTZ injection. However, the treatment was not

sufficient to prevent or abort the ongoing seizures

induced by the first PTZ injection. Hence, in Experiment

2, LZP was introduced into the treatment regime along

with sham/cathodal 1 mA tDCS to further evaluate the

anticonvulsive effect of the combination.

Experiment 2

LZP + tDCS acutely suppresses clinical PTZ seizures

Similar to the first experiment, the latency to the first clini-

cal myoclonic jerk was not significantly different between

the LZP + sham and LZP + tDCS treatment groups. The

first PTZ injection induced a GTCS in 67% of rats treated

with LZP alone and only 13% in the group treated with

LZP + tDCS. Kaplan–Meier analysis (Fig. 3A) shows the

percent of animals with a GTCS after first PTZ injection

revealing significant differences among all three conditions

(sham tDCS from Experiment I, LZP + sham,

LZP + tDCS) by Log-rank (Mantel–Cox) test (v2 = 13;

P = 0.0015). As expected, individual comparisons using

Mantel–Cox test also demonstrated significant differences in

the median GTCS incidence and latencies between groups.

Comparison of median GTCS durations using Kruskal–

Table 1. Relative power per EEG frequency band

Treatment group

Frequency

bands

Sham

(n = 18)

Cath 0.1 mA

(n = 21)

Cath 1 mA

(n = 18)

Delta

(1–4 Hz)

0.457 � 0.317 0.572 � 0.040 0.624 � 0.030**

Theta

(4–8 Hz)

0.361 � 0.023 0.293 � 0.029 0.272 � 0.022*

Alpha

(8–13 Hz)

0.127 � 0.011 0.105 � 0.012 0.079 � 0.010**

Beta

(13–30 Hz)

0.104 � 0.012 0.075 � 0.013 0.068 � 0.008*

Mean (�SEM) of the power in the theta, alpha, and beta frequency

bands indicate a significant reduction after cath 1 mA stimulation in

comparison with sham and cath 0.1 mA treatment. Treatment with

cathodal 1 mA also caused a significant increase in the delta band

power.

Relative power = ratio of the absolute power in a frequency band to

the total absolute power (1–30 Hz).

*P < 0.05, **P < 0.01.

850 ª 2015 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.

tDCS for PTZ Seizures in Rats S. C. Dhamne et al.



Wallis reveals a significant group effect (P < 0.0001). The

median duration of 43 sec (IQR, 24.5–140 sec) was signifi-

cantly longer in sham-stimulated rats relative to 20 sec

(IQR, 0–22.75 sec) of LZP + sham (P < 0.05) and 0 sec

(IQR, 0–12.25 sec) of LZP + tDCS treatment (P < 0.001)

as calculated by post hoc Dunn’s tests (Fig. 3B). There were

two deaths in the LZP + sham group and none in the

LZP + tDCS. Thus the LZP + tDCS combination, in con-

trast to tDCS in isolation or LZP + sham treatment acutely

aborted seizures induced by PTZ.

LZP + tDCS suppresses bursts of epileptic spikes
on EEG

Similar to Experiment 1, the 10-min period of EEG

recording post-PTZ and stimulation was digitally scored

for epileptic bursts. The burst counts were statistically

compared using Kruskal–Wallis test, which showed a sig-

nificant group effect (P = 0.0004). By post hoc Dunn’s

test, as seen in Figure 3C, the median burst count of 0

(IQR, 0–4) in the LZP + tDCS treatment group was sig-

nificantly lesser than the 14 median bursts (IQR, 8.75–26)
of the sham-stimulated animals (P < 0.001). The 6.5

median (IQR, 0.5–27) bursts after treatment with only

LZP in the LZP + sham group were not significantly

lower than sham or higher than LZP + tDCS condition.

Thus, LZP + tDCS suppressed electrographic epileptic

activity induced by PTZ.

We note that with LZP on board, none of the animals

in the LZP + sham or LZP + tDCS groups experienced a

GTCS following a second PTZ injection (data not

shown). Hence, analysis for this segment of the experi-

ment is absent.

