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Efficacy of Mediodorsal Thalamic Nucleus Stimulation
in a Rat Model of Cortical Seizure

Kei-ichiro Taxase, Hiroshi Suicero, Takashi Kamapa, Yasumasa Onvact and Jun-ichi Kira

Department of Neurology, Neurological Institute, Graduate School of Medical Sciences,
Kyushu University, 3-1-1 Maidashi, Higashi-ku, Fukuoka 812-8582, Japan

Abstract Objective The mediodorsal thalamic nucleus (MD) has strong connectivity to the limbic
systems and frontal lobe. The aim of this study was to determine whether the mediodorsal thalamic
nucleus influences seizure induction by electrical stimulation in the rat frontal cortex.

Materials and Methods Juvenile male rats (n = 7) were used in the experiment. At postnatal day
28 (P28), stainless steel skull screws were inserted for stimulating cortices. Depth-stimulating
electrodes were stereotaxically inserted into the MD of the bilateral thalamus. Electrical stimulation,
which produces afterdischarges, was applied to the frontal cortices once/day for four consecutive days
from postnatal day 38. Additional conditioning electrical stimulation to the bilateral MD was fixed at
0.1 mA, and the stimulus frequency was increased from 0 Hz, 1 Hz, and 5 Hz to 10 Hz. All seven rats
were stimulated with those frequencies by rotation every other day. The data of animals with OHz
MD stimulation were defined as controls. Afterdischarge thresholds and durations were measured at
each frequency.

Results Seizures were accompanied by bilateral tonic-clonic convulsions and cortical spikes.
Seizure behaviors were not different among the groups and there were no statistically significant
differences in the cortical afterdischarge (AD) thresholds between animals with MD stimulations and
controls in all frequencies. In the cortical AD durations, there were also no statistically significant
differences between animals with MD stimulation and controls although the mean duration at 10-Hz
stimulation was less than the control animals.

Conclusion These results indicated that thalamic MD stimulation might not suppress epileptic
seizure induction. Further studies are needed to analyze other stimulus parameters, altered stimulus

locations, and different test paradigms.

Introduction

The thalamic nuclei have been shown to be
involved in seizure development and expansion in
several studies” ™%, It is well established that
thalamo-—cortical systems participate in the gen-
eration of pathological discharges, such as 3-Hz
spike and wave complexes in absence epilepsy.
MRI and PET studies recently demonstrated
hemodynamic changes within thalamic nuclei
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~10), suggesting

associated with ictal activity7)
that this area could be an important structure for
propagating epileptic discharges and inducing
status epilepticus.

Intractable epilepsy is not easily controlled with
antiepileptic drugs and is not considered appropri-
ate for resective surgery. Electrical stimulation
of deep brain structures (deep brain stimulation;
DBS) for epilepsy treatment represents an

alternative approachm ~16),

More specifically,
electrical stimulation of thalamic nuclei for
treating intractable epilepsy has been shown to be
a minimally invasive therapeutic tool compared to
classic resective surgery. The thalamic anterior

nucleus and reticular nucleus have, therefore,
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received increased attention as novel targets for
DBS 12) ~16>.

The mediodorsal nucleus (MD) is part of the
medial nuclear group. Afferent and efferent
projections to the MD are quite complex. For
example, the amygdala, prepiriform cortex, and
entorhinal cortex project to the MD. Other
GABAergic projections, such as the ventral
pallidum, globus pallidus, and pars reticulata, also
project to the MD. Connections to the prefrontal
cortex, e.g., orbital region, dorsolateral region, and
frontal ocular area, are the main source of efferent
MD projections. However, studies in macaques
have demonstrated that the MD projects to other
regions, such as the cingular, insular, parietal,
motor

