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Convulsive seizures induced by N-methyl-D-aspartate microinjection

into the mesencephalic reticular formation in rats

Abstract

Effects of microinjections of a single 2 or 10 nmol dose of
N-methyl-D-aspartate (NMDA) into the unilateral mesencephalic reticular
formation (MRF) on behavior and electroencephalogram were examined
in rats (n=18) during a 15 min period (Exp. 1), and subsequent effects of
sound stimulation with key jingling applied at 15, 30, and 45 min after the
injections were observed (Exp. 2). The microinjections of 2 nmol dose
of NMDA (n=10) induced hyperactivity (9 of 10 rats) and running/circling
(8 of 10 rats) in Exp. 1, and hyperactivity (3 of 10 rats) in Exp. 2.
Moreover, the microinjections of 10 nmol dose of NMDA (n=8) induced
not only hyperactivity (8 of 8 rats) and running/circling (7 of 8 rats) but
also generalized tonic-clonic seizures (GTCS) (5 of 8 rats) in Exp. 1; these
seizure patterns were also elicited by sound stimulation in Exp. 2. The

seizure patterns were accompanied by electroencephalographic seizure



discharges in the MRF and the motor cortex. In contrast, the control
group rats (n=10) which received a single dose of saline microinjection
into the unilateral MRF showed no behavioral or electroencephalographic
changes in both Exp. 1 and 2. These findings suggest that the MRF has
an important role in the development of GTCS, which follows
hyperactivity and running/circling, and that potentiation of excitatory
neurotransmission in the MRF participates in the development of

audiogenic seizures aswell as GTCS.
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1. Introduction

Previous experimental studies suggest that the brainstem reticular
formation, particularly the MRF, is involved in the generation of primary
generalized seizures 26,40 or in the secondary generalization of partial
seizures originating from the forebrain 9,10,11,12,13 . Electrical
stimulation of the unilateral MRF induces generalized convulsions in rats

6 rabbits 4 ,andcats 27 . The MRF can be kindled with the
development of generalized convulsions in ratls 10 .  Local
administration of bicuculline, a y -aminobutyric acid (GABA) antagonist,
to the unilateral MRF 9  induced generalized tonic seizures in rats.
Moreover, propagation of seizure discharges from the inferior colliculus to
the brainstem reticular formation (RF) is considered to be important for
the development of audiogenic seizures in genetically epilepsy-prone rats
(GEPR) 5,21

It has been suggested that an imbalance between inhibitory and

excitatory neurotransmission participate in the generation and expression



of human 16,17 and animal epileptic seizures 2,30,34,36 . W.ith
respect to inhibitory neurotransmission, repeated administration of a
GABA receptor antagonist, picrotoxin 7 or bicuculline 45 |, to the
unilateral amygdala induces the development of amygdala seizure in rats.
Systemic administration of a GABA receptor agonist, muscimol , strongly
suppresses amygdaloid kindled seizuresin rats 35,36 . Incontrast, in
excitatory neurotransmission, systemic administration of excitatory amino
acidssuchasNMDA 33 or kainicacid 43 , or focal microinjection of
NMDA into the unilateral amygdala 14, 15 or the massaintermedia 24,
25 , produces generalized convulsive seizures.  In the hippocampus and
amygdala of the hippocampal kindled brain, increased release of
glutamic acid during both ictal and interictal periods has been
demonstrated in rats 44 . Furthermore, dizocilpine (MK-801) 42
and 3-(2-carboxypiperazine-4-yl) propyl-1-phosphonic acid (CPP) 38
which is a NMDA receptor antagonist, have potent inhibitory effects on
the development of amygdala kindling or kindled amygdala seizures in

rats.  Therefore, potentiation of excitatory neurotransmission by



excitatory amino acids seems to play a crucial role in the development of
several experimental models of epilepsy.

To further clarify the role of MRF in the expression of epileptic seizures,
we microinjected NMDA into the unilateral MRF in rats and observed the
behavioral and EEG changes for 15 min (Exp. 1). Subsequently, we
examined the effects of sound stimulation applied at 15, 30 and 45 min

after NMDA microinjections on the rat behaviors and EEGs (Exp. 2) .

