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Seizures and Sleep in the Thalamus: Focal Limbic Seizures
Show Divergent Activity Patterns in Different Thalamic Nuclei
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The thalamus plays diverse roles in cortical-subcortical brain activity patterns. Recent work suggests that focal temporal lobe seizures
depress subcortical arousal systems and convert cortical activity into a pattern resembling slow-wave sleep. The potential simultaneous
and paradoxical role of the thalamus in both limbic seizure propagation, and in sleep-like cortical rhythms has not been investigated. We
recorded neuronal activity from the central lateral (CL), anterior (ANT), and ventral posteromedial (VPM) nuclei of the thalamus in an
established female rat model of focal limbic seizures. We found that population firing of neurons in CL decreased during seizures while
the cortex exhibited slow waves. In contrast, ANT showed a trend toward increased neuronal firing compatible with polyspike seizure
discharges seen in the hippocampus. Meanwhile, VPM exhibited a remarkable increase in sleep spindles during focal seizures. Single-unit
juxtacellular recordings from CL demonstrated reduced overall firing rates, but a switch in firing pattern from single spikes to burst firing
during seizures. These findings suggest that different thalamic nuclei play very different roles in focal limbic seizures. While limbic nuclei,
such as ANT, appear to participate directly in seizure propagation, arousal nuclei, such as CL, may contribute to depressed cortical
function, whereas sleep spindles in relay nuclei, such as VPM, may interrupt thalamocortical information flow. These combined effects
could be critical for controlling both seizure severity and impairment of consciousness. Further understanding of differential effects of
seizures on different thalamocortical networks may lead to improved treatments directly targeting these modes of impaired function.
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Introduction
Temporal lobe epilepsy is a common and debilitating neuro-
logical disorder, usually characterized by focal seizures with
impaired consciousness. Patients typically exhibit repetitive mo-
tions and profoundly impaired consciousness during seizures

(Escueta et al., 1982; Blumenfeld, 2012). Previous human studies
and animal research looking at the electrophysiological, fMRI,
and metabolic data suggest that the thalamus, a key subcortical
nucleus, receives most of the afferent inputs from the limbic system,
brainstem, and other circuits participating in seizures. It then inte-
grates, processes, and projects information to widespread cortical
regions, playing a critical role in epilepsy-generating mechanisms in
focal seizures and exerting a major influence on the thalamocorticalReceived April 14, 2017; revised Oct. 9, 2017; accepted Oct. 14, 2017.
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Significance Statement

Temporal lobe epilepsy has a major negative impact on quality of life. Previous work suggests that the thalamus plays a critical role
in thalamocortical network modulation and subcortical arousal maintenance, but its precise seizure-associated functions are not
known. We recorded neuronal activity in three different thalamic regions and found divergent activity patterns, which may
respectively participate in seizure propagation, impaired level of conscious arousal, and altered relay of information to the cortex
during focal limbic seizures. These very different activity patterns within the thalamus may help explain why focal temporal lobe
seizures often disrupt widespread network function, and can help guide future treatments aimed at restoring normal thalamo-
cortical network activity and cognition.

The Journal of Neuroscience, November 22, 2017 • 37(47):11441–11454 • 11441



network and subcortical arousal systems (Redecker et al., 1997; Ber-
tram et al., 1998; Benedek et al., 2004; Blumenfeld, 2014; He et al.,
2015; Keller et al., 2015).

Recent work has highlighted the distinctions within thalamic
structures, including the potential role of some nuclei in seizure
propagation, whereas others contribute to impaired conscious-
ness. A study of rodent limbic seizures reveals decreased BOLD
fMRI signal in the intralaminar thalamus, which is strongly re-
lated to the suppression of cortical function, suggesting a possible
role in modulation of consciousness (Motelow et al., 2015). Fur-
thermore, high-frequency electrical stimulation in the intrala-
minar thalamus in rodent models can convert ictal or postictal
cortical slow oscillations to an awake electrophysiological pattern
and can also restore behavioral arousal (Gummadavelli et al.,
2015b; Kundishora et al., 2017). In contrast, deep brain stimula-
tion in the anterior nucleus of the thalamus (ANT) reduces sei-
zure frequency in both animal and human studies (Mirski et al.,
1997; Hamani et al., 2004; Lim et al., 2007; Salanova et al., 2015).
However, the specific electrophysiological changes in different
nuclei of the thalamus during focal limbic seizures have not been
fully investigated.

To better define thalamic functions during focal limbic sei-
zures, we chose three different thalamic nuclei involved in three
key pathways, including arousal, sensory relay, and limbic networks,
and investigated their specific electrophysiological changes in an
established rodent seizure model. The central lateral (CL) nu-
cleus of the thalamus, an important part of the rostral intralami-
nar thalamic nuclei, has been identified as a key region in the
subcortical arousal systems for maintaining the level of con-
sciousness (Van der Werf et al., 2002; Schiff et al., 2013). The
ventral posteromedial nucleus (VPM) relays somatosensory-specific
information for the face to the corresponding primary somatosen-
sory cortex. The ANT, one of the most widely used deep brain stim-
ulation sites for treatment of refractory epilepsy, provides a crucial
bridge between prefrontal and limbic functions (Aggleton et al.,
2010; Wright et al., 2013). We hypothesized that differential electro-
physiological patterns would be noted across these three typical tha-
lamic subregions. In particular, for CL and VPM, we predict specific
neuronal firing patterns reflecting impaired conscious arousal and
impaired information processing, whereas ANT may participate
more directly in limbic seizure propagation.