premotor, and supplementary

10=2) " Therefore, MD may be responsi-

cortices
ble for seizure development and expansion,
similar to the anterior and reticular nuclei. It
remains unknown whether MD is involved in the
generalization of cortical seizures or whether it
exhibits anticonvulsant effects. The present
study examined the influence of MD stimulation
on seizure induction elicited by cortical electrical

stimulation in rats.
Materials and Methods

Placement of stimulation electrodes

All procedures were performed in accordance
with Kyushu University's Animal Use Guidelines.
Experimental procedures were designed to mini-
mize the number of animals used and to minimize
animal suffering. Only male, Sprague Dawley
rats (Charles River Laboratories, Quebec, Canada,
n =7) were used in the experiment. At postnatal
day 28 (P28), the rats were fixed to a stereotaxic
frame, and the head skin was cut to expose the
cranium, following general anesthesia with pento-
barbiturate (50 mg/kg, intraperitoneal injection).
Stainless steel skull screws (length 3 mm,
diameter 1.4 mm) were inserted after burr—holes
had been drilled at three cranium points : the right
fronto-medial point (2 mm anterior to the bregma
and 2 mm lateral from the midline), the right

fronto-lateral point (2 mm anterior to the bregma
and 4 mm lateral from the midline), and the left
fronto-lateral point (2 mm anterior to the bregma
and 4 mm lateral from the midline). The former
two electrodes were used as stimulating-record-
ing electrodes, and the latter one was used as a
recording electrode only. Depth-stimulating
electrodes, made from twisted nichrome wires
(diameter 0.02 mm), were stereotaxically inserted
into the MD of the bilateral thalamus (2.8 mm
posterior from the bregma, 0.5 mm lateral to the
midline, and 5 mm deep from the cortical surface).
A reference screw electrode was placed on the
frontal bone. The operation protocol was identic-
al for all animals. Each animal was named in
alphabetical order (from A to G).

Electrical stimulation

Ten days after surgery (P38), an electrical
stimulation test was performed. Animals were
electrically stimulated at the cortical surface, with
or without MD conditioning stimulation. All
electrodes were connected to an 8-channel
standard amplifier (MEG-6168, Nihon Kohden,
Japan). Electroencephalograms (EEG), which
were recorded by screw electrodes, were analy-
zed and stored using personal computer-based
commercial hardware and software (PowerLab/
8sp, ADInstruments, Australia ; NB75H, Fujitsu,
Japan, respectively). A b5-second train of a
biphasic square wave with a 0.3-ms pulse width
was administered using an electrical stimulator
and isolator (PG4000A and SIU90, Cygnus Tech-
nology, USA), between the right fronto-medial
and right fronto-lateral points (cortical stimula-
tion). The stimulation frequency was 50 Hz.
The electrical current was increased by a
0.2-mA step each minute, starting at 0.2 mA
until the appearance of afterdischarges (ADs) in
the left frontal cortex. AD was defined as a
minimum of three seconds high-voltage dis-
charges on the EEG. The minimum intensity to
induce AD was defined as the threshold. Con-
ditioning stimulation to the bilateral MD (MD
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stimulation) was 0.1 mA, with a 0.3-ms pulse
width, and the stimulation frequency was 0 Hz, 1
Hz, and 5 Hz to 10 Hz. All seven rats were
stimulated with those frequencies by rotation
every other day. The data of animals with 0 Hz
MD stimulation were defined as controls. Test-
ing was performed once per day for four
consecutive days. A twenty-four hour rest is
enough to avoid the aftereffect of seizure at the
previous stimulation because the EEG monitor of
animals after twenty—four hour from the previous
stimulation showed no epileptic activities.

AD measurement

Thresholds and durations were measured in all
animals when clear ADs were elicited. AD
duration was defined as the time length from the
end of stimulation to the end of cortical spikes.

Analysis of seizure behavior

Seizure behavior was monitored using a digital
video camera (DCR-TRV9 NTSC, Sony, Japan).
Behavior from the end of each electrical stimula-
tion period was used for analysis.