2. Materials and Methods

Experiment 1 : NMDA injection
Thirty male adult Sprague-Dawley rats (2-3 months of age, weighing
250-400 g) were used  The rats were randomly allocated to Group A
(n=10), B (n=10), or C (n=10). Under pentobarbital anesthesia,
chemitrodes, i.e.,, 24G guide cannulas with bipolar electrodes made of
twisted stainless steel wire (200 p m in diameter), were implanted

stereotaxically 39 intotheleft MRF (the deep mesencephalic nucleus;;



5.8 mm posterior , 1.7 mm lateral from bregma, and 6.6 mm ventral from
the skull). The tip of bipolar electrodes extended 1.0 mm beyond the
ends of the guide cannulas. Two surface electrodes (stainless steel
screws) were driven into the skull : one for recording from the unilateral
sensorimotor cortex, and the other, over the unilateral olfactory bulb, as
the reference electrode

Seven days after operation a single 10 nmol and 2 nmol dose of
NMDA (Sigma StLouis MO USA) was administered into the MRF in
Groups A and B, respectively The dose of NMDA was dissolved in
saline and delivered in avolume of 1.0 p L at arate of 1.0y L/min by a
microsyringe pump (Eicom corp. , Kyoto, Japan, EP-60) The
microinjections were performed with 30G needles extending 1.0 mm
beyond the ends of the guide cannulas The Group C rats received a
saline injection (1.0 p L) into the MRF in a manner identical to that
carried out in Groups A and B Behavioral and EEG changes were
recorded for 15 min after the end of the NMDA microinjections in Exp. 1.

Experiment 2 : sound stimulation



Immediately after Exp. 1, we applied sound stimulation (for 60 sec) to
the rats of Groups A, B, and C at 15, 30 and 45 min from the end of
microinjections of NMDA or saline. The sound stimulation was
provided by a short manual shake of a bunch of keys ( 6 metal door keys
on a metal key-ring) held at 50 cm above the floor of an open-topped
observation box (35 cm x 35 cm x 35 cm) ; the frequency and
intensity of the sound was measured by sound level meters (Leader
electronics corp., Yokohama, Japan, NL-05A) .

On completion of Exp. 2, the animals were deeply anesthetized and
their brain were subjected to perfusion fixation with 10 % formalin, and
then cut into frozen sections 10 u m thick to histologically confirm the
position of the depth electrode. Statistical comparisons were made using

Fisher’s exact test.

3. Results

Histological examination revealed that the M RF electrodes were |located
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in the intended area (within 0.5 mm of the target site) in all the rats except
for those in 2 of the Group A rats (Fig.1) ; results from these two rats were
therefore excluded from data analysis. One of them, with MRF electrode
located far dorsally, showed only mild hyperactivity and running/circling
behavior while the other, with MRF electrode located ventrolaterally,
showed mild hyperactivity without seizure discharges.

The peak frequency of sound stimulation was around 480 Hz , with a
wide range of 300-2000 Hz. The intensity of the sound source ranged
from 80 to 90 dB.

Experiment 1
The microinjections of 10 nmol dose of NMDA induced convulsive
patterns in the following order : (1) hyperactivity (a state in which arat is
frequently moving or restlessly walking around in the observation box),
(2) running/circling, and (3) GTCS. The microinjections of 2 nmol dose
of NMDA induced only hyperactivity, and running/circling. Asshownin
Figs. 2 and 3, these seizure patterns were accompanied by

electroencephalographic seizure discharges in the MRF and the motor
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cortex. The Group C rats did not show any behavioral or
electroencephalographic changes during the 15 min after the end of the
saline injection. The incidence of the seizure patterns observed in each
group is shown in Table 1. The incidences of hyperactivity and
running/circling were significantly higher in Groups A and B than in
Group C. The incidence of GTCS was significantly higher in Group A
than in Groups B and C.
Experiment 2

Although NMDA-induced seizure patterns were not observed during
the period from 15 to 45 min after the end of NMDA injections, sound
stimulation applied at 15, 30 and 45 min after NMDA injections could
induce hyperactivity, running/circling, and GTCS. These seizure patterns
and their EEG findings observed in Exp. 2 were aimost identical to those
observed in Exp. 1 (Fig. 4). In contrast, no behavioral or EEG changes
were elicited by sound stimulation in Group C in either Exp. 1 or 2.
The incidences of the seizure patterns in Groups A, B, and C are

summarized in Table 2. The incidence of each seizure pattern was
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significantly higher in Group A than in Groups B and C. However, there
was no significant difference in the incidence of each seizure between

Groups B and C.

