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The postictal state following seizures is characterized by impaired consciousness and has a major negative impact on individ-
uals with epilepsy. Previous work in disorders of consciousness including the postictal state suggests that bilateral deep brain
stimulation (DBS) of the thalamic intralaminar central lateral nucleus (CL) may improve level of arousal. We tested the
effects of postictal thalamic CL DBS in a rat model of secondarily generalized seizures elicited by electrical hippocampal stim-
ulation. Thalamic CL DBS was delivered at 100Hz during the postictal period in 21 female rats while measuring cortical elec-
trophysiology and behavior. The postictal period was characterized by frontal cortical slow waves, like other states of
depressed consciousness. In addition, rats exhibited severely impaired responses on two different behavioral tasks in the pos-
tictal state. Thalamic CL stimulation prevented postictal cortical slow wave activity but produced only modest behavioral
improvement on a spontaneous licking sucrose reward task. We therefore also tested responses using a lever-press shock
escape/avoidance (E/A) task. Rats achieved high success rates responding to the sound warning on the E/A task even during
natural slow wave sleep but were severely impaired in the postictal state. Unlike the spontaneous licking task, thalamic CL
DBS during the E/A task produced a marked improvement in behavior, with significant increases in lever-press shock avoid-
ance with DBS compared with sham controls. These findings support the idea that DBS of subcortical arousal structures may
be a novel therapeutic strategy benefitting patients with medically and surgically refractory epilepsy.
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Significance Statement

The postictal state following seizures is characterized by impaired consciousness and has a major negative impact on individu-
als with epilepsy. For the first time, we developed two behavioral tasks and demonstrate that bilateral deep brain stimulation
(DBS) of the thalamic intralaminar central lateral nucleus (CL) decreased cortical slow wave activity and improved task per-
formance in the postictal period. Because preclinical task performance studies are crucial to explore the effectiveness and
safety of DBS treatment, our work is clinically relevant as it could support and help set the foundations for a human neurosti-
mulation trial to improve postictal responsiveness in patients with medically and surgically refractory epilepsy.

Introduction
The postictal state that follows epileptic seizures comprises a
broad spectrum of disturbances including behavior, motor func-
tion, cognitive, autonomic, and psychological changes and can
last from minutes to days (Helmstaedter et al., 1994; Fisher and
Schachter, 2000; Todd, 2005; Rémi and Noachtar, 2010; Schmidt
and Noachtar, 2010; Theodore, 2010; Werhahn, 2010; Carlsson
et al., 2011). Postictal symptoms can be more debilitating for
patients with epilepsy than the ictal events. It has been shown
that postictal cognitive and behavioral impairment have a signi-
ficant correlation with depression in adults with epilepsy
(Josephson et al., 2016). Postictal consciousness impairment in
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school-aged children is a cause of decreased attention that nega-
tively impacts their education (Elliott et al., 2005). Postictal phe-
nomena prevented over 50% of affected children from returning
to their normal activities of childhood (MacEachern et al., 2017).
Furthermore, longer postictal generalized EEG suppression du-
ration has been associated with risk of sudden unexpected death
in epilepsy (SUDEP; Hesdorffer and Tomson, 2013; Seyal et al.,
2013; Rugg-Gunn et al., 2016; Tomson et al., 2016). Importantly,
postictal immobility duration is associated with respiratory dys-
function (Kuo et al., 2016), which may be a causal factor in
SUDEP (Ryvlin et al., 2013; Zhan et al., 2016). Given all of these
findings, reversing impaired arousal and postictal immobility
may reduce SUDEP risk and could significantly improve the
quality of life of people with epilepsy.

In recent years, neurostimulation of subcortical regions has
emerged as a promising therapy for the treatment of refractory
seizures (Fisher and Velasco, 2014; Heck et al., 2014; Benedetti-
Isaac et al., 2015; Klinger and Mittal, 2018). The mechanism by
which consciousness is lost during and after temporal lobe seiz-
ures has been consolidated in the “network inhibition hypothe-
sis;” which posits that inhibition of subcortical arousal structures
may result in cortical states resembling deep sleep or coma dur-
ing and after seizures (Norden and Blumenfeld, 2002;
Blumenfeld, 2012). Thus, therapeutic activation of these subcort-
ical arousal structures could attenuate the loss of consciousness
experienced in focal seizures.

Specifically, the intralaminar thalamic nuclei receive input
from the brainstem arousal system and have been shown to play
an important role in awareness (Van der Werf et al., 2002; Schiff
et al., 2007, 2013; Baker et al., 2016). These nuclei contain matrix
neurons that project to the cortex and synchronize activity in
neural networks that drive cognitive functions (Jones, 2009).
Previous studies have demonstrated benefits of stimulating the
thalamic intralaminar central lateral nucleus (CL) in restoring
arousal. In asleep rats, central thalamic stimulation produced
widespread activation of the forebrain (Liu et al., 2015). Deep
brain stimulation (DBS) within CL and the medial dorsal tha-
lamic tegmental tract in nonhuman primates produced a robust
modulation of performance and arousal, (Baker et al., 2016). In a
landmark human study, thalamic CL DBS improved arousal and
functional behavioral performance for a patient in the minimally
conscious state (Schiff et al., 2007). More recently, CL stimula-
tion was found to effectively restore arousal and wake-like neural
processing in anesthetized macaques (Redinbaugh et al., 2020).
Previous studies in a rodent model of limbic seizures have also
shown that bilateral CL DBS improved cortical electrophysiolog-
ical arousal and spontaneous locomotor behaviors during deep
anesthesia, sleep, and the postictal period (Gummadavelli et al.,
2015a; Kundishora et al., 2017). However, whether purposeful
goal-oriented behavior can be restored in the postical period
through CL DBS remains to be determined and is crucial for
translational value to human therapy.