Experiment 3

Cathodal tDCS enhances cortical inhibition
measured by ppTMS

Figure 4A demonstrates the representative MEP traces

during the ppTMS protocol in the four treatment condi-

tions at the pre-, intra and poststimulation timepoints.

Figure 3. Clinical and EEG outcomes of Lorazepam + tDCS

treatment. (A) GTCS incidence and latency after first PTZ injection.

Kaplan–Meier survival curve is used to display percentage incidence of

GTCS (y-axis) and its latency (x-axis), after first PTZ injection in all

treatment conditions. All three groups, Sham, LZP + Sham and

LZP + tDCS were significantly different from each other with respect

to seizure incidence rate and its latency. Note the distinct separation

in the group treated with both LZP and 1 mA cathodal tDCS

(LZP + tDCS) to have a very low seizure incidence rate and longer

latencies. (B) GTCS duration after first PTZ injection. The two groups

treated with LZP had significantly shorter seizures after first PTZ

injection relative to no treatment sham group. But LZP in combination

with 1 mA cathodal tDCS was more effective than LZP alone in

reducing the seizure durations. *P < 0.05, ***P < 0.0001. (C) Spike

burst count after first PTZ injection. Graph depicts the number of

digitally counted burst discharges per 10 min of recording in the

three groups of rats after stimulation. Treatment with LZP + tDCS

aborted EEG seizures relative to the LZP + sham or sham groups.

Boxes indicate median and first and third quartile. Tukey’s error bars

are indicated by top and bottom whiskers. An outlier value is

indicated, beyond the Tukey’s error range by the solid circle.

***P < 0.001. EEG, electroencephalography; tDCS, transcranial direct

current stimulation; GTCS, generalized tonic-clonic seizures; PTZ,

pentylenetetrazol; LZP, lorazepam.
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ppTMS inhibition was unchanged relative to baseline in

the saline + sham group (Fig. 4B). Predictably, after PTZ

injection (PTZ + sham group), ppTMS revealed impaired

inhibition in all rats. The magnitude of the inhibition loss

increased progressively from 20 to 45 min timepoints.

However, in the rats receiving PTZ and cathodal tDCS,

ppTMS inhibition was enhanced immediately following

20 min of tDCS, relative to sal + sham group, and

returned to baseline in 25 min after stimulation. Also the

saline + tDCS condition had increased inhibition after

the stimulation that returned to baseline in 25 min. In

the ppTMS groups, repeated-measures ANOVA with

treatment group as a between-subjects factor and time as

a within-subjects factor shows a significant main effect of

treatment [F (3, 24) 5.31, P = 0.006] and time [F (2, 48)

6.19, P = 0.027] between the two factors (Fig. 4B). Post

hoc analysis at the 20 min timepoint showed that cortical

inhibition was significantly increased in sal + tDCS rela-

tive to PTZ + sham group (P = 0.019). Most importantly,

there was significant change in the inhibition between

PTZ + sham and PTZ + tDCS groups (P = 0.001). Like-

wise, post hoc analysis at the 45 min timepoint revealed

significant differences between the progressive loss of

inhibition of PTZ + sham group and other groups

(sal + sham, P = 0.004; sal + tDCS, P = 0.009;

PTZ + tDCS, P = 0.0006).

