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SUMMARY

Purpose: Seizure-like activities generated in anterior cin-

gulate cortex (ACC) are usually classified as simple partial

and are associated with changes in autonomic function,

motivation, and thought. Previous studies have shown

that thalamic inputs can modulate ACC seizure, but the

exact mechanisms have not been studied thoroughly.

Therefore, we investigated the role of thalamic inputs in

modulating ACC seizure-like activities. In addition, sei-

zure onset and propagation are difficult to determine in

vivo in ACC. We studied the spatiotemporal changes in

epileptiform activity in this cortex in a thalamic–ACC

slice to clearly determine seizure onset.

Methods: We used multielectrode array (MEA) recording

and calcium imaging to investigate the modulatory effect

of thalamic inputs in a thalamic–ACC slice preparation.

Key Findings: Seizure-like activities induced with 4-am-

inopyridine (4-AP; 250 lM) and bicuculline (5–50 lM) in

ACC were attenuated by glutamate receptor antago-

nists, and the degree of disinhibition varied with the dose

of bicuculline. Seizure-like activities were decreased with

1 Hz thalamic stimulation, whereas corpus callosum

stimulation could increase ictal discharges. Amplitude

and duration of cingulate seizure-like activities were aug-

mented after removing thalamic inputs, and this effect

was not observed with those induced with elevated bicu-

culline (50 lM). Seizure-like activities were initiated in

layers II/III and, after thalamic lesions, they occurred

mainly in layers V/VI. Two-dimensional current-source

density analyses revealed sink signals more frequently in

layers V/VI after thalamic lesions, indicating that these

layers produce larger excitatory synchronization. Cal-

cium transients were synchronized after thalamic lesions

suggesting that ACC seizure-like activities are subjected

to desynchronizing modulation by thalamic inputs.

Therefore, ACC seizure-like activities are subject to

desynchronizing modulation from medial thalamic inputs

to deep layer pyramidal neurons.

Significance: Cingulate seizure-like activities were modu-

lated significantly by thalamic inputs. Repeated stimula-

tion of the thalamus efficiently inhibited epileptiform

activity, demonstrating that the desynchronization was

pathway-specific. The clinical implications of deep tha-

lamic stimulation in the modulation of cingulate epileptic

activity require further investigation.

KEY WORDS: Cingulate cortex, Thalamocortical sys-

tem, Limbic seizures, Epilepsy.

Although frontal lobe epilepsy is one of the most preva-
lent types of seizure (McCagh et al., 2009), it receives less
attention because clinical electroencephalography (EEG)
can be normal in status epilepticus (Rasmussen, 1983; Shul-
man, 2000). Seizure discharges can originate in different
zones of the frontal lobes, and among these seizure-prone
zones, the anterior cingulate cortex (ACC) is one of the most
difficult to identify with regard to onset (Mazars, 1970;
Geier et al., 1977; Nadkarni & Devinsky, 2009). Patients with

ACC epilepsy often show motor and autonomic symptoms
and alterations in consciousness. Other symptoms, such as
emotional outbursts, sudden fear, and rage, are also com-
mon (Chauvel et al., 1992; Devinsky et al., 1995; Nadkarni
& Devinsky, 2009). These clinical symptoms have been
described as part of the epileptic syndrome of frontal origin,
which is the hallmark of seizures affecting area 24 (Bancaud
& Talairach, 1992). Despite clinical evidence demonstrat-
ing that ACC is involved in partial epileptic disorders, the
mechanism of seizure onset, spatiotemporal propagation,
and synchronization in this region are not well understood.

Thalamic afferents may regulate ACC seizure discharges.
The ACC is heavily connected with the midline, mediodor-
sal, and intralaminar thalamic nuclei (MITN) (Vogt et al.,
1987; Hatanaka et al., 2003; Vogt, 2005), and the medial
thalamus (MT) could play a pivotal role in the remote
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control of seizure synchronization (Kahane & Depaulis,
2010). Studies of generation mechanisms of spike-wave dis-
charges (SWDs) using the genetic Absence Epilepsy Rat
from Strasbourg showed that SWDs can be generated
endogenously within somatosensory cortex (Polack et al.,
2009). When thalamic activity was blocked by tetrodotoxin
(TTX), epileptiform cortical activity resulted in a longer
sequence of SWDs, indicating that thalamic inputs might
modulate it. Prolongation of epileptiform activities could be
caused by desynchronization following tonic firing in ven-
tral-medial thalamocortical neurons (Glenn et al., 1982).
Previous studies have also shown that noxious stimulation
can increase medial thalamic activities and desynchronize
cortical EEG (Antognini et al., 2000). Whether the desyn-
chronizing effect of thalamic inputs can block seizures has
not been studied. Therefore, our hypothesis was that the
ACC is responsible for seizure generation and that inputs
from the MT might alter the synchronization of epileptiform
activities.