We found that modulation of thalamic neuronal activity
differs markedly by thalamic nuclei, suggesting they may serve
divergent roles in the functional consequences of focal limbic
seizures. Multiunit activity (MUA) in the CL showed decreased
firing, whereas recordings from VPM were notable for an increase in
sleep spindle waves during focal limbic seizures. Meanwhile, MUA
in the ANT tended to show increased firing. Single-cell juxtacellular
recordings from individual neurons in the CL showed decreased
overall firing and a transition to a burst pattern, similar to
thalamic-burst firing described previously during sleep due to
enhanced low-threshold calcium spikes (Llinás and Steriade,
2006). These findings suggest that depressed arousal of the CL
region of the thalamus may participate in suppressed activity of
the cortex and loss of consciousness, whereas other nuclei partic-
ipate in different functions during focal limbic seizures.

Materials and Methods
Animals
All procedures were conducted under approved protocols of Yale Uni-
versity’s Institutional Animal Care and Use Committee. A total of 38
healthy adult female Sprague Dawley rats (Charles River Laboratories)
weighing 180 –280 g were used in these experiments. We chose female

rats because our goal was to study focal limbic seizures without secondary
generalization. Previous work from our laboratory and others has shown
that secondary generalization is less likely in females than in males (Mejías-
Aponte et al., 2002; Janszky et al., 2004). Thirty animals were used for MUA
recordings in different nuclei of the thalamus (for CL, 30 seizures were re-
corded from 20 electrode sites in 9 rats; for ANT, 31 seizures were recorded
from 26 sites in 10 rats; for VPM, 30 seizures were recorded from 22 sites in
11 rats). Eight rats were used for juxtacellular single-unit activity (SUA)
recordings from thalamic CL (14 seizures from 12 neurons).

Surgery and electrode implantation
The animal model of focal limbic seizures was prepared as described
previously (Englot et al., 2008). Animals were first deeply anesthetized
with 90 mg/kg ketamine (Henry Schein Animal Health) and 15 mg/kg
xylazine (AnaSed; Lloyd Laboratories) by intramuscular injection. Re-
sponsiveness to pain was checked every 15 min by toe pinch. A heating
pad was used to keep the body temperature constant at 37°C. All coordi-
nates are reported in reference to bregma. A single tungsten monopolar
microelectrode (UEWMGGSEDNNM; FHC) with an impedance of
3– 4 M� was implanted at an approach angle of 20 degrees from vertical
in the right lateral orbitofrontal (LO) cortex targeting the following final
coordinates: anteroposterior 4.2 mm, mediolateral 2.2 mm, superoinfe-
rior �4.2 (Paxinos and Watson, 1998). Twisted pair bipolar electrodes
(50 –100 k� resistance; Plastics One, E363/2–2TW) with tips separated
by 1 mm, insulation shaved from the distal 0.3 mm, were implanted into
the dorsal hippocampus (anteroposterior �3.8, mediolateral 2.5, su-
peroinferior �3.2 mm) for stimulation and local field potential (LFP)
signal recording. A steel screw (0 – 80 �3/32; Plastics One) was implanted
into the skull just caudal to the hippocampal burr hole to help fix the
electrode by applying acrylic dental cement (Lang Dental Manufactur-
ing, powder: REF 1220, jet liquid: REF 1403). For MUA recording in the
CL, ANT, and VPM, monopolar tungsten microelectrodes (FHC, same
model as above) were placed separately with the following coordinates:
anteroposterior �2.8 mm, mediolateral 1.5 mm, superoinferior �5.2
mm for CL; anteroposterior �1.4 mm, mediolateral 1.5 mm, superoin-
ferior �5.6 mm for ANT; and anteroposterior �3.3 mm, mediolateral
2.4 mm, superoinferior �6.2 mm for VPM.

Seizure initiation and MUA recording
Seizure induction and electrophysiological recordings began �1–2 h
postoperatively. The methods for induction of focal limbic seizures in
light anesthesia were described in detail previously (Englot et al., 2008,
2009; Motelow et al., 2015). Seizures were induced from a lightly anes-
thetized state, where animals had recovered from deep anesthesia to a
state with slow waves occurring at ��3 waves per 10 s of recording but
remained unresponsive to toe pinch. A 2 s biphasic square pulse at 60 Hz
in the hippocampus (1 ms/phase) was generated by an isolated pulse
stimulator (A-M Systems, Model 2100) with current ranging from 100 to
900 �A. Focal seizures were obtained based on localized polyspike
activity lasting at least 30 s in the hippocampus, and any seizures with
secondary generalization based on propagation of polyspike activity to
the frontal cortex were excluded from the analysis. Hippocampal LFP
signals were amplified (�1000) and filtered (1–500 Hz) using a Micro-
electrode AC Amplifier (A-M Systems, Model 1800). Thalamic CL, ANT,
and VPM signals and cortical LO signals were broadband filtered from
0.1 Hz to 10 kHz (�1000 gain) using the same amplifier and then filtered
with an analog filter (unity gain; Krohn-Hite, Model 3364) into either
LFP (0.1–100 Hz) or MUA signals (400 Hz to 10 kHz). All electrophysi-
ology signals were digitized and recorded (sampling rate 1 kHz for LFP,
20 kHz for MUA) using a Power 1401 (CED) and Spike2 software (CED).
At the conclusion of experiments, the locations of all electrodes were
verified by histology (described below).