Discussion

We report the first demonstration of acute chemoconvul-

sant seizure suppression by cathodal tDCS in unanesthe-

tized rats. Using the two-dose PTZ challenge, we show

that 20 min of 1 mA cathodal stimulation significantly

suppresses EEG epileptiform discharges after an initial

PTZ injection, and shortens GTCS duration while increas-

ing latency to GTCS after a second PTZ challenge,

~30 min later. We also approximated a realistic clinical

scenario, where a patient in SE would first receive a first-

line antiepileptic drug, and present novel experimental

evidence that cathodal tDCS may act synergistically with

LZP, a first-line antiepileptic benzodiazepine that is used

for clinical SE treatment. The combination of LZP with

cathodal tDCS not only acutely reduced the total seizure

duration, increased GTCS latency, and decreased the epi-

leptic EEG burst count after an initial PTZ dose, but also

completely prevented the reentry into seizure after a sec-

ond PTZ injection. Finally, expanding on work in

humans and preclinical work in our laboratory, we pres-

ent insights into the neural substrate of tDCS antiepileptic

effects as we find, by ppTMS measures, that cathodal

tDCS augments GABAergic intracortical inhibition in

rats.17,26

Cathodal tDCS has been previously studied as a

method of seizure suppression in humans and in animals,

but either as a pretreatment before an experimental sei-

zure model, or as an antiepileptic treatment in a long-

standing epilepsy. Cathodal tDCS has not been previously

tested in the acute seizure setting that approximates SE

where we are able to assess an immediate anticonvulsant

cathodal tDCS effect. Published reports show that pre-

treatment with cathodal tDCS increases seizure threshold

in a focal electroshock and amygdala seizure kindling

models14,27 and 7 days of cathodal tDCS treatment 1 day

after pilocarpine-induced SE has a delayed antiepileptic

and neuroprotective effect in rat pups.28 In contrast to

these experiments which tested a delayed antiepileptic

effect, we administered cathodal tDCS during the acute

convulsive stage of our SE model, and found electro-

graphic and clinical seizure suppression within minutes of

stimulation.

Our translational results also complement limited

human antiepileptic tDCS research. In humans, as in

animal models, tDCS has not been applied in SE, and,

realistically, is unlikely to be tested systematically with-

out preclinical data, given the inhomogeneity of patients

who present with this syndrome. This is in large part

the motivation for the present report. As with rodent

models, cathodal tDCS does appear to have a favorable

delayed antiepileptic effect if administered interictally (in

contrast to the ictal tDCS timing in our experiments)

to patients with established epilepsies, as supported by

two controlled trials12,16 and limited case reports29,30

that identify suppression of EEG epileptiform discharges

days to weeks after stimulation. However, the outcomes

of human case reports and controlled trials are mixed

with some showing absence of antiepileptic effect,31

which underscores the need for preclinical studies that

may inform future clinical tDCS study design in

well-defined epilepsy syndromes recently reviewed in

San-Juan et al.32

Our results support acute cathodal tDCS application to

stop ongoing clusters of seizures, and thus raise the possi-

bility of its utility in the treatment of SE or repetitive sei-

zures. We aimed specifically to model the clinical setting

of SE or frequent repetitive seizures in humans where

abortive treatment will not start until after the seizures

have started, thus we administered tDCS only after an

overt clinical seizure was detected, and tested also the

impact of tDCS on recurrent seizures triggered by PTZ

reinjection. Furthermore, we examined the possible syner-

gistic effect of tDCS and LZP, currently the standard

pharmacologic intervention in the acute setting of

repeated seizures or SE in humans. Our findings are the

first to indicate that tDCS can increase the LZP anticon-

vulsant efficacy, and might be a valuable adjunct to phar-
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Figure 4. Changes in cortical inhibition using ppTMS. (A) Representative MEP traces. Examples of MEPs elicited by ppTMS exhibit inhibition

between test and conditioning stimulus (at 100 msec ISI, 120% MT) following saline and PTZ injection (with and without tDCS). (B) ppTMS

inhibition. Changes in ppTMS inhibition after saline or PTZ administration. Data were compared with the average level of inhibition in the

PTZ + Sham group. Note clear separation between PTZ groups. PTZ caused reduced inhibition over time. tDCS caused increased inhibition 20 min

after injection but returned to normal inhibition about 45 min after injection. b < 0.05, a < 0.01, d < 0.001. ppTMS, paired-pulse transcranial

magnetic stimulation; MEP, motor evoked potential; ISI, interstimulus interval; MT, motor threshold; PTZ, pentylenetetrazol; tDCS, transcranial

direct current stimulation.
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macologic SE intervention. Given the favorable safety pro-

file of cathodal tDCS in patients with epilepsy,12,32 the

translation of our data into clinical practice in humans

seems readily feasible.