The convulsant 4-aminopyridine (4-AP) induces epileptic
discharges in humans (Lundh et al., 1984) and other mam-
mals (Glover, 1982). Many in vitro studies show that 4-AP
induces epileptiform activities in parahippocampal cortex
(Avoli et al., 1996), cingulate cortex (Panuccio et al., 2009),
and the amygdala (Klueva et al., 2003). 4-AP–induced sei-
zure-like activities are sensitive to anticonvulsants, and
pharmacoresistant activities can be induced by combining
the c-aminobutyric acid (GABA)A antagonist bicuculline
with 4-AP (Bruckner et al., 1999). Therefore, in the present
study we used 4-AP and various doses of bicuculline to
induce seizure-like activities in ACC to study pharmacore-
sistant seizures. Although epileptiform activity in rat cingu-
late cortex has been characterized in coronal slices
(Panuccio et al., 2009), long-distance fibers were severed
during slice preparation. The present study used a thalamo-
cingulate slice preparation (Lee et al., 2007) to investigate
the spatiotemporal changes in epileptiform activity in the
cingulate cortex and the involvement of inputs from the
medial thalamus (MT) in modulating ACC seizures.

Materials and Methods

Animals
Male C57BL/6J mice (4 weeks old) were used, and all

research conformed to National Institutes of Health (NIH)
guidelines in accordance with the Institutional Animal Care
and Utilization Committee, Academia Sinica (Taipei,
Taiwan). Every effort was made to minimize the number of
animals used.

Slice preparation
Animals were anesthetized (4% halothane in pure oxy-

gen), and the brains were quickly removed and cooled for
3 min in chilled, oxygenated artificial cerebrospinal fluid
(aCSF) (124 mM NaCl, 4.4 mM KCl, 1 mM NaH2PO3,

2 mM MgSO4, 2 mM CaCl2, 25 mM NaHCO3, and 10 mM

glucose, bubbled with 95% O2 and 5% CO2). The slice con-
taining the thalamocingulate pathway was prepared accord-
ing to the method established previously (Lee et al., 2007).
All slices were incubated in oxygenated aCSF at room tem-
perature for 1 h. A single slice was then transferred to the
recording chamber and kept at 29–30�C under continuous
perfusion (12 ml/min) of oxygenated aCSF.

Extracellular recording
Multielectrode arrays (MEAs) were used to record the

spatiotemporal properties of epileptiform activity. Two
types of MEAs were used: 6 · 10 planar MEA (electrode
diameter, 30 lm; electrode spacing, 500 lm; impedance,
50 kX at 200 Hz; Multi Channel Systems, Reutlingen,
Germany) and 8 · 8 MEA (pyramidal-shaped electrode
diameter, 40 lm; tip height, 50 lm; electrode spacing,
200 lm; impedance, 1,000 kX at 200 Hz; Ayanda Biosystem,
Lausanne, Switzerland). Data were acquired using MC
Rack software (Multi Channel Systems) at a 10 kHz sam-
pling rate.

Corecording calcium images and MEA
Slices were placed on the porous membrane (pore size,

0.4 lm) of a Millicell-CM culture transwell. Both the inside
and outside of the transwell were filled with aCSF. The
entire dish was kept in a moist environment with oxygen. A
dye solution (3 ll) was then dropped on the surface of the
slice. The dye solution was prepared with 48 ll dimethyl
sulfoxide (DMSO; Sigma, St. Louis, MO, U.S.A.) and 2 ll
F127 (10% in DMSO; Invitrogen, Carlsbad, CA, U.S.A.) in
50 lg Fluo4-AM (Invitrogen). Slices were incubated in the
dark at 37�C for 30 min (Ikegaya et al., 2005). Slices were
then transferred to the MEA probe chamber. The tissue was
illuminated with a 488 nm laser (Coherent, Santa Clara,
CA, U.S.A.) and images were acquired at 2–5 Hz using an
upright LSM510 META microscope (Zeiss, Oberkochen,
Germany) equipped with a water immersion lens (63· mag-
nification, 1.1 N.A; 20· magnification, 0.7 N.A) or a fluo-
rescence stereomicroscope (Zeiss). The fluorescence
change over time was defined as DF/F = (F)Fbasal)/Fbasal, in
which F was the fluorescence at any time point, and Fbasal

was the baseline fluorescence averaged across the entire
image for each cell. The correlations between calcium tran-
sients recorded in different cells were assessed by cross-cor-
relation analysis.