Tissue processing and histological examina-
tion

After the series of electrical stimulations (P41),
all rats were sacrificed with a lethal overdose of
pentobarbiturate (100 mg/kg). Animals were
transcardially perfused with isotonic saline, fol-
lowed by 4% paraformaldehyde/phosphate-buff-
ered saline (PBS) (pH 7.0, room temperature).
Brains were immediately removed, post—fixed in
the same fixative for 24 hours, and then processed
into paraffin—embedded blocks. Tissues were
cut into 4-um thick coronal sections. Sections
were stained using the hematoxylin and eosin
(HE) method.

Statistical analysis

AD thresholds and durations were analyzed
using student's —test to compare between data of
animals with MD conditioning and those of

animals without it.
Results

Microscopic findings

Microscopic observation of brains revealed a
long scar made by the depth-stimulating elec-
trodes. Analysis confirmed that the electrodes
penetrated the cortex, as well as the hippocampal
CAI and dentate gyrus, and reached the MD in all
animals (Fig. 1a, b).

Cortical AD thresholds

The mean threshold in the animals with OHz
MD stimulation (controls) was 2.7 = 0.4 mA,
whereas animals with 1-Hz MD stimulation
displayed 2.7 £ 0.4 mA, 5-Hz MD stimulation
displayed 2.8 = 0.3 mA, and 10-Hz MD
stimulation displayed 2.9 = 0.5 mA (mean *
standard deviation ; SD, see Fig. 2a). There was
no statistically significant difference between
animals with MD stimulations and controls (1-Hz
MD stimulation versus control, p = 0.9 ; 5-Hz MD
stimulation versus control, p = 0.58 ; 10-Hz MD
stimulation versus control, p = 0.58 ; Table).

Cortical AD durations

During early stages of stimulation, EEG find-
ings consisted of bilateral cortical spikes and
waves (Fig. 3). In the animals with OHz MD
stimulation (controls), the mean duration was 10.4
+ 5.0 seconds, whereas in the animals with 1-Hz
MD stimulation, the mean duration was 9.8 = 2.4
seconds. In the animals with 5-Hz MD stimula-
tion, mean duration was 10.1 = 1.5 seconds, and
in the animals with 10-Hz MD stimulation, mean
duration was 7.6 = 2.5 seconds (mean * SD, see
Fig. 2b). Although the mean duration at 10-Hz
stimulation was less than the control (non-stimu-
lated) animals, there was no statistically signifi-
cant difference between animals with MD sti-
mulation and controls (1 Hz MD stimulation
versus control, p = 0.78 ; 5-Hz MD stimulation
versus control, p = 0.89 ; 10-Hz MD stimulation
versus control, p = 0.2 ; Table).
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Fig. 1 (a) Microscopic findings in a coronal section of a brain of rat A stained using the hematoxylin and

eosin (HE) method. An arrow indicates a stimulating electrode tip location in the right MD. (b)
Schematic illustration of the stimulating electrode tip locations in all rats (filled color circles), as
determined by histological analysis. Capital letters mean alphabetical order of each rat. Note that the
stimulating electrodes are located within the MD in all animals. Cortex, cerebral cortex ; Hipp,
hippocampus ; MD, mediodorsal nucleus ; St, striatum ; Th, thalamus. Scale bar : 300 um.
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Fig. 2 The raw data of thresholds and durations of animals. (a) Thresholds of each MD condition (0, 1, 5

and 10 Hz) are not changed in all animals.

(b) Although two animals (D and G) show shorter

durations depending on MD stimulations, other data of animals do not reveal any effect of MD

conditioning.

Seizure behaviors

Seizures were accompanied by bilateral
tonic-clonic convulsions and cortical spikes.
During the postictal stage, animals exhibited
confusion (walking around or climbing up the cage
wall) for a prolonged period, without cortical
spikes. Seizure behaviors were not different
among the groups.