Juxtacellular recordings from the CL nucleus of the thalamus
Animal preparation, electrode implantation in hippocampus and LO
cortex, and seizure induction were conducted as already described for
MUA recordings. Extracellular SUA recordings were acquired using the
juxtacellular method (Pinault, 1996; Duque and Zaborszky, 2006; Mote-
low et al., 2015; Zhan et al., 2016). Briefly, glass electrodes were used to
collect SUA data in the CL region at the same coordinates as above
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(anteroposterior �2.8 mm, mediolateral 1.5 mm, superoinferior �5.2
mm) with a micromanipulator (Sutter Instruments, MPC-325). The 1.5
mm � 100 mm borosilicate glass capillaries (#1B150F-4, World Preci-
sion Instruments) were pulled on a Flaming/Brown micropipette puller
(Sutter Instruments, P-1000 horizontal puller), which were then bumped
under a microscope to produce a flat electrode tip and filled with 4%
Neurobiotin (Vector Laboratories, SP-1120) in saline (0.9% NaCl). Only
electrodes with a resistance of 15–30 M� were used during experiments.
An Axoclamp-2B amplifier (Molecular Devices, �10 gain, current-
clamp mode) was used to acquire SUA signals digitized at 20,000 Hz with
a Power 1401 and Spike2 software (CED). Once a neuron signal was
stably recorded during the baseline, ictal, and postictal periods, it would
be labeled by passing current pulses (0.6 –10 nA, pulse duration 150 ms,
3 Hz) through the electrode tip to eject the Neurobiotin as described
previously (Duque and Zaborszky, 2006; Motelow et al., 2015; Zhan et
al., 2016). Cells were driven by current pulses for at least 15 min to obtain
good labeling. Locations of recorded cells were obtained by histology as
described in the next section.

Immunohistochemistry and microscopy
Animals were perfused transcardially with 0.2% heparinized PBS (APP
Pharmaceuticals) followed by 4% PFA (JT Baker) in PBS. The brain was
then removed and postfixed overnight in 4% PFA in PBS at 4°C. After
being washed three times in PBS, the block of tissue containing the cells
and electrode tracts of interest was dissected. Coronal sections 60-�m-
thick were cut with a Vibratome (Leica Microsystems). For identification
of recording sites by electrode tracts alone, slices were mounted on po-
larized slides and stained with cresyl violet (FD NeuroTechnologies). For
identification of juxtacellularly recorded neurons by nickel stain, sec-
tions were incubated for 10 min in 0.7% hydrogen peroxide in cold PBS
(to block peroxidases), and then in biotinylated peroxidase (1:200, “B”
component of standard ABC [avidin-biotin peroxidase complex] kit,
Vector Laboratories) overnight. Using DAB as a chromogen, the neuron
was then intensified with nickel (Ni) by incubating the sections in a
solution containing 0.05% DAB and 0.038% nickel ammonium sulfate
for 5 min and then adding hydrogen peroxide to a final concentration of
0.01%, and agitating for an additional 5 min. The slices were then rinsed
thoroughly to remove any Ni-DAB deposits outside the labeled neuron.
Slices were mounted on polarized slides (ThermoScientific) and dried for
at least 48 h. Finally, they were stained with cresyl violet using a
manufacturer-recommended protocol for reagents (FD NeuroTech-
nologies) to confirm neuron locations. Slides were coverslipped with
Permount (Fisher Chemicals). Images of slices were taken on a com-
pound light microscope (Carl Zeiss) with a digital camera (Motic), and
digitally stitched together (Microsoft Image Composite Editor). Posi-
tively stained neurons were identified based on display of black-deep
brown color from Ni-DAB. Neuron locations in the CL were confirmed
when they fell no more than 1.5 mm ventral to the hippocampus, and
were just lateral to the stria medullaris/lateral habenula complex or the
mediodorsal thalamic nucleus.

Data analysis
MUA, spindle power, and LFP delta power analysis. Analysis epochs were
defined as follows: baseline was the last 10 s of recording immediately
preceding seizure onset; ictal was the first 30 s of the seizure period
(defined based on polyspike discharges in the hippocampal LFP); postic-
tal was the first 10 s after seizure offset; and recovery was the last 10 s of
recording before either the animal required reanesthesia or the experi-
ment was terminated. MUA signals were processed further using Spike2
(CED). For analyzing MUA signal amplitude in the CL, ANT, and VPM
during focal seizures, the root mean square voltage (Vrms) was measured
in consecutive overlapping 1 s time bins. Use of Vrms analysis of MUA
has been validated in previous studies of epilepsy models and under
normal conditions, and closely matches neuronal firing based on spike
sorting (Shmuel et al., 2006; Englot et al., 2008; Schridde et al., 2008).

Spindle waves are well-characterized 7–14 Hz thalamocortical oscilla-
tions lasting 1–3 s with a crescendo/decrescendo amplitude profile, seen
most prominently in thalamic relay nuclei and corresponding cortical
regions (Contreras and Steriade, 1996). To identify and quantify the

amount of spindle wave activity in CL and VPM, we used the typical
pattern of transient rhythmic MUA firing, which more readily distin-
guished spindles from other more sustained 7–14 Hz activity seen on LFP
recordings. In Spike2 (CED), we first downsampled the MUA from 20
kHz to 100 Hz. Because the MUA signals were already bandpass filtered
from 400 Hz to 10 kHz (described above), this provided an amplitude
profile of MUA corresponding to the 7–14 Hz spindle activity with most
of the other contaminating 7–14 Hz signals from the LFP removed. We
next calculated the 7–14 Hz power in the downsampled MUA signal in
2.56 s overlapping bins to obtain “spindle power.”

To monitor electrophysiology changes in cortex with focal limbic seizures,
we chose to record from the LO frontal cortex because this region exhibits
typical ictal and postictal 1–3 Hz slow-wave activity as well as changes in
functional neuroimaging, which are also present in other widespread cortical
regions in both animal models and human studies (Blumenfeld et al., 2004a;
Englot et al., 2008, 2009; 2010; Gummadavelli et al., 2015a; Motelow et al.,
2015; Kundishora et al., 2017). In Spike2 (CED), we calculated the delta (0–4
Hz) power in the LO LFP signal in 1 s overlapping bins.

Statistical analysis of MUA, spindle power, and LFP delta power. To
show a time course of mean percent changes for MUA or spindle and delta
power, we plotted [(signal during focal seizure�mean baseline)/mean base-
line] � 100%, for consecutive 1 s nonoverlapping intervals. Average MUA
Vrms, spindle power, and LFP delta power signal changes in each epoch
(baseline, ictal, postictal, recovery) were calculated for statistical analysis.
When analyzing data from multiple seizures in multiple animals, there are
trade-offs in potential bias introduced by either analyzing data across all
seizures weighted equally (can overemphasize an animal with outlier values
if it has many seizures) or pooling within animal first (can overemphasize a
seizure with outlier values if it occurs in an animal with few seizures). There-
fore, we analyzed all results using both approaches. Figures shown here were
generated by pooling seizures within each animal first because this approach
is generally more conservative due to lower sample sizes (n � number of
animals rather than number of seizures). However, very similar results were
obtained when each analysis was repeated across all seizures (data not
shown).