Data analysis
Data were analyzed by MC Rack software (Multi Chan-

nel Systems) and the subroutines for the MATLAB program
(MathWorks, Natick, MA, U.S.A.). To detect oscillatory
events, we set three standard deviations (SD) of the noise
level as the threshold. The amplitudes of the peaks during
an oscillation event that surpassed this threshold were auto-
matically detected by MC RACK software. The time point
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of each peak that exceeded this threshold was also detected,
and the duration of an oscillation event was measured by
subtracting the time point between the first and last peaks
that surpassed the threshold. Two-dimensional (2D) cur-
rent-source density (CSD) profiles were calculated from the
field potential profiles (Shimono et al., 2001). To cover all
cortical area, 8 · 8 MEA with 200 lm electrode spacing
was used in the experiment. Local field potentials were low-
pass filtered at 100 Hz, and data were spatially smoothed by
3 · 3- weighted average kernel. The results were convolved
with a 3 · 3 Laplacian kernel to produce a discrete approxi-
mation of the second spatial derivative. Current-versus-time
plots for single points in the slice were obtained by comput-
ing the 8 · 8 CSD for each time step and calculating the
value at the desired location via bilinear interpolation. The
field potential values of some recording electrodes were
obtained by interpolating averaged responses from neigh-
boring electrodes. CSD data on boundary sites were
obtained by extrapolation. Color image plots were gener-
ated to facilitate visualization of CSD profiles. Blue repre-
sents current sinks and red represents current sources.

Data in the text are expressed as mean € standard error
(SE). Statistical analyses were performed with Systat
(SPSS, Chicago, IL, U.S.A.) and Microsoft Excel using Stu-
dent’s t-test. Measurements in the text are expressed as
mean € SE, and n indicates the number of slices or neurons
studied. The results were considered significant when
p £ 0.05.

Results

Properties of 4-AP/bicuculline-induced oscillations
Multichannel epileptiform activities induced by 4-AP

(250 lM) and bicuculline (5 lM) were recorded by MEAs
and superimposed on a contour depicting a relative record-
ing position on an MT–ACC slice (Fig. 1A). Typical traces
were selected for magnification in Fig. 1B. Typical 4-AP
(250 lM) + bicuculline-induced seizure-like activities were
composed of an ictal onset (Fig. 1B, arrow), followed by a
tonic phase (Fig. 1B, red line) and long-duration high-fre-
quency population bursts of (8.1 Hz) clonic phase (Fig. 1B,
green line). The duration of the clonic phase (Fig. 1B, green
line) was decreased significantly after application of
2R-amino-5-phosphonovaleric acid (APV) (50 lM; Fig. 1B,
middle panel). Further application of 6-cyano-7-nitro-
guinoxaline-2,3-dione (CNQX) (20 lM) completely abolished
the clonic phase and decreased the amplitude and duration
of ictal onset (Fig. 1B, arrows, lower panel). The statistical
results showed that the duration and amplitude of oscilla-
tions were decreased significantly after application of APV
and CNQX (n = 12, *p < 0.05, t-test; Fig. 1D). Therefore,
4-AP/bicuculline-induced seizure-like activities in the
MT–ACC slice are susceptible to glutamate receptor antag-
onists, and excitatory amino acids are involved in the clonic
phase.

Application of muscimol (1 or 3 lM) to the slices signif-
icantly reduced the amplitude and duration of oscillatory
activity. A higher concentration of muscimol (5 lM) com-
pletely blocked the response (Fig. 1C); the effects of
muscimol on the amplitude and duration of epileptiform
activity are shown in Fig. 1D (n = 7, *p < 0.05, t-test). To
demonstrate that 5 lM bicuculline only partially blocked
GABAergic transmission, the dose of bicuculline was
increased to 50 lM. At 50 lM bicuculline, 5 or 50 lM

muscimol did not suppress epileptiform activity, which
demonstrated that 50 lM bicuculline fully blocks
GABAergic transmission.

Modulation of epileptiform activity with MT and corpus
callosum electrical stimulation

Connectivity between thalamus and cortex was tested in
all experiments. Prior to each experiment, each slice was
checked for the integrity of the MT–ACC pathway. Only
those slices with local field potentials in ACC evoked by
delivering small amount of currents in MT were used in
experiment. The MT- and corpus callosum (CC)–evoked
cingulate responses are shown in Fig. 2A, including posi-
tions of the stimulation and recording electrodes. Electrical
stimulation of each site in the presence of 4-AP/bicuculline
evoked epileptiform activities as an all-or-none event
because the amplitude and duration of oscillation were not
influenced by changing the intensities of the electrical stim-
uli ‡50 lA (Fig. 2B). The stimulation intensity was tested
and adjusted to threefold the threshold sufficient to induce
oscillation (150 lA). The duration and amplitude of the
oscillation evoked by CC stimulation were significantly lar-
ger than the MT stimulation (n = 15, *p < 0.05, t-test;
Fig. 2C). The firing pattern induced by electrical stimula-
tion in the MT or CC was compared using intracellular
recording (see Fig. S1). The duration and peak firing fre-
quency were higher in the CC stimulation groups (n = 5,
*p < 0.05, t-test).