Discussion

To our knowledge, this is the first report of

electrical cortical stimulation using repetitive MD
stimulation in a rat model. The present study
demonstrated no statistically significant differ-
ence between animals with MD stimulation and
without it, with regard to AD thresholds and
durations, although mean duration at 10-Hz MD
stimulation tended to be shorter than the controls.
These results indicated that thalamic MD stimula-
tion might not be effective against cortical
electrical stimulation-induced seizures.

Although there was no difference in cortical
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Table Threshold and duration of cortical ADs with and without additional MD stimulation (n=7)

MD stimulation + MD stimulation -

1 Hz 5 Hz 10 Hz (Control)
Threshold Duration Threshold Duration Threshold Duration Threshold Duration
(mA) (sec) (mA) (sec) (mA) (sec) (mA) (sec)
2.7+0.4 9.8+2.4 2.8=+0.3 10.1 £1.5 2.9=*0.5 7.6 2.5 2.7+0.4 10.4 £5.0

Mean thresholds and durations in the animals with and without MD stimulation. In the animals with OHz MD stimulation
(controls), the mean threshold was 2.7 = 0.4 mA, whereas in the animals with 1-Hz MD stimulation, it was 2.7 + 04 mA, in
the animals with 5-Hz MD stimulation, it was 2.8 = 0.3 mA , and in the animals with 10-Hz MD stimulation, it was 29 + 0.5
mA (mean * standard deviation ; SD). There was no statistically significant difference between MD stimulated and control
animals (1-Hz MD stimulated animals versus control, p = 0.9; 5-Hz MD stimulated animals versus control, p = 0.58 ; 10-Hz
MD stimulated animals versus control, p =058 ; n=7).

In the animals with OHz MD stimulation (controls), the mean duration was 10.4 += 5.0 seconds. 1-Hz MD stimulation
resulted in 9.8 = 24 seconds, 5-Hz MD stimulation resulted in 10.1 £ 1.5 seconds, and 10-Hz MD stimulation resulted in 7.6
+ 2.5 seconds (mean = SD). Although mean duration at 10-Hz stimulation was shorter than in the control animals, there was
no statistically significant difference between MD stimulated and control animals (1-Hz MD stimulated animals versus
control, p = 0.78; 5-Hz MD stimulated animals versus control, p = 0.89 ; 10-Hz MD stimulated animals versus control, p = 0.2 ;

n="7).
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Fig. 3 A representative EEG recording with 10-Hz MD stimulation. The
AD form was similar to EEG results of control animals. Total
seizure time was 7.4 seconds. The arrow indicates the end point of

electrical stimulation.

seizure induction between MD stimulation models
and control animals, results stimulated the
following questions. First, do other suitable
parameters of MD stimulation exist? Previous
studies have shown that stimulus frequencies to
the anterior and reticular nuclei were between 50
and 100 Hz'? 719 The present study, however,
used 1, 5, and 10 Hz stimulations to the MD.
These frequencies were chosen to avoid inducing
seizures seizure via the MD.

Second, other than the MD, do appropriate
stimulation points or nuclei exist? Thalamic
anterior and reticular nuclei are considered to be
effective sites for suppressing intractable
epilepsy11> ~16) " On the other hand, MD has been
reported to be closely related to schizophrenic

17) ~21)

symptoms Therefore, MD stimulation

might induce psychiatric symptoms rather than

seizure suppression.

Third, was cortical stimulation suitable for test
stimulation? The present study utilized an animal
model of cerebral cortical stimulation. Previous
studies have reported thalamic electrical stimula-
tion in limbic epilepsy animal models'? 1319,
This kindling phenomenon can be easily created
utilizing electrical or pharmacological stimulation
to the limbic areas. Nevertheless, creating a
cortical kindling phenomenon in animal models is
difficult, and seizure propagation of cortical
kindling to other brain structures is quite
different®

might not be effective for suppressing epileptic

Therefore, thalamic stimulation

seizures unless its focus is the limbic structure.
References

1) McCaughran JA Jr, Corcoran ME and Wada



2)

3)

4)

5)

6)

7)

8)

9)

10)

11)

12)

Efficacy of MD stimulation in a rat model 279

JA : Role of the nonspecific thalamus in amygda-
loid kindling. Exp Neurol. 58 : 471-485, 1978.
Cain DP : Kindling in sensory systems : thala-
mus. Exp Neurol. 66 : 319-329, 1979.