Repeated-measures ANOVA was used to detect electrophysiological
changes in CL, ANT, VPM, and LO by contrasting values in the preseizure
baseline with the ictal, postictal, and recovery epochs. All statistical tests were
performed using SPSS 17 (IBM), and significance level was set at p � 0.05.

SUA analysis. Spike sorting on the juxtacellular recordings was per-
formed using Spike2 (CED, version 5.20a) to identify single units using
waveform shapes based on template matching. Recordings were then
analyzed using in-house software written on MATLAB (R2009a, The
MathWorks). Raster plot for neuron firing and burst firing were analyzed
during epochs of baseline (10 – 0 s before stimulus), seizure period (the
first 10 s of hippocampal seizure activity based on polyspike activity in the
LFP recordings), and the postictal period (0 –10 s after seizure). Analyses
were performed only on neurons identified by juxtacellular staining or by
electrode tracts localized to the CL by histology. Histograms of mean firing
rate were calculated across neurons in 1 s nonoverlapping bins for each
epoch, and statistical analyses performed as already described for MUA.

Interspike interval (ISI) analysis. The ISI was calculated as the time (in
milliseconds) between two consecutive action potentials in the SUA re-
cordings, an approach commonly used in the analysis of neuronal firing
patterns and to detect burst firing (Chen et al., 2009). We defined burst
firing as �2 consecutive action potentials with an ISI � 10 ms (Kros et al.,
2015). Logarithmic ISI histograms were then analyzed using in-house
software written in MATLAB (R2009a, The MathWorks). We compared
the proportion of action potentials that occurred in tonic (nonburst) and
burst firing patterns in the baseline, ictal, and postictal periods (same
definitions as for SUA analysis) by � 2 analysis with Bonferroni-corrected
significance threshold p � 0.05.

Results
MUA decreases in the CL of the thalamus during focal
limbic seizures
MUA, which reflects the aggregate spiking activity of a popula-
tion of neurons, is informative in deciphering the brain’s com-
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Figure 1. Decreased MUA in thalamic CL nucleus during focal limbic seizure. A, Seizure induced by 2 s stimulation of the hippocampus. After the stimulus, fast polyspike activity is seen in the
hippocampal local field potential (HC LFP). MUA from thalamic CL nucleus reflects marked suppression of neuronal firing during the ictal period with gradual recovery in the postictal period. LO frontal
cortex shows slow-wave activity in the ictal period, which also gradually recovered postictally. B, Expanded segments of data from baseline, ictal, and postictal epochs are magnified from the labeled
region in A. C, Histology example from thalamic CL nucleus MUA recording, coronal section at anteroposterior ��3.14 mm. C1, Red box represents general region where the electrode tract tip is
located. C2, Expanded view of red box in C1, showing electrode tip in thalamic CL stained by cresyl violet. D, Schematic summary of electrode tip locations in CL (red) from all experiments included
in the MUA analysis in Figure 2A (n � 9 animals, 20 recording sites). MD, Mediodorsal nucleus of thalamus; MDL, mediodorsal nucleus of thalamus, lateral part; MDM, mediodorsal nucleus of
thalamus, medial part; MDC, mediodorsal nucleus of thalamus, central part; LDDM, laterodorsal nucleus of thalamus, dorsomedial part; PC, paracentral nucleus of thalamus; VL, ventrolateral nucleus
of thalamus; Po, posterior nuclear group of thalamus; DG, dentate gyrus. Coronal atlas sections reproduced with permission from Paxinos and Watson (1998).
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Figure 2. Mean time courses of thalamic activity in focal limbic seizures. A, In the thalamic CL nucleus, MUA Vrms decreased during the ictal period compared with preseizure baseline, and then
gradually recovered during the postictal period. Data are from 9 animals, 30 seizures. B, MUA changes in the ANT showed an opposite trend to those in CL. MUA tended to increase during the ictal
period, was suppressed postictally, and then recovered toward baseline. Data are from 10 animals, 31 seizures. C, MUA Vrms in the thalamic VPM nucleus increased during ictal period and then
gradually recovered during the postictal period. Data are from 11 animals, 30 seizures. D, In the thalamic VPM nucleus, spindle power (7–14 Hz) increased in the ictal period compared with preseizure
baseline. Data are from 11 animals, 30 seizures. E, Time course of delta-band (0 – 4 Hz) power before, during, and after seizures. Compared with preseizure baseline, delta power in the lateral
orbitofrontal cortex greatly increased in the ictal and postictal periods, finally returned in the recovery epoch. Data are from 30 animals, 91 seizures. A–E, Data are for 10 s baseline epochs
immediately preceding seizures, 30 s ictal epochs starting immediately after seizure onset, 10 s postical epochs immediately after seizure end, and (Figure legend continues.)
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plex time-varying response to stimuli or to clinical insults. We
targeted our MUA recordings first to the intralaminar CL nucleus
of the thalamus (CL) because this region has been identified as a
key nucleus in the subcortical arousal system and plays a critical
and unique function in regulating arousal, attention, and goal-
directed behavior (Van der Werf et al., 2002). In our experiments,
the animals would be initially anesthetized to surgical depth and
then were allowed to recover to a light anesthesia level indicated
by a predominance of cortical fast activity in LFP as described
previously (Englot et al., 2008, 2009). Focal limbic seizures were
then induced with a 2 s hippocampal stimulation. Slow oscilla-
tions in LFP with up and down states in MUA were recorded in
the LO frontal cortex. Electrophysiological recordings were
performed during 30 focal seizures from the thalamic CL in 9
animals. MUA was markedly reduced during the ictal period
and gradually recovered toward baseline following seizures
(Figs. 1 A, B, 2A). On average, MUA amplitude in the CL was
significantly reduced during focal limbic seizures ( p � 0.05;
Fig. 2A, inset) and gradually recovered in the postictal and
recovery periods. Unlike VPM (discussed below), we did not
observe spindle waves in CL during our recordings, and there
were no significant changes in spindle frequency (7–14 Hz)
power in CL during or after seizures (data not shown). Loca-
tions of electrodes were determined histologically by cresyl
violet staining (Fig. 1C,D).