Here, our aim is to further investigate CL DBS effects in the
postictal period using a rodent model of secondarily generalized
limbic seizures. We tested two different behavioral tasks for the
first time in an animal model of postictal unconsciousness; a pos-
itive reinforcement spontaneous-licking sucrose reward task and
a negative reinforcement lever-press escape-avoidance task. By
assessing electrophysiological changes and behavioral perform-
ance in these tasks, we provide evidence that therapeutic neuro-
stimulation in thalamic CL can reduce cortical slow-wave
activity and improve behavioral task performance in the postictal
period.

Materials and Methods
Animals
All procedures were approved by the Yale University Institutional
Animal Care and Use Committee. Healthy adult female Sprague Dawley
rats weighing 180–250 g (Charles River Laboratories) were used. We
used female animals because prior studies in our lab established a reli-
able awake stimulation-based seizure model with females originally cho-
sen because of their smaller size facilitating functional magnetic
resonance imaging (fMRI) studies in the same model (Gummadavelli et
al., 2015a; Motelow et al., 2015; Kundishora et al., 2017).

Behavioral apparatus and tasks
All components of the behavioral set-up, unless otherwise specified,
were obtained from Med Associates. Two model ENV-008-CT oper-
ant chambers were used (Fig. 1A). They measured 29.53� 24.84 �
18.67 cm (length � width � height) and were individually placed
within model ENV-018MD-EMS sound-attenuating chambers with
electronic shielding.

Sucrose reward/spontaneous licking task
For the sucrose reward/spontaneous licking task, one wall of the cham-
ber was fitted with a photobeam lickometer with a sipper tube for infu-
sion delivery (CT-ENV-251L-X4). The sipper tube was connected via
plastic tubing to a syringe operated by a single-speed syringe pump
(PHM-100, speed 3.33 RPM) that was calibrated by adjusting the dura-
tion of pump activation (3 s) to deliver 90ml of 20% sucrose solution
when activated. On the opposite wall of the modular chamber, a house-
light (ENV-215 M) was constantly lit during experiments for general
illumination. On one wall of the sound attenuating chamber, a fan pro-
vided constant background noise and ventilation. The house-light and
fan were turned on at the beginning of the behavioral sessions and
remained on until the end. Different components of the behavioral appa-
ratus were interfaced using a SmartCtrl Connection Panel (DIG-716).
Data were collected using Med-PC software (Med Associates).
Chambers were cleaned following each session.

For the sucrose reward spontaneous licking task, rats were trained to
collect liquid sucrose from the sipper tube in the modular chamber.
After acclimating to their living conditions, rats were food restricted to
36 g/kg of lab chow per day. When animals reached;90% of their initial
weights, 30 ml of 20% sucrose solution was offered in a bottle during a
30-min period per day for them to become familiar with the taste. After
3 d of sucrose water exposure, training in the behavioral chamber started
(Fig. 1B). Each trial within the training session began with a 10-s period
of sucrose-availability window during which the rat could obtain 90-ml
sucrose solution if they licked the spout. After the rat received the su-
crose solution, which was considered a “reward,” or after the 10-s period
ended, a random delay period of sucrose reward unavailability would
start. Duration of the delay was chosen randomly from 10, 15, 20, 25, or
30 s. Each trial ended after the end of this delay period and a new trial
would begin (Fig. 1B). The daily session would end after the rat received
90 rewards or after 45min. Only one session was done each day during
training.

When a rat received�90% rewards of those offered on at least 2 d in
three successive days (and the total training days were at least 4 d), surgi-
cal electrode implantation and initial stimulus titration was performed
(Fig. 1D). After a one-week recovery period from electrode implantation,
rats were retrained on the same task to receive �90% rewards. Stimuli
were then again titrated in the awake state (see below, Stimulus titration
and electrophysiology/video recording procedures), and finally testing
during seizures began (Fig. 1B,D). Of the 15 rats initially successfully
trained, three rats were excluded and euthanized because of surgical
complications, resulting in a final sample size in the sucrose reward/
spontaneous licking experiments of 12 rats.

Two testing sessions were conducted each day, with a minimum 3-h
delay between the two sessions. During each testing session, after the rat
received a total of 30 rewards, current was delivered to the hippocampus
(HC; for all stimulation parameters, see below, Stimulus titration and
electrophysiology/video recording procedures) to trigger a secondarily

7344 • J. Neurosci., September 16, 2020 • 40(38):7343–7354 Xu et al. · Thalamic Stimulation Improves Postictal Arousal



generalized seizure, defined as polyspike activity in both HC and frontal
cortical local field potential (LFP) and behavioral Racine class 5. A 600-s
bilateral central lateral thalamic stimulation or sham stimulation was ini-
tiated simultaneously (Fig. 2A) to test the effects of DBS on cortical
physiology and on task performance on the sucrose reward spontaneous
licking task during the ictal and postictal periods (Fig. 3). A testing ses-
sion ended after the rat received a total of 90 rewards or after 45min.
Two sessions, with at least a 3-h interval between sessions, were per-
formed each day with one seizure per session, and alternating thalamic
CL DBS and sham DBS stimulation. First stimulus type (sham or DBS)
was counterbalanced across days. Testing was continued for an average
of 9.2 sessions (4.6 d) per animal (range 6–10 sessions).

Lever-press escape/avoidance (E/A) task
Training was conducted in the same behavioral chamber set-up as the
sucrose reward task (Fig. 1A) with the modifications described below in

this section. The chamber wall that was opposite to the house light
(always on) was fitted with a lever (ENV-110 M, 10.5 cm above the
floor), a stimulus light (ENV-221 M, 20.5 cm above the floor), and a
speaker (ENV-224AM, 26 cm above the grid floor). A 1.0mA, 0.5-s
electric foot-shock was delivered through the grid floor as an aversion
stimulation (ENV-414S-ASRP). The warning signal was a 75-dB white
noise. Safe periods were indicated by the stimulus light alternately
flashing on for 1 s and off for 1 s.