Cortical seizure-like activities induced by 4-AP/bicucul-
line could be modulated by different stimulation frequen-
cies in the MT and CC. In the presence of 4-AP and
bicuculline, single-shock stimulation of the MT with a
0.1 Hz frequency induced ACC oscillation (Fig. 2D, upper
trace). However, a further increase in the stimulation fre-
quency from 0.5 to 1 Hz reduced the occurrence of seizure-
like activities (Fig. 2D, middle and lower traces). One
Hertz stimulation in the MT suppressed the seizure-like
activities (n = 8, *p < 0.05, t-test). Stimulation with 1 Hz
in the CC also lowered the percentage of induced epilepti-
form activity, but this was less effective than thalamic stim-
ulation (n = 5, *p < 0.05, t-test; Fig. 2E,F, left panel).
Medial thalamic stimulation–inhibited epileptiform activity
was reflected by a prolonged interval of occurrence com-
pared with spontaneous seizure-like activities (n = 9,
*p < 0.05, t-test; Fig. 2F, right panel). CC stimulation sig-
nificantly reduced the interevent interval of seizure-like
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activities (n = 5, *p < 0.05, t-test; Fig. 2F). Therefore, the
suppressive effect was pathway-specific, and thalamic
inputs may play a dominant role.

Thalamic inputs inhibit the initiation and progression of
oscillations

MEA recording was used to define the site of initial bursts
and modulation of this initial activity by MT inputs. Typical
burst activity is shown in Fig. 3A-a. The channel that first

reached 3 SD of the noise level was denoted as the initial
point. MEA was used to identify the initiation onset of each
epileptiform discharge. The distribution of initial onsets
obtained from intact and thalamic denervated groups are
displayed in Fig. 3A-b. When thalamic inputs were intact,
seizure-like activities preferentially began in layers II/III
and V. However, after the thalamic inputs were removed,
the initiation site shifted to layers V/VI (Fig. 3A-c). Super-
impositions of 2D CSD analysis of ictal onsets (n = 7)

A

B C

D

Figure 1.

Pharmacologic characterization of 4-AP/bicuculline-induced epileptiform activity in the MT-ACC slice. (A) Relative positions of the

electrodes in the MT-ACC slice and ensemble of epileptiform activity. (B) The green square–encircled channel was selected for mag-

nification to show a typical trace of epileptiform activity induced by 4-AP (250 lM) and bicuculline (5 lM). Epileptiform activity con-

sisted of an ictal onset followed by tonic (red line) and clonic (green line) discharges. After application of APV (50 lM), a significant

decrease in clonic phase was observed. Subsequent application of CNQX (20 lM) further abolished clonic phase. Only ictal onset

remained, although with a smaller amplitude and duration. (C) Typical 4-AP (250 lM)/bicuculline (5 lM)-induced epileptiform activity

in another experiment. Application of muscimol (3 lM) attenuated and reversed the polarity of epileptiform activity and a higher dose

of muscimol (5 lM) completely blocked the response. (D) The amplitude and durations were decreased significantly after application

of the glutamate antagonists APV and CNQX. A low dose of the GABA agonist muscimol significantly inhibited epileptiform activity.

Caud, caudate; Cx, cortex; Th, thalamus.
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indicated that when the thalamic inputs were intact, the
source currents (red) aggregated in layer V while sink cur-
rent (blue) occurred more frequently in superficial layer.
When the thalamic inputs were removed, the source currents

shifted to superficial layers and sink current occurred more
frequently in layers V/VI (Fig. 3A-d). Therefore, thalamic
inputs exert a modulatory effect on the initiation of the
cingulate seizure-like activities in deep layers.

A B

C D

E F

Figure 2.