4 . Discussion

Previous experimental studies have suggested that generalized
convulsions may have a MRF origin 4,6,9,10,27 . Electrical stimulation
applied to the MRF triggers self-sustaining generalized tonic seizures in
rats 6 , rabbits 4 ,and cats 27 . Injection of bicuculline, aselective
GABA, antagonist, into the unilateral MRF of rats results in fatal
prolonged generalized tonic seizures, with the electroencephalographic
seizure discharges predominant in the subcortical MRF or amygdala rather
than in the motor cortex 9 . In addition, repeated electrical MRF
stimulation can produce ultimately prolonged GTCS with afterdischarges
in the MRF and the motor cortex 10 . In Exp. 1, we observed that GTCS

was induced by NMDA injection into the unilateral MRF. The results
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further support the view that generalized seizures can originate from the
MRF.

In Exp. 1, the microinjection of 10 nmol dose of NMDA into the
unilateral MRF induced varied seizure patterns, i.e.,, hyperactivity,
running/circling, and GTCS, in that order. Injection of 2 nmol dose of
NMDA aso induced hyperactivity and running/circling, but did not
produce GTCS. These findings suggest that potentiation of excitatory
neurotransmission in the MRF participates in the generation of varied
convulsive seizures including GTCS, and that the severity of the seizure
symptoms depends on the level of potentiation of excitatory
neurotransmission.

InExp. 2 theresults imply that the rats that received the injections of
NMDA are susceptible to audiogenic seizures, suggesting that potentiation
of excitatory neurotransmission in the MRF has a facilitory effect on the
development of audiogenic seizures.

It is assumed that the brainstem RF participates in the development of

audiogenic seizures. In GEPR, which shows running or generalized



14

tonic seizures with sound stimulations, elevated levels of glutamate and
aspartate are observed in the inferior colliculus (IC) and the brainstem RF

8,28,41 . Bilateral microinjection into the IC or the pontine RF of
exitatory amino acid receptor antagonists blocks audiogenic seizures in
GEPR 22 . Inaddition, neuronal recordings using microwire electrodes
in the IC and the pontine RF suggest that the IC serves as the initiation site
of the audiogenic seizures, and that the influence of the IC on the pontine
RF neurons is magnified in association with the susceptibility to
audiogenic seizures, with the neuronal firing rate of the pontine RF
increased markedly at the onset of audiogenic tonic seizure 21
Therefore, it is assumed that the propagation of seizure discharges from
the IC to the brainstem RF, particutarly to the pontine RF, is crucial for the
development of audiogenic seizures, and that the brainstem RF neurons
play a mgjor role in generation of audiogenic seizures 21

In our Exp. 2, the injected site of NMDA was the MRF, but not the
pontine RF. The brainstem RF is caudally continuous with the

intermediate zone of the spinal cord, and rostrally continuous with the
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intralaminar nuclei of the thalamus and zona incerta of the ventral
thalamus, occupying the central portion of the brainstem. In addition,
complicated fiber connections are ventrically and horizontally present
among neurons in the brainstem RF 37 . Therefore, it is speculated that
within the brainstem RF epileptic discharges can easily propagate from
one structure to the others.  The fact that a GTCS induced by bucuculline
microinjections into the MRF is almost identical to one induced by the
bicuculline microinjections into the pontine RF 9 is not inconsistent with
this possibility.

In order to induce audiogenic seizures, an electric bell

5,18,19,20,21,22,31  or key jingling  1,23,29,32 have commonly
been used as sound sources. Interestingly, in our preliminary study, key
jingling induced the seizures more effectively than the electric bell. The
reason for this remains to be clarified, but it is probably due to the
difference in the peak of frequency between the electric bell and key
jingling ; sound stimulation by the former bell has peaks at 1,000 and

1,600 Hz, while that by key jingling has a peak at around 480 Hz, with a
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range from 300 to 2,500 Hz.