E/A training was performed as described previously by Servatius et
al. (2008). Sessions consisted of 20 trials. One session was performed per
day during training. A trial commenced with the delivery of the auditory
warning signal (Fig. 1C). In the first three training sessions, onset of the
auditory warning signal coincided with onset of the foot shock stimulus
delivered every 3.5 s. Subsequently, from session four onward a 1-min
warning period was introduced without shock delivery (Fig. 1C). A lever
press during the first 60 s of the warning signal period prevented the

Figure 1. Experimental setup and design. A, Behavioral testing and recording setup. B, Sucrose reward/spontaneous licking task timeline. C, E/A task timeline. D, Overall experimental proto-
col for both the spontaneous licking and E/A tasks. Ctx, frontal cortex.
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delivery of a shock, turned off the auditory warning signal, triggered a 3-
min safe period signaled by a flashing light, and was scored as an “avoid-
ance.” A lever press during the warning signal period, but after 60 s
elapsed, terminated shock delivery, turned off the auditory warning sig-
nal, triggered a 3-min safe period signaled by a flashing light, and was
scored as an “escape.” In the absence of a lever press, a maximum of 99
0.5-s shocks were delivered on a fixed 3.5-s interval schedule leading to
the automatic end of a trial and beginning of the safe period, again sig-
naled by ending the auditory warning signal and by a flashing light. The
next trial began after the end of the safe period (Fig. 1C). A rat that failed
to have a lever-press response by the end of the fourth training session
was removed from the study. This occurred in 12 of 32 rats tested.

When a rat achieved �90% avoidance of the 20 trials in each session
over two successive days on the E/A task (and the total training time was
at least 6 d), surgical electrode implantation and initial stimulus titration
was performed (Fig. 1D). Four additional rats were excluded at this stage
because of surgical complications. After a one-week recovery period
from electrode implantation, rats were retrained to achieve �90%

avoidance. Five out of 16 rats were excluded for failing to achieve �90%
avoidance within three sessions after surgery. Stimuli were again titrated
in the awake state (see below, Stimulus titration and electrophysiology/
video recording procedures) and finally E/A task testing began during
seizures and during naturally occurring sleep (Fig. 1C,D). Two more rats
were excluded because of electrodes not falling in target regions on his-
tologic review (see below, Histology) resulting in a final sample size for
the E/A experiments of nine rats.

To compare E/A task performance in naturally occurring sleep to the
postictal period, we performed sleep testing before seizure testing in the
same session. Animals were housed with lights off at 7 P.M. and on at 7
A.M., and sessions began at 8–9 A.M. each day when natural sleep was
common. Only one sleep versus seizure session was done each day. In a
sleep versus seizure testing session, we would first allow the rats to attain
up to five avoidances using the usual 3-min safe period between trials
(Fig. 1C). We then extended the safe period typically up to 15–30min to
allow the animal to spontaneously fall asleep based on sleep-related cort-
ical slow waves observed continuously for �10 s. Some animals fell

Figure 2. Thalamic CL DBS produces cortical physiological arousal in the postictal period during the sucrose reward spontaneous licking task. A, Experimental protocol and sequence of preic-
tal, ictal, postictal, and poststimulation (post-stim) epochs. HC stimulation for 2 s at 60 Hz induces a secondarily generalized seizure. Simultaneous with seizure onset, bilateral thalamic CL DBS
or sham control DBS is initiated and continued for 5 min (600 s) total, typically spanning both the ictal and postictal periods. B, Recordings during sham DBS. Preictal, ictal, postictal, and post-
stim time samples exemplify secondarily generalized seizures evidenced by polyspike discharges in both HC and orbital frontal Ctx LFP during the ictal period; prominent slow waves in Ctx LFP
during the postictal period; and recovery in the post-stim period. C, Recordings during therapeutic thalamic CL DBS (100 Hz, 100-mA split approximately equally between the two thalami).
Thalamic CL DBS markedly decreases postictal slow wave activity in Ctx compared with sham control (B). Ctx, orbital frontal cortex.
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asleep during the safe periods even before five avoidances, and these ani-
mals were also entered into sleeping E/A trials once �10-s continuous
cortical slow waves were observed. Sleeping E/A task trials were then ini-
tiated by the warning auditory signal (Fig. 1C). Up to five sleeping E/A
trials were performed in each session unless the rat did not fall asleep
within 1 h. After the sleeping trials, the rats next performed at least three
awake E/A trials with the usual 3-min safe period, which were followed
by the seizure trial. At the end of the safe window, current was delivered
to the HC (see below, Stimulus titration and electrophysiology/video re-
cording procedures) to trigger a secondarily generalized seizure. Like in
the sleep trials, a new E/A task trial would start in the postictal period
signaled by the warning auditory signal after cortical slow waves were
observed continuously for �10 s after the seizure. The session would
end after the seizure trial. Sleep versus seizure E/A testing was continued
for an average of 2.0 sessions (2.0 d) per animal (range 1–3) (Fig. 4).

E/A testing was next done during seizures to investigate effects of
thalamic CL DBS (Fig. 1D). During a testing session, after the rat
achieved a total of five avoidances, current was delivered to the HC (see
below, Stimulus titration and electrophysiology/video recording proce-
dures) to trigger a secondarily generalized seizure. Unlike the spontane-
ous licking task where behavior readout was monitored continuously,
the E/A task yielded a single response measurement once every few
minutes (Fig. 1C). Therefore, we targeted both the E/A behavioral testing
and DBS treatment to the time of maximal physiological impairment in
the postictal period, which typically occurred several minutes after seiz-
ures (see Fig. 3A, postictal delta power time course). Thus, a 120-s bilat-
eral CL stimulation or sham stimulation started after 10 s of continuous
electrographic slow waves in the postictal period, and a new E/A trial
(warning sound on) would begin 10 s after the CL stimulation/sham
stimulation onset (Fig. 5A). Each E/A testing session ended after the
DBS (or sham) trial was complete. Two sessions, with at least a 3-h inter-
val between them, were performed each day, alternating thalamic CL
DBS and sham stimulations. First stimulus of the day (DBS or sham)
was counterbalanced across days. Seizure testing with the E/A task was
continued for an average of 10.9 sessions (5.4 d per animal (range 9–12
sessions).