Simulation in the MT suppressed epileptiform activity induced by 4-AP/bicuculline in ACC. (A) The stimulation sites in the MT and CC

and recording site in ACC. (B) Activity following MT and CC stimulation were all-or-none. Oscillations were not altered in response

to various stimulation intensities within each group, but the duration and amplitude of the oscillation elicited by direct cortical stimula-

tion was higher than thalamic stimulation. (C) The duration and amplitude of epileptiform activity generated with 4-AP were signifi-

cantly greater in response to CC stimulation than that for MT stimulation. The areas involved in oscillation as calculated by summing

the activated recording channels were not significantly different between the two groups. (D) Stimulation in the MT with 0.1 Hz

evoked ACC epileptiform activity in all cases. Stimulation with 0.5 Hz was only evoked in half of the cases. Epileptiform activity was

seldom evoked with 1 Hz stimulation. (E) In comparison of 1 Hz stimulation in the CC and MT, CC stimulation induced more oscilla-

tion than thalamus stimulation alone in the presence of 4-AP and bicuculline. (F) The left panel shows the statistical results, indicating

that with 0.1 Hz stimulation, almost every stimulation evoked ACC epileptiform activity by both the MT and CC stimulation, whereas

with 0.5 Hz stimulation, only 41.2% stimulation in the MT evoked cortical epileptiform activity. Stimulation with 1 Hz stimulation

evoked seizure-like activities in only a few cases, which was significantly lower compared with CC stimulation. The right panel shows

the statistical results of the interevent interval during 1 Hz MT and CC stimulation-induced epileptiform activity and spontaneous

epileptiform activity. Thalamic stimulation with 1 Hz significantly prolonged the interval compared with spontaneously occurring

epileptiform activity. Caud, caudate; CC, corpus callosum; Cx, cortex; Th, thalamus.
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Thalamic inputs influenced spreading areas of seizure-
like activities. Typical ensemble activity in Fig. 3B showed
that seizure-like activities were engaged in most cortex
(arrow indicates channel for subsequent analysis). The sei-
zure-prone areas were compared when the activity reached
a half maximum of the amplitude of ictal onset (Fig. 3B-b)
and areas involved in epileptiform activities were signifi-
cantly larger when the thalamic inputs were removed

(n = 6, *p < 0.05, t-test; Fig. 3B-c). Therefore, thalamic
inputs exert a desynchronizing effect on the spread of ictal
onsets.

Cortex lacking thalamic inputs is more susceptible to
seizures

To determine whether cortex lacking thalamic inputs is
more susceptible to seizures, the sensitivity of each side of

A

a

a

b

b c

c

d

B

C

D

E F

Figure 3.

ACC lacking MT inputs is more susceptible to initiation of seizure-like activities. (A) (a) Red dashed line indicates the three SD of the

noise level. The channel in which activity was first surpassed was used as the threshold (arrows) of initiation. (b) Distribution of initia-

tion point in the two groups. (c) Distribution of initiation points in different layers. (d) Sink signals occurred more in deep layer after

thalamic inputs were removed compare to control group. (B) (a) Ensemble epileptiform activities; a typical channel was selected for

magnification in b. (b) Isopotential color map of the time point (arrows indicated in the traces). Notice that ACC with severed tha-

lamic inputs are associated with larger areas. (c) In the group with severed thalamic inputs, larger areas were involved in the initiation

of epileptiform activity. (C) Orientation of slice with respect to electrodes and cutting position. (D) Enlarged response of low-dose

4-AP (20 lM)-induced activity. (E) Time-lapse experiment showing that more activated channels were evident in the group without

thalamic inputs at all time points. This result was also significant when the concentration of 4-AP was 50 lM. (F) Seizure-like activities

were more readily evoked in the thalamic lesion group to low-dose 4-AP (20 or 50 lM).
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the slice was compared for generation of seizure-like activi-
ties. A low dose of 4-AP (20 lM) was used to induce ictal
onsets and to avoid widespread seizure-like activities. The
CC was incised to cut communication between hemi-
spheres, and the right side of MT inputs was cut. Seizure-
like activities were induced in ACC during low-dose 4-AP
on both sides and seizure-like activities did not propagate
from small areas (Fig. 3C, green circle; typical examples in
Fig. 3D). Therefore, the cortex itself is sufficient to generate
epileptiform activity and regions lacking thalamic inputs
are more prone to generation of seizure-like activities. A
low dose of 4-AP (20 lM), showed that the side that did not
have thalamic inputs was more prone to epileptiform activ-
ity (n = 7, *p < 0.05, t-test; Fig. 3E,F, left panel). Increas-
ing the dose of 4-AP to 50 lM showed that epileptiform
activity increased in both the side with intact thalamic inputs
and the side that lacked them. Epileptiform activity also
occurred more in the side that lacked thalamic inputs (n = 7,
*p < 0.05, t-test; Fig. 3E,F, right panel). Therefore, ACC
that lacks thalamic inputs is more susceptible to the genera-
tion of seizure-like activities.