Our results also provide insight into the cathodal tDCS

mechanism of action. We demonstrate that tDCS not only

suppressed seizures, but also influenced cortical activity,

increasing the power of low EEG frequencies and decreasing

the power of higher frequencies. By ppTMS measures, we

also find that cathodal tDCS potentiated paired-pulse corti-

cal inhibition, which, in previous work, we demonstrated

reflects GABAA-mediated cortical inhibitory signaling.17 In

complement to this measure of enhanced GABAA signaling,

we also identified that cathodal tDCS prevented loss of GAB-

Aergic paired-pulse motor inhibition that is expected with

PTZ-mediated GABAA anatagonism. These preclinical find-

ings add to limited mechanistic data that describe the influ-

ences of tDCS on local neurotransmitter concentrations and

receptor function in humans, as can be detected by magnetic

resonance spectroscopy and pharmacologic studies,33–36 as

discussed in a review by Medeiros et al.37 Our identification

of enhanced paired-pulse cortical also inhibition under-

scores the logic of combining cathodal tDCS with GABAer-

gic pharmacotherapy, such as benzodiazepines or

barbiturates. While beyond the scope of this report, we

anticipate future experiments aimed to identify DC influ-

ences on cortical GABA signaling at the synaptic level for

purposes of identifying opportunities for rational coupling

of pharmaceuticals and tDCS (or related technologies). This

may be accomplished in vitro where magnitudes of excit-

atory and inhibitory field potentials and postsynaptic cur-

rents can be studies in a simplified, essentially two-

dimensional, preparation that enables fine control of the

electrical current vector relative to neuronal structures, as

we have done in previously in isolated hippocampal slices.38

Our results should be interpreted with caution and fur-

ther studies are certainly warranted given a few important

limitations. First, we studied the rat PTZ seizure model,

and it is unclear what impact model-specific factors might

have on the clinical translation of our findings to

humans. Testing the effects of tDCS on other acute sei-

zure models is thus anticipated. We also recognize that

the exact influence of tDCS may differ between healthy

and diseased brain, and continued exploration in disease

models and clinical disease states should enable more

sophisticated and precisely targeted use of this technique

in clinical practice.

Second, while we speak about “cathodal” tDCS, we are

cognizant of the fact that there is in fact no such entity as

a purely cathodal or anodal tDCS; there are always at

least two electrodes and thus a current path between the

two which affects more brain structures than just the cor-

tical region under one electrode or another. In our case,

we used a large extracephalic anode, and a cephalic cath-

ode electrode. However, modeling of the current induced

in the rat brain would certainly be valuable to gain fur-

ther insights into the brain impact of the induced current,

or measuring the DC effects in simplified, in vitro, brain

preparation as our laboratory has done38 should guide

methodological implications for the translation to

humans. In our manuscript, the terminology used (cath-

odal tDCS) is simply to clarify that we focus on the

effects under the cathode, but we cannot rule a critical

contribution of anodal effects.

Third, the current density induced in the rat brain may

well be higher than that achieved in humans. Indeed, we do

not really know how to properly transfer intensity and

extent of cortical impact (i.e., ultimately dose) from rats to

humans. Dose findings studies in humans would thus be

important. Furthermore, the ppTMS studies were done

with the rats exposed to small amounts of anesthetic, and

we cannot fully rule out an interaction between the anes-

thetics used and the tDCS effects. Similarly, in considering

translation of our findings to humans, it will be important

to consider the possible impact of different medications,

notably antiepileptic medications on the effects of tDCS.

Last, we recognize that better seizure suppression after

the second, smaller, PTZ dose may reflect tDCS antiepi-

leptic potency which is insufficient to overcome seizures

triggered by high-dose PTZ, but adequate to suppress sei-

zures triggered by a lower PTZ dose. While beyond the

scope of these early experiments, further studies with a

range of convulsant doses and tDCS intensities and treat-

ment durations may clarify this concern.

Despite these limitations, our study provides novel

experimental evidence that cathodal tDCS alone and par-

ticularly in combination with LZP shows anticonvulsive

potential in the PTZ rat seizure model. Cathodal tDCS

appears to work by augmenting GABAA-mediated cortical

inhibition and appears to be worth examining further as

an adjunct in the acute treatment of repeated seizures

and SE in humans.
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