Surgery and electrode implantation
The animal model of focal limbic seizures with secondary generalization
and electrode implantation was prepared as described in detail previ-
ously (Gummadavelli et al., 2015a), summarized briefly below in this
section. Animals were deeply anesthetized with ketamine and xylazine.
Craniotomies were done stereotaxically over sites of planned electrode
placement, anchoring screws and ground screw, with all coordinates
reported as final electrode tip locations in reference to bregma (Paxinos
and Waston, 1998). A twisted pair bipolar electrode was implanted into
the right lateral orbitofrontal cortex (AP 14.2 mm; ML 12.2 mm; SI
�4.2 mm). Two twisted pair bipolar electrodes were implanted in bilat-
eral CLs (AP �2.8 mm; ML 61.4 mm; SI �5.4 mm). Two twisted pair
bipolar electrodes were implanted in the bilateral dorsal HC (AP �3.8
mm; ML 62.5 mm; SI �3.6 mm). Electrodes were firmly cemented
to nearby anchoring screws and placed into two six-pin pedestals
(MS363; PlasticsOne). Chronic recordings began at least oneweek
postoperatively.

Stimulus titration and electrophysiology/video recording procedures
We undertook electrophysiological recordings under the following con-
ditions (Fig. 1D): (1) acute recordings were performed under anesthesia
during electrode implantation to confirm electrode locations and for ini-
tial titration of stimulus amplitudes; (2) recordings in chronically
implanted animals were performed in behavioral chambers in the awake
state or during naturally occurring sleep for final stimulus titration and
for experimental task testing.

Stimulations of CL and HC were generated by independent isolated
pulse stimulators (Model 2100, A-M Systems). Stimulus current ampli-
tudes were titrated individually per animal, first acutely under anesthesia
and then in chronic recordings before task testing (Fig. 1D).

For CL stimulation, stimulus frequency was chosen based on prior
work (Schiff et al., 2007; Gummadavelli et al., 2015a; Kundishora et al.,
2017) demonstrating that ;100Hz was most effective in CL to produce
cortical physiological arousal. We therefore used a 100-Hz biphasic
square wave (0.5ms per phase) stimulus train in CL. For HC stimula-
tion, to induce focal limbic seizures with secondary generalization as in

Figure 3. Effects of bilateral thalamic CL stimulation on postictal cortical slowing and sucrose reward spontaneous licking task performance. A, Time course of delta-band (0–4 Hz) orbital
frontal cortex LFP power in DBS group compared with sham group during preictal, ictal, postictal, and post-stim epochs. B, Delta-Band power in DBS minus sham controls is significantly
reduced during the ictal, postictal 1- to 250-s, and postictal 250- to 500-s epochs. C, Time course of licking rate in sucrose reward task throughout different epochs. Spontaneous licking is dra-
matically reduced in the ictal period and then gradually recovers. D, Licking rate in DBS minus sham controls gradually increases in the postictal period and reaches statistical significance during
the post-stim 1- to 250-s and post-stim 250- to 500-s epochs; n= 12 animals, 55 sham sessions, 55 DBS sessions. All results are mean6 SEM. The first 60 s of seizure activity were used for
analysis of the ictal epochs. Values in A and C were calculated in 10-s non-overlapping epochs; *p, 0.05, **p, 0.01.
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prior work (Englot et al., 2008; Gummadavelli et al., 2015a; Zhan et al.,
2016) we used a 2 s, 60-Hz biphasic square wave (1ms per phase) hippo-
campal stimulus.

Stimulus current amplitudes were first titrated under anesthesia dur-
ing acute recordings at the time of electrode implantation (Fig. 1D). We
started by electrically stimulating bilateral CL under deep anesthesia
(defined as continuous cortical slow wave activity) to determine stimulus
current and electrode placement effective in producing cortical physio-
logical arousal as measured by decreased slow waves. The stimulus cur-
rent was split between the bilateral CL electrodes, beginning at 100 mA
with 20-s train duration, and was titrated upwards in 100-mA increments
until cortical physiological arousal was achieved. Final effective current
amplitude ranged from 100 to 500 mA split bilaterally (;50–250 mA per
side). Higher amperages during titration were tested as well to ensure a
lack of after-discharges or seizure induction from the CL stimulation.

We next titrated HC stimulus amplitude during light anesthesia,
defined as when animals had recovered from deep anesthesia to a state
in which less than three cortical slow waves occurred per 10 s, but ani-
mals remained unresponsive to foot pinch as described previously
(Englot et al., 2008). This light anesthesia state enabled us to see the
emergence of postictal slow waves from a baseline which had very little
slow wave activity (predominance of cortical fast activity). Seizures were
induced with a 2-s unilateral HC stimulus (parameters above). Stimulus
current began at 100mA and was titrated upward (increments 50–
100mA) to induce a secondarily generalized seizure based on polyspike
activity in both HC and frontal cortical LFP, followed by a postictal pe-
riod with cortical slow wave activity. Final HC stimulus current for indi-
vidual animals ranged from 100mA to 1.5mA.

We next again titrated CL stimulus amplitude under light anesthesia
in the postictal period. After seizure termination, postictal cortical slow
waves were observed. Bilateral CL were stimulated with a 20-s train as
above, beginning at the current that previously produced effective corti-
cal physiological arousal under anesthesia, and titrating upward. Final
bilateral CL stimulus amplitude again ranged from 100 to 500mA (;50–
250 mA per side), titrated individually per animal, to obtain cortical
physiological arousal as measured by decreased cortical slow waves in
the postictal period.