Tonic thalamic inputs block long-lasting oscillations in
deep layers

To elucidate the relative contribution of tonic thalamic
inputs in the modulation of cingulate seizures, we compared
seizure-like activities without the influence of MT inputs.
Because seizure-like activities are synchronized between
the right and left cortices, the CC was incised to sever com-
munication between hemispheres such that unilateral MT
lesion effects can be isolated. An incision was made in the
right pathway between the MT and ACC during brain slic-
ing (Fig. 4A), whereas the left MT-ACC pathway remained
intact. No significant difference in the amplitude and dura-
tion of epileptiform activity was observed between the left
and right cortices after cutting the CC.

Seizure-like activities generated with 4-AP (250 lM)/
bicuculline (5 lM), which arose from the intact MT side
(left side), were initiated in the ACC and propagated to the
thalamus (Fig. 4B, upper panel). Activity arising from the
side without MT inputs (right side) was restricted to the cor-
tex and did not propagate to thalamus (Fig. 4B, lower panel)
because the connections between MT and ACC were sev-
ered. Activity arose from both sides and a typical example is
shown in Fig. 4C. The amplitude and duration were signifi-
cantly smaller in the cortex with intact thalamic inputs
(n = 10, *p < 0.05, t-test; Fig. 4D). Local application of
lidocaine in medial thalamus also significantly enhances the
durations of seizure-like activities in cingulate cortex
(n = 6) (see Fig. S2).

When increasing the concentration of bicuculline to
50 lM and presumably completely blocking GABAergic
transmission, the significant differences in the amplitudes
and durations of oscillations disappeared (n = 9, *p < 0.05,
t-test; Fig. 4D). Therefore, GABAergic transmission plays

an important role in the thalamic desynchronization of cin-
gulate oscillations.

The changes in the spatiotemporal properties of epilepti-
form activity in response to MT incision are illustrated by
field potential recording. The response were normalized to
maximal value and divided into three groups: >50%
maximal response (red dots), 25–50% (green dots), and
<25% (black dots; Fig. 4E). When the MT inputs were
removed, seizure-like activities exhibited significant
alterations in amplitude and duration. The average ampli-
tude of seizure-like activities increased significantly from
191.2 € 13.3 lV in the intact thalamic input group to
243.3 € 19.6 lV in the severed thalamic input group in
layer V (p < 0.05), and there was a significant difference
between the two groups in layer V (Fig. 4F, left panel).
Duration also changed significantly from 7.5 € 1.9 to
10.6 € 2.6 s in layer V and 6.9 € 1.4 to 9.6 € 2.5 s in layer
VI without thalamic inputs (Fig. 4F, right panel). Seizure-
like activities recorded in layers II/III also had a longer
duration compared with lateral cortex (Fig. 4E). Therefore,
removal of thalamic inputs shifted epileptiform activity to
the deeper layers (Fig. 4E,F). Removing MT inputs also
significantly enhanced vertical propagation velocity (n = 9)
(see Fig. S3).

Calcium imaging revealed that MT inputs
desynchronize epileptiform activity

Previous studies indicated that calcium is involved in the
generation of bursting activity during seizures (Contreras &
Llinas, 2001; Traub et al., 2005). Therefore, calcium imag-
ing was used to investigate the synchronization of neuronal
population activity. Calcium activity induced by 4-AP/bicu-
culline was recorded with and without thalamic inputs
(Fig. 5A) and calcium imaging and MEA recording were
performed simultaneously. MEA demonstrated that most
oscillatory activity was initiated at layers II/III and V, and
calcium imaging was focused on these layers (green box in
Fig. 5A) to study the synchronization between individual
cells with and without thalamic inputs.

Calcium-wave oscillations were induced with 4-AP/bicu-
culline (Fig. 5B, upper panel), and the calcium oscillation
of a neuron was correlated with the field potentials (Fig. 5B,
middle panel, magnified in lower panel). The dynamic cal-
cium images were compared in groups with and without MT
input. All calcium-image traces from individual cells were
aligned, and the average traces are shown. The average
DF/F was 1.62 € 0.23 from side with intact thalamic inputs
and 1.03 € 0.18 from side without thalamic inputs (n = 6,
*p < 0.05, t-test). The average peaks appeared significantly
larger on the side with severed thalamic inputs (n = 6,
*p < 0.05, t-test; Fig. 5C). Calcium-image transients during
bursting are also shown on a 3D plot. At this time point, the
DF/F of the calcium image was significantly stronger in the
severed thalamic input group compared with the intact
group (n = 6, *p < 0.05, t-test). Typical response
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comparison is shown in Fig. 5D. Cross-correlation of cal-
cium fluorescence between different cells was used as a syn-
chronization index. In the severed thalamic input side, the
correlation coefficient was higher (n = 6, *p < 0.05, t-test;
Fig. 5E). Therefore, thalamic inputs exert a desynchroniz-
ing effect during ACC seizures.