A recent experimental study using brain chimera technology on
12-somite stage chick embryos with hereditary reflex epilepsy (in
response to either light or sound stimulations), demonstrated that the
mesencephalon contains the generator of the epileptic manifestations of
running and generalized convulsions 3 ; the study suggested that the
brainstem is important as a possible focus of epileptic seizures. Our
present study revealed that NMDA microinjection into the rat MRF
induces varied seizure patterns, including GTCS, and also results in
increased seizure susceptibility to sound stimulation. Our findings
provide an insight into the mechanism of epileptic seizures arising from
the brainstem, suggesting that the potentiation of excitatory
neurotransmission in the MRF may play a facilitory effect on the

generation of epileptic seizures.
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Figure Legends

Fig.1. Distribution of MRF electrodes placement in Groups A, B and C.
The triangles indicate the sites out of the intended area. Stereotaxic
coordinates in mm from Paxinos and Watson 39 for the deep
mesencephalic nucleus ; 5.8 mm posterior , 1.7 mm lateral from bregma,

6.6 mm from the skull.

Fig. 2. EEGs of hyperactivity and running circling patterns in a Group
A rat. From 62 sec after the NMDA injection, the rat displayed jumping ,
hyperactivity, and running circling. NMDA, N-methyl-D-aspartate ;
LMCO, left motor cortex ; LMREF, left mesencephalic reticular formation ;

REF, reference electrode.
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Fig. 3. EEGs of GTCS in a Group A rat. In the rat, GTCS appeared
initially at 10 min 20 sec after NMDA microinjection. GTCS,
generalized tonic-clonic seizures ; NMDA, N-methyl-D-aspartate ; LMCO,
left motor cortex ; LMRF, left mesencephalic reticular formation ; REF,

reference electrode.

Fig. 4. EEGs of GTCS €licited by sound stimulation at 15 min after
NMDA injection. Sound stimulation applied at 15, 30 and 45 min after
NMDA injections could induce hyperactivity, running/circling, and GTCS.
These seizure patterns and their EEG findings observed in Exp. 2 were
amost identical to those observed in Exp. 1. GTCS, generalized
tonic-clonic seizures ; NMDA, N-methyl-D-aspartate ; LMCO, left motor
cortex ; LMRF, left mesencephalic reticular formation ; Ref, reference

electrode ; SS, sound stimulation.
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Tables

Table 1. The incidence of the seizure patterns induced by NMDA
injections in each Group (Exp.1). Seizures were classified into 3 patterns:
hyperactivity, running/circling and GTCS (generalized tonic-clonic
seizures), and the incidence was analyzed using Fisher's exact probability
test among Groups A, Band C. NMDA, N-methyl-D-aspartate ; GTCS,

generalized tonic-clonic seizures. *P<0.05, **P<0.01 by Fisher’s exact

test.
hyperactivity running/circling GTCS
Group A 8 8 —** 8 8 —* 5 8 —*—F
10 nmol, n=8
Group B 9 103+ 8 10—+ 0 10 —
2 nmol, n=10
Group C 0 10— — 0 10— — 0 10 —

(saline, n=10)
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Table 2. The incidence of the seizure patterns induced by sound
stimulation in each Group (Exp.2). Sound stimulation induced seizures
were classified into 3 patterns: hyperactivity, running/circling, and GTCS.
For each figure, the numerator indicates the total number of rats which
showed the seizure pattern induced by sound stimulation applied at either
15, 30, or 45 min after the end of NMDA injections. The incidence was
analyzed using Fisher's exact probability test among the three groups.
GTCS, generalized tonic-clonic seizures ; NMDA,

N-methyl-D-aspartate.* P<0.05, **P<0.01 by Fisher’s exact test.

hyperactivity  running/circling GTCS
Group A 8 8 — 7 8 — — 5 8 — —
10 nmol, n=8 *k | Kk *k | Khx * |*
Group B 3 10— 0 10— 0 10 —
2 nmol, n=10
Group C 0 10 — 0 10 — 0 10 —

(saline, n=10)




[.
InG R i T
W e ",
" S 'l,,l

InWh

0 1 . 3 4

Bregma — 5.80 mm



Fig. 2 NMDA microinjection
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Fig. 3 NMDA microinjection
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Fig. 4 NMDA microinjection
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