Following electrode implantation, a secondary stimulus titration was
performed in unanesthetized animals at least oneweek after recovery
from surgery and before behavioral tasks (Fig. 1D). Stimulus titration
was first performed under natural sleep, defined as cortical slow waves
for at least 20 s of each 30-s recording epoch. After a baseline of at least
10 s of continuous slow waves, bilateral CL were stimulated with a 20-s
train to produce decreased cortical slow waves and behavioral arousal.
Final range of CL stimulation delivered bilaterally in all experiments was
100–500 mA (;50–250 mA per side). We next again titrated HC stimu-
lus amplitude in chronically implanted animals to obtain secondarily
generalized seizures (polyspike activity in both HC and frontal cortical
LFP and behavioral Racine class 5) and to effectively evoke a postictal pe-
riod with impaired behavior and cortical slow waves. HC current was
greater (typically .2mA) to obtain secondarily generalized seizures in
awake animals. Finally, we titrated postictal CL stimulus amplitude
again, the same way as in sleep. Final range of chronic bilateral CL stim-
ulation was 100–500 mA (;50–250 mA per side) to produce cortical
physiological and behavioral arousal. The current amplitudes thus
obtained for sleep and the postictal state were recorded separately for
each individual animal and were then used in all subsequent behavioral
task testing as described in the sections above (Fig. 1D). Sham control
stimulation of CL was performed with 0.2-mA split bilaterally (;0.1 mA
per side) in all animals. Note that although 20-s CL stimulation trains
were used during titration, longer duration trains were used during tasks
(600 s for the spontaneous licking sucrose reward task; 120 s for the E/A
task).

Electrophysiological recordings of cortical and HC signals were
acquired on separate channels of microelectrode amplifiers (A-M
Systems Model 1800). In acute recordings, LFP signals were recorded
with 1000� amplifier gain and filtered at 1–500Hz. In chronically
implanted animals, two six-pin connector wires (PlasticsOne) were con-
nected to a single 12-pin commutator (PlasticOne). The commutator
was then connected to the head stages of the A-M Systems amplifiers

using two customized six-pin connectors (363SL-6; PlasticsOne). HC
and cortical LFP signals were filtered at 1–500Hz on the recording
amplifiers with 1000� gain.

All signals in both acute and chronic experiments were digitized with
an analog-to-digital converter (Power 1401; CED) using Spike2 (version
5.2; CED). Cortical and HC LFP were sampled at 1000Hz. The output
BNC breakout box (SG-726-TTL) of the behavioral chamber was con-
nected to a digital input BNC breakout box (2805DI-8) from CED,
which further sent the behavior data to the digital input socket of CED
Power 1401 to synchronize behavioral data with electrophysiological re-
cording. The behavior events were shown as event marks in Spike2.
Video was captured with a digital camera (180° Fisheye Lens 1080pWide
Angle Pc Web USB Camera, Ailipu Technology Co, Ltd) and recorded
with Spike2 Video Recorder (CED).

Histology
After completing behavioral and electrophysiological recordings, we per-
formed histology to confirm all electrode locations as described in our
previous work (Gummadavelli et al., 2015a; Feng et al., 2017;
Kundishora et al., 2017). Briefly, animals were euthanized and perfused,
brains were removed and postfixed, and 100-mm slices were then stained
with cresyl violet. Electrode locations for the central lateral thalamus
were confirmed using the following landmarks (Paxinos and Waston,
1998): location ventral to the HC in the dorsal thalamus and just lateral
to the stria medullaris/habenula complex as described in our previous
work (Gummadavelli et al., 2015a; Feng et al., 2017; Kundishora et al.,
2017). Any animals with incorrect electrode locations were excluded
from analysis.

Data analysis and statistics
Electrophysiological data were analyzed in Spike2 (CED) and Microsoft
Excel (Microsoft). Analysis epochs were defined as follows:

1. For time-course of sucrose reward task (Figs. 2, 3), the preictal epoch
was defined as the 250 s immediately preceding hippocampal stimu-
lation; ictal was defined as the 60 s immediately following hippocam-
pal stimulation; postictal was defined as the 500 s immediately
following end of seizure, during CL stimulation; poststimulation
(post-stim) was defined as the 500 s immediately following the ter-
mination of CL stimulation.

2. For experiments comparing the postictal period to naturally occur-
ring sleep in the lever-press E/A task (Fig. 4), awake was defined as
the 10 s before appearance of consistent sleep slow waves; presound
was defined as the 10 s immediately preceding sound onset; post-
sound was defined as the 10 s immediately following sound onset.
The preictal period was defined as 10 s immediately preceding
hippocampal stimulation, postictal presound was defined as 10 s im-
mediately preceding sound onset, after 10 s of continuous electro-
graphic slow waves in the postictal period, and postictal postsound
was defined as 10 s immediately following sound onset during the
postictal period.

3. For experiments in the postictal period with the lever-press E/A task
comparing CL DBS vs sham (Figs. 5, 6), sham or DBS preictal base-
line was defined as the 10 s immediately preceding hippocampal
stimulation; sham or DBS postictal pre-stim was defined as the 10 s
immediately preceding CL stimulation; sham or DBS postictal stim
was defined as the first 10 s immediately following CL stimulation.

For each epoch, power was measured from the cortical LFP (FFT size
in Spike-2 was 1.024 s, Hanning window, yielding a frequency resolution
of;1Hz).

Behavioral data were exported fromMed-PC acquisition software for
analysis in MATLAB (The MathWorks), Python (The Python Software
Foundation), and Microsoft Excel. During the sucrose reward task, lick-
ing rate was defined as the number of spout licks per second. During the
lever-press E/A task, avoidance percentage was defined as the ratio
between avoidance trials and total trials of any particular trial type;
response time was defined as the period from sound onset to lever press.

Trials were excluded from analysis based on the following criteria:
(1) seizure elicited was focal without polyspike discharges in frontal
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cortical LFP; (2) during lever-press E/A tasks, trials in which based on
video review the rat touched the lever accidentally with head stage
instead of purposefully with paw.

Group analyses were performed by first pooling all results within
each animal by averaging, and statistics were then calculated across ani-
mals (n = number of animals). This approach is more conservative
because it yields a lower sample size than performing statistics across tri-
als (n = number of trials). However, because pooling data within animals
could potentially introduce bias (because of animals with outlier values
and low number of trials), we repeated all analyses by calculating statis-
tics across trials without pooling, which yielded results essentially identi-
cal to those reported here (data not shown). Results are reported as
mean 6 SEM. A two-tailed unpaired Student’s t test was used to com-
pare two groups. A one-way ANOVA followed by post hoc Tukey’s test
was used to compare three or more groups. Differences with p, 0.05
were considered statistically significant. All statistical analyses were done
using GraphPad Prism 7 software.