Discussion

The MT–ACC slice preparation enabled us to evaluate
the role of thalamic inputs in modulating cingulate seizures
in ways that cannot be accomplished in vivo. Removing the
thalamic inputs significantly modulated epileptiform activity

A B

C D

E F

Figure 4.

Modulatory role of thalamic inputs during cortical seizure-like activities. (A) Cut positions, one in the middle of the corpus callo-

sum and one at the border between the thalamus and basal ganglia in the right hemisphere. Activity arising in the group without

thalamic inputs was larger. (B) Pseudocolor isopotential map indicating that epileptiform activity arising from the group with intact

thalamic inputs was first initiated in the cortex and then propagated to the thalamus. Epileptiform activity in the group with

severed thalamic inputs was restricted to cortex and the basal ganglia. (C) Typical traces showing that epileptiform activity was

significantly smaller in the side with intact thalamic inputs. (D) Summary results showing that the amplitude and duration of

epileptiform activity were significantly larger in the group with severed thalamic inputs with the application of 250 lM 4-AP/5 lM

bicuculline. When the concentration of bicuculline was increased to 50 lM, no significant difference was observed between groups.

(E) Amplitude and duration of epileptiform activity were normalized to the maximal value and displayed in color code in different

regions (>50% maximal response, red dots; 25–50%, green dots and <25%, black dots). A stronger response was observed in the

medial dorsal region of the cortex. (F) Summary results of the layer distribution of the amplitude and duration of epileptiform

activity in the groups with and without thalamic inputs. Cuad, caudate; Cx, cortex; Th, thalamus.
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in ACC, including changes in the duration, amplitude, onset
location, and propagation velocity. Alterations in 2D CSD
and spatiotemporal profiles after thalamic activity were
desynchronized by thalamic afferents. Comparisons of the
epileptiform activity obtained between cingulate cortices
with and without thalamic inputs showed the following: (1)
cortex lacking thalamic inputs were more susceptible to epi-
leptiform activity, (2) duration of ACC seizure-like activi-
ties were enhanced without thalamic inputs and no
significant difference in ACC seizure-like activities were
observed between cortices with or without intact thalamic
inputs when the concentration of bicuculline was 50 lM, (3)
the onset of epileptiform activity shifted to layers V/VI (2D

CSD profiles also revealed a pronounced sink signal after
the thalamic inputs were removed), (4) calcium imaging
demonstrated that calcium-mediated bursting was more
synchronized in cortices with severed thalamic inputs.
Therefore, thalamic inputs play a desynchronizing role in
epileptiform activity and a mechanism of inhibition include
thalamic driving of GABAergic interneurons that sup-
presses further augmentation of seizures.

The desynchronizing effect of thalamic inputs was
involved in the suppression of seizures demonstrated by in
vivo recording (Polack et al., 2009). TTX infusion into the
ventroposterior medial thalamic nucleus in spontaneously
epileptic rats to temporally suppress the activity of thalamic

A B

C

D E

Figure 5.

Calcium imaging combined with MEA recording indicated that thalamic inputs desynchronize seizure-like activities. (A) Areas where

calcium imaging was recorded in sides with and without thalamic inputs. (B) Calcium transients were corecorded with MEA activity.

(C) Traces obtained from individual cells and the lower panel is the average. (D) Surface plot of entire view. The signal was processed

as DF/F. Simultaneous recording of calcium signal and MEA recording. The calcium signal was corecorded with electrical activity.

(E) Cross-correlation analysis revealed that the side without thalamic inputs was more synchronized.
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relay neurons generated a longer duration SWD in somato-
sensory cortex. Our study using 4-AP and a low dose of
bicuculline (5 lM) yielded similar results. This inhibitory
effect on seizure-like activities might occur via activation of
GABAergic transmission. Our results showed that bicucul-
line at 50 lM completely suppressed the GABAergic system
and no significant difference was found between the intact
thalamocortical (TC) and severed thalamic groups. There-
fore, thalamic inputs may exert inhibitory effects via the
GABAergic system in ACC.