MUA tends to increase in the ANT of the thalamus during
focal seizures
The ANT is a key component of cortical-subcortical limbic cir-
cuitry, including the hippocampal system for episodic memory.
It has direct connections with 3 different episodic memory sub-
systems involving the hippocampus, mammillary bodies, and
neocortex (Child and Benarroch, 2013). Based on MUA record-
ing results from 10 animals, 31 seizures in total, we found that
neurons in the ANT region of the thalamus were observed to have
a trend toward increased firing during seizures (Fig. 3A,B). Un-
like the changes in CL, average MUA amplitude in the ANT dem-
onstrated an increase during seizures in 8 of 11 animals. This
overall increase was statistically significant when data were ana-
lyzed across seizures (data not shown) but did not reach signifi-
cance when data were first pooled within animals and then
analyzed across animals. (Fig. 2B, inset), although the postictal
suppression of MUA in ANT did reach significance. Locations of
all electrodes in the ANT were determined histologically by cresyl
violet staining (Fig. 3C,D).

MUA and spindle waves increase in the VPM during
focal seizures
Sleep spindles are major transient oscillations of the mammalian
brain. Previous studies have suggested that spindles are generated
in the thalamus during states of low arousal, such as sleep or
deafferentation from subcortical modulatory arousal systems,
and are especially prominent in thalamic relay nuclei, such as the
VPM (Steriade and Deschenes, 1984; von Krosigk et al., 1993).
We found that, during the baseline lightly anesthetized period, just
before seizure initiation, occasional isolated spindle waves were re-

corded in VPM, characterized by a crescendo-decrescendo pattern
of 7–14 Hz rhythmic activity lasting 2–3 s (Fig. 4A) and accompanied
by similar spindle wave activity in the corresponding somatosen-
sory cortex (data not shown). Interestingly, when a seizure was
triggered, the occurrence of spindle waves markedly increased
during the ictal and postictal periods, resulting also in an increase
in overall MUA in the ictal and postictal periods, which later
recovered (Figs. 2C,D, 4A,B). Based on recordings from 11 ani-
mals in 30 focal seizures, we observed that the spindle band (7–14
Hz) power and MUA Vrms in VPM were significantly increased
ictally and postictally in focal limbic seizures compared with
baseline (p � 0.05; Fig. 2C,D, insets). Locations of all electrodes
in the VPM were determined histologically by cresyl violet stain-
ing (Fig. 4C,D).

Increases in cortical LO LFP delta power accompany
thalamic changes
Previous work has shown that, during focal limbic seizures, the
cerebral cortex exhibits widespread slow-wave activity along with
reduced cerebral blood flow representing depressed cortical ac-
tivity (Blumenfeld et al., 2004a; Englot et al., 2008, 2009; 2010;
Motelow et al., 2015). In the present study, we therefore moni-
tored the large-amplitude slow waves that are prominent in the
cortical LFP by quantifying delta-band power (0 – 4 Hz) in
epochs immediately before, during, and after seizures (Fig. 2E). We
found that the neuronal activity changes in thalamic nuclei during
focal seizures were accompanied by increased delta power in the
lateral orbital frontal cortex in the ictal and postictal periods (p �
0.05; Fig. 2E, inset), which subsequently recovered to baseline.

Single neurons in the thalamic CL show decreased firing and a
conversion to a burst-firing pattern during focal seizures
Our MUA data showed decreased population neuronal firing in
the thalamic CL during focal seizures. However, the firing pattern
of individual neurons in this region was not clear. Therefore, we
conducted juxtacellular recordings of single neurons (SUA) in
the CL. We found that single neurons in the CL fired regularly
before seizure initiation but markedly decreased their firing al-
most immediately after seizure onset (Fig. 5). In the postictal
period, the firing rate of thalamic CL neurons gradually began to
recover back to baseline. Meanwhile, as reported previously (Englot
et al., 2008, 2009; Motelow et al., 2015) during focal hippocampal
seizures, the cortical MUA converted to up and down states,
whereas cortical LFP showed prominent slow oscillations (Fig.
5). The locations of all SUA recordings in CL were confirmed
by histology (Fig. 6). SUA recordings from neurons in the CL
as a group (12 neurons from 8 animals, 14 seizures) displayed
a consistent and dramatic decrease in firing during seizures
(Fig. 7 A, B). Although they possessed variable firing rates at
baseline, 11 of 12 neurons (91.6%) decreased their firing rates
during seizures and slowly recovered during the postictal pe-
riod. On average, SUA firing rate decreased by 51.87 � 19.29%
(mean � SEM) during the first 10 s of seizures compared with
10 s preictal baseline ( p � 0.05).