Results
Intralaminar thalamic stimulation produces modest
improvement in spontaneous lick task
Rats were successfully trained to perform the sucrose reward
spontaneous licking task (Fig. 1A,B) receiving �90% of rewards
in an average of 4.76 0.2 daily training sessions before surgery

(range 4–6 d). During training, the licking rate increased pro-
gressively day by day on average, with a rate of 2.16 0.6 licks/s
for the first session (mean6 SEM), 2.86 0.6 for the second day,
3.46 0.6 for the third day, and 3.76 0.6 for the fourth. After sur-
gery, it took 3.5 daily sessions on average to retrain rats to receive
�90% of rewards and to lick the spout nearly continuously while
in the testing chamber. This procedure provided a good behav-
ioral baseline to study changes during the ictal and postictal peri-
ods, as well as the effects of thalamic CL DBS.

In sucrose reward experiments performed in chronically
implanted awake animals during the ictal period, poly-spike dis-
charges in the frontal cortical and HC LFP were observed in
both thalamic CL DBS and sham groups (Fig. 2). After seizure
termination, postictal cortical slow waves were observed in the
orbital frontal cortex (Fig. 2B) as described previously in this
rodent model as well as in human patients (Blumenfeld et al.,
2004; Englot et al., 2008, 2010; Gummadavelli et al., 2015a). In
the DBS group, thalamic CL stimulation abolished postictal slow
waves in the cortical LFP (Fig. 2C) unlike sham DBS controls
(Fig. 2B). Group time course analysis of the cortical delta band
power (n=12 rats, sham sessions= 55, thalamic CL DBS
sessions = 55) demonstrated significantly decreased low-fre-
quency power during the postictal 1- to 250-s (p=0.0039) and

Figure 4. Responses to auditory stimuli are impaired in the lever-press E/A task during the postictal period but are preserved during naturally occurring sleep. A, Example of lever-press E/A
task during the postictal period. The auditory signal failed to eliminate cortical slow waves, and the rat failed to avoid the shock (pushed lever only after shock delivery). B, In naturally occur-
ring sleep, the auditory stimulus abolished cortical slowing and woke up rat to press lever and avoid shock. C, Avoidance percentage for E/A task is decreased during postictal period when com-
pared with natural sleep, which is comparable to that of animals in the awake state. D, Response time in E/A task is longer during postictal period when compared with response time in
natural sleep and awake state. E, The auditory stimulus does not abolish postictal delta slow wave activity in comparison to the preictal period. F, In contrast the auditory stimulus markedly
reduces delta slowing during natural sleep; n= 9 rats, 49 natural sleep sessions and 23 postictal sessions. All results are mean6 SEM; **p, 0.01. Ctx, orbital frontal cortex.
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postictal 250- to 500-s (p=0.0302) periods in the thalamic CL
DBS group compared with the sham group (Fig. 3A,B). The sei-
zure durations of the two groups showed no statistical difference
(DBS 71.36 3.3 s vs sham 75.16 2.1 s, mean 6 SEM, p =
0.3329).

Behaviorally, both groups had abrupt interruption of licking
during the ictal period (Fig. 3C). During the postictal period,
there was a gradual improvement in licking which tended to be
slightly faster in the thalamic CL DBS group; however, this did
not reach statistical significance (Fig. 3C,D). In the post-stim pe-
riod, a statistically significant difference in the licking rate
emerged between DBS and sham groups during both the post-
stim 1- to 250-s (p=0.0399) and post-stim 250- to 500-s
(p=0.0048) periods (Fig. 3C,D). Thus, although thalamic CL
DBS produced a clear improvement in cortical physiological
arousal evidenced by reduced delta frequency activity in the pos-
tictal period, improvement in a self-motivated behavior such as
spontaneous licking was only modest and did not reach statistical
significance until long after seizures had terminated. These
results encouraged us to further investigate behavior by using a
task with stronger external motivating factors, which could fur-
ther evaluate ability to respond.

Lever-press E/A performance is impaired postictally but
spared in natural occurring sleep
Rats were successfully trained to avoid shock on �90% of trials
during the E/A task (Fig. 1A,C) after an average of 7.46 0.4 daily
sessions (range 6–10d) before surgery. The avoidance percentage

in training sessions progressively increased from 77.96 4.3%
(first session) to 98.36 1.1% (seventh session), and the response
time decreased from 21.56 1.3 s (first session) to 6.76 0.6 s
(seventh session). After surgery, retraining to �90% avoidance
on the E/A task took an average of 1.46 0.2 d.

Although cortical slow waves in the postictal state were simi-
lar to those observed in the frontal cortex when the animal was
naturally sleeping, the level of responsiveness was different in
these two conditions. During the lever-press E/A task, an audi-
tory stimulus was used as the warning signal, which allowed us
to identify behavioral differences between the postictal period
and naturally occurring sleep. This auditory stimulus failed to
elicit behavioral or electrophysiological arousal in the postictal
state but was sufficient during natural sleep to wake up rats and
abolish sleep-related cortical slow waves. The cortical slow waves
persisted after seizures, and rats usually could not achieve avoid-
ance during the E/A task (Fig. 4A). In contrast, during natural
sleep the sound stimulus often elicited a cortical physiological
arousal and behavioral response by lever press (Fig. 4B). Group
analysis indicated a significant difference in behavioral responses
between the postictal state and naturally occurring sleep (Fig. 4C,
D). During the postictal period, avoidance percentage was
6.56 4.3% and response time was 65.06 3.1 s (n=9 rats; 23 pos-
tictal sessions). During naturally occurring sleep, avoidance per-
centage was 93.16 4.6% and response time was 15.16 3.7 s
(n= 9 rats; 49 sleep sessions). In addition, the 0- to 4-Hz delta-
wave power did not change significantly in response to the sound
stimulus during the postictal period (33276 368.2 mV2 presound
vs 28076 410.4 mV2 postsound), whereas delta power decreased