Signal processing in the lateral propagation of electrical
activity is under tight control, whereas unrestrained lateral
propagation of electrical activity readily causes seizures.
Epileptiform activity in neocortex is modulated by sur-
rounding inhibition (Prince, 1967) and decreasing surround-
ing inhibition caused spreading of epileptiform activity
(Pinto et al., 2005; Trevelyan et al., 2006). Research in hip-
pocampal slices also showed that, when surrounding inhibi-
tion collapses, epileptiform activity becomes synchronized
in different columns (Sloviter & Brisman, 1995). This
phenomenon was demonstrated in our calcium imaging
experiment where calcium transients tended to be more syn-
chronized when the inhibitory effect of thalamic inputs was
eliminated. Removing the thalamic inputs in our slice may
have decreased the inputs that activate surrounding inhibi-
tion or desynchronized them, causing epileptiform activity
to wane.

The onset location of epileptiform activity can arise from
many different locations in ACC (Madhavan et al., 2007).
When the thalamic inputs were intact, epileptiform activity
was mostly initiated in layer II/III, and when thalamic inputs
were removed, the onset sites shifted to layers V/VI. Previ-
ous studies suggested that impaired feed-forward inhibition
from TC inputs might be the pathogenic cause of epilepsy in
tottering transgenic mice (Sasaki et al., 2006). In our 2D
CSD analysis, thalamic denervation produced more sink
signals in the deep layers indicating that these layers are not
subjected to thalamic inhibition. Thalamic inputs activate
inhibitory interneurons and excitatory neurons, but inter-
neurons respond more robustly to TC excitation (Contreras
et al., 1997; Gibson et al., 1999; Bruno & Simons, 2002). In
the normal physiologic condition, interneuron activation
provides a time window for excitatory postsynaptic poten-
tials elicited by TC activation in response to sensory stimuli
(Miller et al., 2001; Douglas & Martin, 2004) and provides
precise temporal resolution for sensory information process-
ing. Inhibitory interneurons might also create a time win-
dow for the burst activity of pyramidal neurons. Therefore,
when the thalamic inputs were intact, we found the initiation
onset was in layer II/III, presumably where the thalamic
inputs exert their modulatory function. The initiation
regions of epileptiform activity moved to deeper layers after
the thalamic inputs were removed, presumably because
neurons in layer V have axons that project horizontally for
several millimeters (Chagnac-Amitai et al., 1990; Williams

& Stuart, 1999). This provided an anatomic basis for the
synchronization of epileptogenic activity, which is initiated
in layer V (Jones & Heinemann, 1988; Flint et al., 1997).

The cortex is sufficient for the switch of activity from
normal to widespread synchronization of epileptiform activ-
ities. Previous studies also showed that infusion of bicucul-
line into the thalamus could generate 3 Hz neocortical
discharges in rats (Castro-Alamancos, 1999). The variabil-
ity of SWD initiation suggests that SWDs are generated by
abnormal network oscillation, and can be initiated at several
different parts within the network. In our studies, 4-AP/bic-
uculline-induced seizure-like activities are always began in
the medial-ventral part of cortex in the MT-ACC slice.

Activity originated in area 24 propagated along the
columnar organization. We found that the vertical velocity
was faster than the horizontal propagation velocity showing
that the lateral spreading of epileptiform activity is under
the restraint of strong surrounding inhibition (Prince &
Jacobs, 1998; Schwartz & Bonhoeffer, 2001).

Seizure onset might involve multiple limbic sites and
some nuclei in thalamus such as the mediodorsal nucleus
(Juhasz et al., 1999), centromedian nucleus (Velasco et al.,
1995), and parafasicular nuclei (Langlois et al., 2010).
These latter nuclei are involved in supporting limbic seizure
propagation from a primary focus to other cortical and sub-
cortical regions. These nuclei could play a pivotal role in the
remote control of seizure activities and be an interesting tar-
get for deep brain stimulation (Kahane & Depaulis, 2010).
The mediodorsal thalamic nucleus is thought to be involved
in the modulation of seizures, specifically those involving
limbic regions (Bertram et al., 1998, 2001). Previous clini-
cal studies showed that electrical stimulation in MT can
decrease seizure frequency (Sterman et al., 1982; Urino
et al., 2010), and these results demonstrated that MT activi-
ties are involved in blocking seizures. Yet, the mechanisms
by which thalamic stimulation through deep brain stimula-
tion may reduce seizure frequency are not clear. Our results
showed that the activity of thalamic inputs contributes to the
desynchronization of seizure-like activities. In the present
study, we used a 350 lA current with repeated 1 Hz stimu-
lation of the MT and found reduced seizure-like activities,
while stimulating the corpus callosum increased the occur-
rence of seizures. By comparing the efficiency of thalamic
inputs and CC in the inhibition of epileptiform activity, we
found that repeated stimulation of the thalamus efficiently
inhibited epileptiform activity, demonstrating that the
desynchronization was pathway-specific. The clinical
implications of deep thalamic stimulation in the modulation
of cingulate epileptic activity require further investigation.
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