Interestingly, almost all neurons identified in the CL by his-
tology fired tonically with single spikes before seizure onset but
after seizure initiation immediately converted to burst firing of
two or more spikes (Figs. 5C,D, 7C–E). Enhanced burst firing of
thalamic CL neurons gradually recovered in the postictal period
(Fig. 7C). Defining bursts as two or more spikes with ISI �10 ms,
we found the proportion of spikes in burst firing pattern was
significantly higher in both the ictal and postictal periods com-
pared with baseline (� 2 � 634.1, 223.6, respectively, p � 0.0001)

4

(Figure legend continued.) 10 s recovery epochs. Left time courses, Mean � SEM, with 1 s time
bins. Time� 0 for the ictal period, seizure onset. Right histograms, Mean values for each epoch.
Error bars indicate SEM. Data were averaged first within animals and then analyzed by
repeated-measures ANOVA, contrasting baseline versus each of the other epochs. *p � 0.05.
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Figure 3. Example showing increased MUA in ANT during focal limbic seizure. A, Seizure induced by 2 s stimulation of the hippocampus. After the stimulus, fast polyspike activity is seen in the
hippocampal LFP (HC LFP). MUA recording from ANT shows increased firing during the seizure, which slowly recovered in the postictal period. LO frontal cortex shows slow-wave activity in the ictal
period, which persisted postictally and gradually recovered at later times (data not shown). B, Expanded segments of data from baseline, ictal, and postictal epochs are magnified from the labeled
region in A. C, Histology example from ANT MUA recording, coronal section at anteroposterior ��1.8 mm. C1, Red box represents general region where the electrode tract tip is located.
C2, Expanded view of red box in C1, showing electrode tip in ANT stained by cresyl violet. D, Schematic summary of electrode tip locations in ANT (red) from all experiments included in the MUA
analysis in Figure 2B (n � 10 animals, 26 recording sites). AM, Anteromedial nucleus of thalamus; AD, anterodorsal nucleus of thalamus; AVDM, anteroventral (Figure legend continues.)
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(Fig. 7D,E). This dramatic change in firing pattern, from tonic to
burst firing during seizures, tended to gradually recover toward
tonic firing in the postictal period.

Discussion
We investigated neuronal activity in the CL, ANT, and VPM of
the thalamus during the peri-ictal periods in an established ro-
dent model through induced focal limbic seizures. Using MUA

4

(Figure legend continued.) nucleus of thalamus, dorsomedial part; AVVL, anteroventral nucleus
of thalamus, ventrolateral part; PT, paratenial nucleus of thalamus; Rt, reticular nucleus of
thalamus; VA, ventral ANT; DG, dentate gyrus. Coronal atlas sections reproduced with permis-
sion from Paxinos and Watson (1998).

Figure 4. Increased spindle wave activity in thalamic ventral posterior medical nucleus during focal limbic seizure. A, Seizure induced by 2 s stimulation of the hippocampus. After the stimulus,
fast polyspike activity is seen in the hippocampal LFP (HC LFP). MUA recording from thalamic VPM nucleus is notable for an increase in spindle waves during focal seizures, which gradually returned
to baseline following the postictal period. *Each spindle wave. LO frontal cortex shows slow-wave activity in the ictal period, which also gradually recovered postictally. B, Expanded segments of data
from baseline, ictal, and postictal epochs are magnified from the labeled region in A. C, Histology example from thalamic VPM MUA recording, coronal section at anteroposterior ��3.6 mm.
C1, Red box represents general region where the electrode tract tip is located. C2, Expanded view of red box in C1, showing electrode tip in thalamic VPM stained by cresyl violet. D, Schematic
summary of electrode tip locations in VPM (red) from all experiments included in the analysis of spindle waves in Figure 2C (n � 11 animals, 22 recording sites). VPM, VPM nucleus of thalamus;
CL, CL nucleus of thalamus; Po, posterior nuclear group of thalamus; VPL, ventral posterior lateral nucleus of thalamus; Rt, reticular nucleus of thalamus. Coronal atlas sections reproduced with
permission from Paxinos and Watson (1998).
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recordings, we found markedly reduced population firing of neu-
rons in CL, but a tendency toward increased firing in ANT. VPM
demonstrated a notable increase in spindle waves during focal
seizures. Consistent with decreased MUA in CL, juxtacellular
recordings from single neurons in CL revealed decreased overall
firing rate but an increase in burst firing after seizure initiation,
which gradually recovered during the postictal period. These
findings confirm our hypothesis that some thalamocortical net-

works participate directly in increased neuronal firing during
focal limbic seizures, whereas other thalamocortical networks ex-
hibit depressed physiology resembling deep sleep, which may
contribute to impaired consciousness.

Although the important role of the CL nucleus of the thalamus
in modulation of consciousness has long been recognized (Glenn
and Steriade, 1982; Gottesmann, 1999; Paus, 2000; Schiff et al.,
2013), CL’s role in loss of consciousness during focal limbic sei-