Figure 5. Bilateral CL stimulation produces cortical physiological arousal and markedly improves postictal lever-press E/A task performance. A, Experimental protocol and sequence of preictal,
ictal, postictal pre-stim, and postictal-stim epochs. HC stimulation for 2 s at 60 Hz induces a secondarily generalized seizure. Following the occurrence of 10-s continuous postictal cortical slow-
ing, bilateral thalamic CL DBS or sham control DBS is initiated and continued for 2 min (120 s). A new E/A trial is initiated 10 s after thalamic stimulation onset to test response to sound. B,
Example of CL stimulation in the postictal period after a secondarily generalized seizure in the lever-press E/A task. A 95-s break in the recording is indicated with interrupted line to show pos-
tictal cortical slow-wave activity just before CL stimulation. Following initiation of CL stimulation cortical slow waves are reduced and the animal responds appropriately by lever press to the
sound stimulus. Magnified insets show the indicated preictal, postictal pre-stim, and postictal stim epochs. Cortical slow waves seen in the postictal pre-stim epoch are dramatically reduced
during postictal stim epoch. Cortical LFP during the Postictal Stim epoch resembles the baseline preictal epoch. Ctx, orbital frontal cortex.
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significantly after sound onset during naturally occurring sleep
(51576 910.5 mV2 presound vs 729.56 66.32 mV2 postsound;
Fig. 3E,F). The lever-press E/A task therefore provides a para-
digm with a potent external stimulus where rats are capable of
responding even during natural sleep but are highly impaired
postictally, modeling impaired responses to hazardous situations
encountered by epilepsy patients in the postictal period.

Intralaminar thalamic stimulation markedly improves
postictal lever-press E/A task performance
We next tested the effect of thalamic CL stimulation in the lever-
press E/A task during the postictal period. CL stimulation
abolished postictal slow waves in the cortical LFP and restored
lever-press responses to the sound stimulus (Fig. 5). Group anal-
ysis showed that CL stimulation decreased low-frequency power
during the postictal period (mean 0- to 4-Hz delta-wave power
1059.756 151.52 mV2 CL DBS postictal pre-stim vs 285.59 6
72.47 mV2 CL DBS postictal stim, p=0.0003; Fig. 6B), whereas
sham stimulation did not change low-frequency power [mean 0-
to 4-Hz delta-wave power 1030.336 195.39 mV2 sham postictal

pre-stim vs 979.566 184.48 mV2 sham postictal stim, p = 0.4283
(Fig. 6A); n= 9 rats; 51 DBS trials, 47 sham trials (Fig. 6A,B)]. In
addition, CL stimulation markedly improved lever-press E/A
task performance. Rats in the DBS group achieved higher avoid-
ance percentage than those in the sham group (66.16 4.2% for
DBS vs 17.86 5.2% for sham; p , 0.0001; Fig. 6C), and the
response time was shorter in DBS group than that in sham group
(42.56 2.3 s for DBS vs 59.96 2.3 s for sham; p , 0.0001;
Fig. 6D).

Because we observed a positive effect of thalamic CL DBS on
the E/A task in the postictal period, we wanted to ensure the
observed effects were not simply because of differences in seizure
magnitude or timing in the DBS versus sham groups. We there-
fore compared the DBS versus sham group data for seizure
duration, root mean square (Vrms) seizure amplitude in the hip-
pocampal and cortical channels, as well as E/A stimulus onset
delay time from seizure end. No significant differences between
DBS and sham groups were detected. Mean seizure duration was
81.86 3.1 s for DBS versus 75.86 3.5 s for sham (p= 0.20);
seizure Vrms amplitude in the hippocampal channel was
95.36 9.4mV for DBS versus 82.16 9.7mV for sham (p = 0.34);

Figure 6. Thalamic CL stimulation improves cortical physiological arousal and lever-press E/A task performance during the postictal period. A, B, Group analysis of cortical LFP power shows
that postictal thalamic CL DBS decreases low-frequency power during the postictal stim epoch compared with sham control group. C, Significant increases in avoidance percentage for E/A task
are observed in postictal DBS group compared with sham control group. D, Decreased response time for E/A task is also observed in the DBS group when compared with sham group; n= 9
rats, 47 sham sessions and 51 DBS sessions. All results are mean6 SEM; **p, 0.01. Ctx, orbital frontal cortex.
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seizure Vrms in the cortical channel was 133.06 7.4mV for DBS
versus 147.56 8.3mV for sham (p=0.20); E/A sound stimula-
tion onset time from seizure end was 159.76 14.3 s for DBS ver-
sus 131.06 11.0 s for sham (p = 0.56; n=9 rats, 51 seizures with
CL DBS, 47 with sham).

Discussion
In this study, we developed two behavioral tasks to evaluate pos-
tictal behavior in a rodent model of secondarily generalized lim-
bic seizures. By combining these behavioral tests with
electrophysiological recordings, we found that the postictal pe-
riod was characterized by frontal cortical slow waves and
impaired behavior on both tasks. High-frequency bilateral intra-
laminar thalamic stimulation of the thalamic CL nucleus
increased postictal cortical physiological arousal, producing lim-
ited improvement in behavior on the sucrose reward task and
marked improvement on the lever-press shock escape-avoidance
task. These results suggest a novel therapeutic strategy which
may be translated to help restore postictal arousal following sec-
ondarily generalized seizures in patients with medically and sur-
gically refractory epilepsy. A treatment of this kind would be
especially beneficial if also coupled with improved arousal during
the ictal period, at least for focal seizures, in the same individuals
(Gummadavelli et al., 2015b; Kundishora et al., 2017).