Hiyoshi T and Wada JA : Midline thalamic lesion
and feline amygdaloid kindling. I. Effect of lesion
placement prior to kindling. Electroencephalogr
Clin Neurophysiol. 70 : 325-338, 1988.

Patel S, Millan MH and Meldrum BS : Decrease
In excitatory transmission within the lateral
habenula and the mediodorsal thalamus pro-
tects against limbic seizures in rats. Exp Neurol.
101 : 63-74, 1988.

Miller JW, Hall CM, Holland KD and Ferrendelli
JA : Identification of a median thalamic system
regulating seizures and arousal. Epilepsia. 30 :
493-500, 1989.

Mraovitch S and Calando Y :
between limbic, thalamo-striatal-cortical, and
central autonomic pathways during epileptic
seizure progression. J Comp Neurol. 411 :
145-161, 1999.

Fazekas F, Kapeller P, Schmidt R, Stollberger R,
Varosanec S, Offenbacher H, Fazekas G and
Lechner H : Magnetic resonance imaging and
spectroscopy findings after focal status epilepti-
cus. Epilepsia. 36 : 946-949, 1995.

Juhasz C, Nagy F, Watson C, da Silva EA, Muzik
O, Chugani DC, Shah ] and Chugani HT :
Glucose and [11C]flumazenil positron emission
tomography abnormalities of thalamic nuclei in
temporal lobe epilepsy. Neurology. 53 :
2037-2045, 1999.

Fabene PF, Marzola P, Sbarbati A and Benti-
voglio M : Magnetic resonance imaging of
changes elicited by status epilepticus in the rat
. diffusion-weighted and T2-weighted
images, regional blood volume maps, and direct
correlation with tissue and cell damage.
Neuroimage. 18 : 375-389, 2003.

Szabo K, Poepel A, Pohlmann-Eden B, Hirsch ],
Back T, Sedlaczek O, Hennerici M and Gass A :
Diffusion-weighted and perfusion MRI demons-
trates parenchymal changes in complex partial
status epilepticus. Brain. 128 : 1369-1376, 2005.
Loddenkemper T, Pan A, Neme S, Baker KB,
Rezai AR, Dinner DS, Montgomery EB Jr and
Luders HO : Deep brain stimulation in epilepsy.
J Clin Neurophysiol. 18 : 514-532, 2001.
Nanobashvili Z, Chachua T, Nanobashvili A,
Bilanishvili I, Lindvall O and Kokaia Z : Suppres-
sion of limbic motor seizures by electrical
stimulation in thalamic reticular nucleus. Exp

Interactions

brain

13)

14)

15)

16)

17)

18)

19)

20)

21)

22)

Neurol. 181 : 224-230, 2003.

Hodaie M, Wennberg RA, Dostrovsky JO and
Lozano AM : Chronic anterior thalamus stimula-
tion for intractable epilepsy. Epilepsia. 43 :
603-608, 2002.

Hamani C, Ewerton FI, Bonilha SM, Ballester G,
Mello LE and Lozano AM : Bilateral anterior
thalamic nucleus lesions and high-frequency
stimulation are protective against pilocar-
pine-induced seizures and status epilepticus.
Neurosurgery. 54 : 191-195, 2004.