Figure 5. Thalamic CL neuron decreases firing during focal limbic seizure. A, Seizure induced by 2 s stimulation of the hippocampus. After the stimulus, fast polyspike activity is seen in the
hippocampal LFP (HC LFP). SUA in the thalamic CL nucleus showed decreased firing during seizure activity, which slowly recovered in the postictal period. LO frontal cortex showed tonic firing of MUA
and low voltage fast activity on LFP recordings at baseline. During seizures, this converted to slow waves on LFP accompanied by up and down states of MUA firing, which gradually recovered in the
postictal period. B, Expanded segments of data from baseline, ictal, postictal, and recovery epochs are magnified from the labeled region in A. C, Example of tonic firing from SUA recording in CL is
magnified from the labeled region in baseline of B. D, Example of burst firing from SUA recording in CL is magnified from the labeled region in postictal of B. Bursts were defined as two or more spikes
with ISI �10 ms.
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Figure 6. Histology of neurons studied by juxtacellular recordings in CL thalamus. A, B, Example image of Ni-DAB (neurobiotin) stained positive neuron placement in CL nucleus of the thalamus
(CL) and corresponding atlas coronal section at anteroposterior ��2.8 mm. Location of neuron is indicated by red circle in A, and by red dot in B. C, D, Progressively enlarged views of section in A,
showing labeled neuron recorded juxtacellularly, stained for DAB on a background stain of cresyl violet. Soma and neurites can be seen clearly in D. E, Locations of all recorded neurons in thalamic
CL (n � 12 neurons, n � 8 animals). MDC, Mediodorsal nucleus of thalamus, central part; MDL, mediodorsal nucleus of thalamus, lateral part; LDDM, laterodorsal nucleus of thalamus, dorsomedial
part; PC, paracentral nucleus of thalamus; Po, posterior nuclear group of thalamus; DG, dentate gyrus. B, E, Coronal section schematics reproduced with permission from Paxinos and Watson (1998).
Scale bars: B, 1 mm; C, 200 �m; D, 50 �m.
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Figure 7. Thalamic CL nucleus single-unit recordings show decreased mean firing rate but increased burst firing during seizures. A, Raster plot of spikes in identified neurons from the thalamic
CL nucleus (12 cells from 8 animals, 14 seizures). Each line indicates one spike. B, Mean firing rate histogram data presented as curvilinear plots with firing rates in 1 s nonoverlapping bins. C, Raster
plot of burst firing from identified CL neurons (12 cells from 8 animals, 14 seizures). Each line indicates one burst of �2 spikes. Horizontal time axes beneath C apply to A and B as well. D, ISI
histogram data presented with logarithmically spaced bins. Overall number of spikes (total count of spikes across all neurons shown in A, B) decreases in the ictal period, and also makes a transition
in firing pattern to a predominance of burst firing (red) rather than tonic firing (blue). E, Percentage of spikes in burst versus tonic (nonburst) firing patterns during baseline, ictal, and postictal
periods. The proportion of spikes in burst firing pattern was significantly higher in both the ictal and postictal periods compared with baseline (� 2 � 634.1, 223.6, respectively, p � 0.0001).
A–E, Data are from the 10 s baseline immediately before seizures, the first 10 s after seizure onset, and the first 10 s after seizures end in the postictal period. Burst firing was defined as �2
consecutive action potentials with an ISI �10 ms. Anatomical locations of all recorded neurons are shown in Figure 6E.
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zures has been relatively neglected. Considering that thalamic CL
has long been implicated in arousal, working both cooperatively
and independently by projecting excitatory innervation to acti-
vate widespread regions of cortex, suppression of the intrala-
minar thalamus would be well suited to contribute to depressed
cortical activity during seizures (Steriade et al., 1993a; Poulet et
al., 2012). Thalamic CL stimulation in both human patients and
animal models can induce cortical desynchronization and im-
prove functional outcomes, including behavior, and arousal in
disorders of consciousness, including epilepsy (Schiff et al., 2007;
Gummadavelli et al., 2015a; Kundishora et al., 2017). A recent
fMRI study in the animal model with focal limbic seizures dis-
played a decrease in BOLD signal in thalamic CL paired with
decreased cortical fMRI activity during and following seizures
(Motelow et al., 2015). However, the electrophysiological basis of
the decreased BOLD signal in CL has not previously been inves-
tigated through direct neuronal recordings. These are necessary
because (1) in some cases, BOLD signals do not accurately reflect
underlying neuronal activity especially during seizures (Schridde
et al., 2008; Mishra et al., 2011); and (2) only direct neuronal
recordings can reveal detailed changes in neuronal firing pattern
(e.g., burst vs tonic firing). Our findings further confirm the intimate
relationship between CL activation and cortical arousal. Direct re-
cordings from the CL identified decreased neuronal activity during
focal limbic seizures, which may lead to decreased excitatory output
projecting to the frontal cortex, and could in turn contribute to
cortical slow waves and suppressed function. This hypothesis was
not directly tested in this study; however, it is supported by the fact
that electrical stimulation of CL reverses cortical slow waves and
improves behavioral arousal during and following focal limbic sei-
zures (Gummadavelli et al., 2015b; Kundishora et al., 2017). Future
work could provide additional insights through selective optoge-
netic activation of CL neurons, as has been done previously in this
model in other regions (Furman et al., 2015).

Interestingly, we also found that most neurons in the thalamic
CL converted to a burst firing pattern during seizures but fired
with single spikes during baseline and after recovery. Normally,
the neurons in the CL and other thalamic nuclei exhibit two distinct
firing modes: tonic and burst firing. These modes reflect the status of
voltage-dependent, intrinsic membrane conductance, including
low-threshold calcium currents, which recover from inactivation
and generate low-threshold calcium spikes with superimposed
bursts when the membrane potential is hyperpolarized (Sherman,
2001). Both response modes interact with the cortex but respond
differently to incoming inputs (Glenn and Steriade, 1982; Sherman,
2001). Previous research has revealed that tonic firing is related to
brain-activated states of waking and rapid eye movement sleep,
whereas rhythmic bursting usually appears during slow-wave sleep,
deep anesthesia, or some pathological disorders involving loss of
consciousness (Livingstone and Hubel, 1981; Glenn and Steriade,
1982; Steriade et al., 1993b). Evidence of burst and tonic firing of
thalamic neurons has been reported in various species, including
cats, rats, monkeys, and humans (Guido and Weyand, 1995; Nicole-
lis et al., 1995; Tsoukatos et al., 1997; Ramcharan et al., 2001). Our
single-neuron firing recordings in CL showed a rapid transition
from tonic firing to burst firing mode during seizures, indicating a
state change in neurons in the CL after seizure initiation. The present
juxtacellular recordings were done only in CL as an example of a
thalamic nucleus involved in arousal, although similar changes are
likely in other nuclei as well and could be investigated through future
studies during seizures. Considering that burst firing is a pattern
similar to that found in slow-wave sleep or deep anesthesia, our
findings suggest depressed arousal of the CL and possibly other re-

gions of the thalamus, which may contribute to suppressed activity
of the cortex. Prior recordings from cholinergic neurons in the pe-
dunculopontine tegmental nucleus, electrochemical measurements
of cholinergic neurotransmission in the intralaminar thalamus, and
optogenetic restoration of cholinergic inputs suggest that incoming
cholinergic arousal as well as other neuromodulatory transmitters
may be depressed during focal limbic seizures (Furman et al., 2015;
Li et al., 2015; Motelow et al., 2015; Zhan et al., 2016). Our results
provide more evidence for the network inhibition hypothesis (Nor-
den and Blumenfeld, 2002; Blumenfeld, 2012), indicating that de-
creased subcortical arousal could be a critical mechanism for loss of
consciousness in focal temporal lobe seizures.