The postictal state has been well characterized in patients clin-
ically and electrophysiologically (Rémi and Noachtar, 2010;
Farrell et al., 2017; Peng et al., 2017). However, to our knowledge,
very limited work has been done to investigate postictal behav-
ioral changes in rodent models. The ability to evaluate postictal
behavioral impairment in rodents provides an important
approach for testing novel therapeutic strategies with high clini-
cal translational relevance. We developed two behavioral tasks to
pursue this goal. In the sucrose reward spontaneous licking task,
the increase in delta wave cortical LFP power and decrease in
licking rate demonstrated that during the postictal period, there
is impaired cortical electrophysiological arousal with corre-
sponding behavioral deficits. These findings were further con-
firmed in the E/A task, in which the rats showed impaired
response to an auditory stimulus during the postictal period even
when compared with naturally occurring sleep. It has been well
established that some auditory processing and behavioral
responses can occur during sleep (Oswald et al., 1960; Halperin
and Iorio, 1981). However, the present results suggest that
depressed arousal is more severe during the postictal state, in
agreement with recent human work showing fundamental physi-
ological
differences between natural sleep and the postictal state
(Lundstrom et al., 2019). Postictal physiological and behavioral
level of consciousness thus appears markedly impaired in rats,
and most importantly, the availability of this rodent model
makes it possible to evaluate the effects of therapeutic strategies.

The central thalamus receives arousal-related inputs from the
brainstem (Bayer et al., 2002; Krout et al., 2002) and is hypothe-
sized to support synchronization and effort regulation in neural
networks that underlie cognitive functions (Jones, 2009). It has
long been postulated that the thalamus works as a major network
hub in ictal and postictal states of impaired consciousness
(Penfield, 1936). Previous studies in chronically implanted ani-
mals demonstrated that CL stimulation induced cortical
desynchronization in LFP recordings during the postictal state
after secondarily generalized seizures (Gummadavelli et al.,
2015a). In addition, Kundishora et al. found that dual-site

stimulation of the CL and pontine nucleus oralis (PnO) bilater-
ally restored an awake-appearing cortical physiological state and
improved behavioral arousal during the ictal period in focal seiz-
ures (Kundishora et al., 2017). These studies emphasize the im-
portant role of CL in maintaining consciousness. However,
consciousness level in these studies was evaluated based on sim-
ple observation of resumed exploratory behavior and movement
in rats. Evaluation of task performance requiring purposeful
behavior was needed beyond these more basic previous behav-
ioral observations to further explore the efficacy and safety of CL
stimulation during the postictal period. The present study
focused on evaluation of task performance based on purposeful
behaviors in the postictal period after secondarily generalized
seizures. Because this is a state in which patients are typically
profoundly impaired this work has important clinical relevance.

Focal seizures also often impair consciousness ictally and pos-
tictally, although to a lesser extent than generalized seizures
(McPherson et al., 2012). Focal seizures should be investigated
with purposeful behavioral tasks as well in future work with
rodent models. In addition, to further investigate potential side
effects and benefits in a model more closely resembling treat-
ment of epilepsy patients, the effects of CL stimulation following
closed-loop seizure detection in spontaneous seizure rodent
models should also be done. Another subject for further investi-
gation is potential direct effects of CL stimulation on seizure se-
verity. In our experiments with the sucrose reward task, CL
stimulation began immediately with seizure onset (Fig. 2A), thus
fully overlapping the seizure period. We did not see a significant
difference in seizure duration or amplitude (based on delta
power; Fig. 3A,B) during the ictal period, suggesting the effects
of CL stimulation was not simply to reduce seizure severity. In
addition, we did see benefits of CL stimulation even when it was
delivered fully in the postictal period with no overlap of the sei-
zure time period (Fig. 5A,B), producing improvements in both
postictal physiology and behavior on the E/A task (Fig. 6).
Nevertheless, additional studies of possible direct effects of CL
stimulation on seizure severity would be valuable.

In the current study, rats in the group that received CL stimu-
lation showed modest improvement in performance during the
postictal period in the sucrose reward task and marked improve-
ment on the E/A task. Interestingly, in the sucrose reward task,
electrophysiological improvement (decreased delta-wave power)
was obvious during the postictal DBS period; however, signifi-
cant behavioral improvement (increased licking rate) was
observed only at later times even after DBS had ended. In other
words, the behavioral licking response seemed to lag behind the
electrophysiologic changes. These findings suggest that during
the postictal period, when DBS abolished cortical slow waves,
other factors aside from cortical arousal might have contributed
to the persistently reduced spontaneous licking responses. In
contrast, with the shock E/A task postictal thalamic CL DBS dra-
matically improved lever-press responses. Of note, the sucrose
reward task we developed was a positive reinforcement type task;
rats received no punishment if they did not lick and received
rewards when they did. Thus, we can speculate that the motiva-
tion to perform in this task was less than in the E/A task, where
failing to perform led to a negative consequence. In addition, the
absence of an auditory stimulus as a cue to signal sucrose avail-
ability would require more internal motivation for rats to initiate
performance compared with the E/A task where an auditory
warning signaled incipient arrival of the aversive shock.
Compared with the sucrose reward task, the E/A task we devel-
oped was a negative reinforcement type task. The rats received
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an aversive stimulus in the form of an electrical shock if they
failed to push the lever after the auditory signal. Our results dem-
onstrated that avoidance percentage for the rats that received CL
DBS was significantly higher and response times significantly
shorter when compared with the sham group. Importantly, these
findings suggest that thalamic CL neurostimulation could have a
potential therapeutic benefit in promoting self-preservation and
thus improving the safety of patients with epilepsy in the postic-
tal period.

In conclusion, we have developed two behavioral tasks that
allowed us to characterize the postictal state in a rodent model of
secondarily generalized limbic seizures. CL DBS decreased corti-
cal slow wave activity and improved task performance in the
postictal period, particularly in the E/A task. Because preclinical
task performance studies are crucial to explore the effectiveness
and safety of DBS treatment, our work is clinically relevant as it
could support and help set the foundations for human neurosti-
mulation trials (https://braininitiative.nih.gov/funded-awards/
thalamic-stimulation-prevent-impaired-consciousness-epilepsy).
In particular, therapeutic benefits of DBS during the ictal period
could be substantially augmented by improved responsiveness in
the postictal period in patients with medically and surgically re-
fractory epilepsy.
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