Kerrigan JF, Litt B, Fisher RS, Cranstoun S,
French JA, Blum DE, Dichter M, Shetter A,
Baltuch G, Jaggi J, Krone S, Brodie M, Rise M
and Graves N : Electrical stimulation of the
anterior nucleus of the thalamus for the
treatment of intractable epilepsy. Epilepsia. 45 :
346-354, 2004.

Takebayashi S, Hashizume K, Tanaka T and
Hodozuka A : The effect of electrical stimulation
and lesioning of the anterior thalamic nucleus on
kainic acid-induced focal cortical seizure status
in rats. Epilepsia. 48 : 348-358, 2007.

Haber S and McFarland NR : The place of the
thalamus in frontal cortical-basal ganglia cir-
cuits. Neuroscientist. 7 : 315-324, 2001.
Kreczmanski P, Heinsen H, Mantua V, Wolters-
dorf F, Masson T, Ulfig N, Schmidt-Kastner R,
Korr H, Steinbusch HW, Hof PR and Schmitz C :
Volume, neuron density and total neuron
number in five subcortical regions in schi-
zophrenia. Brain. 130 : 678-692, 2007.
Alelu-Paz R and Gimenez-Amaya JM : The
mediodorsal thalamic nucleus and schizophre-
nia. J Psychiatry Neurosci. 33 : 489-498, 2008.
Hazlett EA, Buchshaum MS, Zhang ], Newmark
RE, Glanton CF, Zelmanova Y, Haznedar MM,
Chu KW, Nenadic I, Kemether EM, Tang CY,
New AS and Siever L]. Frontal-striatal-thalam-
ic mediodorsal nucleus dysfunction in schi-
zophrenia-spectrum patients during sensorimo-
tor gating. Neuroimage. 42 : 1164-1177, 2008.
Shimizu M, Fujiwara H, Hirao K, Namiki C,
Fukuyama H, Hayashi T and Murai T : Structu-
ral abnormalities of the adhesio interthalamica
and mediodorsal nuclei of the thalamus in
schizophrenia. Schizophr Res. 101 : 331-338,
2008.

Racine R]J : Modification of seizure activity by
electrical stimulation :
troencephalogr Clin Neurophysiol. 38 : 1-12,
1975.

cortical areas. Elec-

(Received for publication August 25, 2009)



280 K. Takase et al.

(RISCHb4)
BETALPATY PETILTCOHREKEABIZR]HDORIER

FUPNREA R B A 92 B A AR e Bl 22 e e e P R
AR —RR, R T OE, Sk B 5wl RJURMREL R E —

TE SRR L SR L ICHEEE L TWa. ZOWZETIE, AiEENOBLZIME
TR S A TAPATIEICR L, BURENAEESHBSREL 5 2 5 »E 0 & et L7z
MREFE AHB2HHORIMET v b (n=7) OfE (MHEFIESE) (24 VEMZ, WETR
TPVAZ R B 2 AL, 10 HERE R4 38 HHEAS 1 H 1 [RIF7HESEEO BRI B LM
ATV, EHITONAFIER M &7, WIS 24 5mE (MHEEORMEDL S DO TADANE
WE) ST LE T, BACEASY, BIESHBE L RS THMER T L. 2 —ED
FFEE (0.1mA) THIRETHNHEESNE% 0 Hz, 1 Hz, 5 Hz, 10Hz ORFHEKETET v M
RIBEZERIL & AR I 1 HB & IATo 72, ENZENOBETHILE OIS & Frfek i 2 50 L i L
7z,

BRE DUV NAREMAFEEORE & Z o) EmEMAET WA TH - 72 BIE
OMMBEIIZ A CHERZZ RO Lo 7z, FefhsfIcBI L Tid 10Hz i Ta >~ b u— Ui X
DVEREEP -2 00, &k L TEEEZRO LR, 72.

& AURENHIEOESRIMIE, SHo X9 2EHERIM T TAPARIEL IS 2 2 & 138
LwiBbhs, SHRERIMOIRPHEEZZLETLLEDNH L.