Additionally, as a suitable target for neurostimulation in pa-
tients with medically refractory epilepsy, the anterior nuclear
group (ANT) is one of the most important regions in the thala-
mus. ANT occupies the superior region of the thalamus and has
both direct and indirect reciprocal connections with the hip-
pocampal formation (Aggleton et al., 2010; Child and Benar-
roch, 2013). It is usually considered as a component of the
“extended hippocampal system” (Vann and Aggleton, 2004). Al-
though the anatomic connections and excitatory influences of the
ANT of the thalamus are well known, its physiological role in
limbic seizures is not fully understood. We examined the role of
the ANT of the thalamus by MUA recording in an established
rodent seizure model, and found that the ANT generally demon-
strated opposite MUA changes compared with the CL. The ANT
showed a trend toward increased neuronal firing during ictal
periods along with significant postictal suppression correlating
with epileptic discharges in the hippocampus (and postictal sup-
pression), which suggests that the ANT may be involved in sei-
zure propagation and maintenance in focal limbic seizures
(Hamani et al., 2004; Takebayashi et al., 2007). High-frequency
electrical stimulation in the ANT may suppress its normal func-
tion in seizure amplification, rebalancing glutamate and GABA
levels in the hippocampal circuit (Liu et al., 2012), and improve
seizure control. Our work provides more experimental evidence
to support clinical applications of deep brain stimulation in the
ANT of the thalamus during focal limbic seizures.

We also found that, coincident with slow oscillation in the
cortex, MUA recordings from the VPM demonstrated a notable
increase in spindle waves during focal seizures, which persisted
into the postictal period and then gradually recovered. Previous
studies have suggested that spindles are generated in the thalamus,
through a rhythmic interaction of excitatory neurons in several tha-
lamic nuclei, particularly the relay nuclei (including VPM) and
inhibitory neurons of the nucleus reticularis thalami (nRT) (Ste-
riade et al., 1985; von Krosigk et al., 1993). Both the VPM and
nRT receive dense ascending cholinergic projections from the
brainstem (Hallanger et al., 1987), which can excite VPM cells
through M1-type muscarinic receptors, but inhibit nRT cells via
M2-type receptors (Zhu and Uhlrich, 1998; Carden and Bickford,
1999; Plummer et al., 1999). Recent research has provided new
evidence that decreased subcortical cholinergic arousal may be
involved in the modulation of loss of consciousness during and
following focal temporal lobe seizures (Furman et al., 2015; Li et
al., 2015; Motelow et al., 2015). We can speculate that seizure
initiation reduces cholinergic arousal in VPM and simultane-
ously disinhibits GABAergic neurons in the nRT, increasing syn-
chronized burst firing and inducing more IPSPs in the VPM,
both contributing to sleep spindle oscillation production in
thalamocortical networks. Previous studies suggest that sleep spin-
dles interrupt afferent thalamocortical information flow and reduce
perception of external sensory information during sleep (Cote et al.,
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2000; Kakigi et al., 2003), and the present work raises the novel pos-
sibility that some thalamocortical networks may similarly be affected
during and following focal seizures.

The present work is limited in several ways but lays the
groundwork for additional important future studies. For exam-
ple, we found very different activity patterns in different thalamic
nuclei; however, anesthetic agents, even the “light” anesthesia
protocol we used, could alter neuronal activity. Prior studies
without anesthesia in human patients and in animal models of
focal limbic seizures demonstrated two patterns of activity: either
seizure-like ictal increases in activity or sleep-like decreases in
activity in different cortical-subcortical networks based on EEG
or functional neuroimaging (Blumenfeld et al., 2004a, b; Englot
et al., 2008, 2009; 2010; Gummadavelli et al., 2015a; Kundishora
et al., 2017). The present study is the first to examine this activity
at the level of single neurons in different thalamic nuclei, albeit un-
der anesthesia. Although more technically challenging, it will be cru-
cial in future studies to extend these single-unit and multiunit
measurements to unanesthetized freely moving animals. Another
important direction for future studies will be to investigate the rela-
tive contributions of cortex and thalamus to the observed changes in
activity patterns. For example, it would be of interest to optogeneti-
cally silence either thalamic or corresponding cortical neurons selec-
tively to determine whether one or the other may make more
important contributions to initiating sleep spindles during focal lim-
bic seizures. Another important area for future work is the activity
pattern of different thalamic nuclei in secondarily generalized sei-
zures. Although they have focal onset, prior work suggests that sec-
ondarily generalized seizures engage widespread hippocampal,
neocortical, and thalamic networks in intense seizure activity with-
out the marked regional thalamic differences reported here (Ners-
esyan et al., 2004; Englot et al., 2008; DeSalvo et al., 2010); however,
this has not yet been investigated on the cellular level.

In conclusion, the present study demonstrates divergent ac-
tivity patterns in three different thalamic nuclei during focal lim-
bic seizures. Although further work is needed, we can speculate
based on these results and previous work that some thalamic
nuclei participate more directly in seizure propagation, whereas
others may play a vital role in depressed cortical arousal and
impaired consciousness. This is an important first step in directly
recognizing the complicated connections, functions, and organi-
zation of the thalamus during focal limbic seizures. In addition,
the availability of these findings regarding each region’s neuronal
activity changes in acute seizures can greatly facilitate future stud-
ies of subcortical networks and may help guide clinical treat-
ments aimed at preventing specific abnormal activity patterns in
different thalamocortical networks during focal limbic seizures.
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