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Induction of c-fos mRNA by Kindled Seizures: Complex Relationship

with Neuronal Burst Firing
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Expression of the immediate-early gene c-fos has been ad-
vanced as a marker of neuronal activity in the adult nervous
system. We sought to test the validity of c-fos mRNA ex-
pression as a marker of neuronal activity during seizures
and to elucidate specific neurotransmitter receptors whose
activation was necessary for seizure-evoked c-fos mRNA
expression. We correlated c-fos mRNA expression, mea-
sured with in situ hybridization, with kindled seizure-induced
firing of hippocampal dentate granule cells or substantia
nigra pars compacta and pars reticulata neurons. We found
that the occurrence of seizure-evoked synchronous action
potentials during the seizure exhibited a perfect qualitative
correlation with the presence of c-fos mRNA expression in
the granule cells 30 min following the seizure (Fisher’s exact
test, p = 0.002). However, there was no quantitative corre-
lation between the number of seizure-induced population
action potentials and the magnitude of c-fos mRNA expres-
sion in the granule cells. In the substantia nigra, where neu-
ronal populations have previously been demonstrated to ex-
hibit synchronous firing during kindled seizures, no induction
of c-fos mMRNA was detected in either pars compacta or pars
reticuiata. Pretreatment with antagonists of the NMDA sub-
type of glutamate receptor selectively and markedly de-
creased seizure-induced c-fos mRNA expression in the den-
tate granule cells, despite increasing the number of granule
cell population action potentials.

These findings illustrate the complexity of the relationship
between ¢-fos induction and neuronal burst firing during kin-
dled seizures. We caution that c-fos mRNA expression is
not a simple marker of neuronal activity. We suggest that
seizure-induction of c-fos mRNA expression may correlate
better with sustained neuronal depolarization and subse-
quentrise of intracellular calcium evoked by multiple factors,
one of which is NMDA receptor activation.
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c-fos, an immediate-early gene, undergoes dramatic and tran-
sient expression in response to a diversity of stimuli in vitro
(Curran and Morgan, 1987; Morgan and Curran, 1989). The
striking activation of c-fos expression in neurons by depolar-
ization in vitro (Morgan and Curran, 1986) and by seizures in
vivo (Morgan et al., 1987) led to its proposed use as a marker
of neuronal activity in the mammalian nervous system (Sagar
et al., 1988).

Seizures are characterized by a specific pattern of neuronal
activity, namely, the synchronous firing, or burst firing, of pop-
ulations of neurons in discrete pathways of the nervous system.
The availability of a sensitive and reliable histochemical marker
of this pattern of neuronal activity with cellular resolution would
permit elucidating the networks activated during a seizure, and
in turn facilitate pharmacologic and surgical efforts aimed at
controlling medically refractory seizures.

Despite its attractiveness, the validity of ¢-fos expression as
a marker of neuronal activity during a seizure has not been
directly tested. The goals of this work were twofold: (1) to test
the validity of c-fos mRNA expression as a marker of seizure-
induced neuronal activity by correlating the activity of distinct
populations of neurons during a seizure with c-fos mRNA ex-
pression induced in these neurons by a seizure, and (2) to elu-
cidate specific neurotransmitter receptors whose activation is
required for seizure induction of c-fos mRNA expression in
these neurons.

We examined the seizure-evoked neuronal activity of the hip-
pocampal dentate granule cells with field potential recordings
in vivo, and we measured c-fos mRNA expression with in situ
hybridization. The dentate granule cells were chosen because of
the robust effect of seizures on c-fos expression in this group of
neurons (Morgan et al., 1987) and because the population field
potentials generated by the dentate granule cells have been ex-
tensively characterized electrophysiologically (Andersen et al.,
1971; Lomo, 1971). We also examined c-fos mRNA expression
in the substantia nigra, a nucleus in which burst-firing neuronal
activity during kindled seizures has been previously character-
ized with single- and multiple-unit activity (Bonhaus et al., 1986,
1991).

Materials and Methods

Preparation and kindling of animals for correlation of dentate
field potentials and c-fos expression

Adult male Sprague-Dawley rats (Charles River, Wilmington, DE)
weighing at least 250 gm underwent stereotaxic implantation of a bipolar
stimulating/recording electrode in the right amygdala under pentobar-



bital anesthesia using the following coordinates with instrument zero
as reference: AP +3.0 mm, ML 4.8 mm, DV 2.3 mm below dura. A
concentric bipolar electrode used for recording electroencephalographic
activity (EEG) and dentate field potentials was placed in the dentate
hilus of the left dorsal hippocampus. Characteristic extracellular field
potentials of dentate granule cells following stimulation of the left an-
gular bundle were used to optimize electrode placements as described
previously (Shin et al., 1987). Following a postoperative recovery period
of at least 7 d, stimulus trains (500 uA, 1 msec biphasic rectangular
pulses, 60 Hz, 1 sec duration) were administered once daily, 5 d per
week, through the amygdala electrode until two class 5 seizures were
evoked. Following a 1 week seizure-free period, single shocks were
administered through the stimulating electrode in the left angular bundle
to verify that the recordings of the left dentate exhibited the pattern
typical of the field EPSP and population action potentials of the dentate
granule cells (Shin et al., 1987). Thereupon, a stimulus train was ad-
ministered through the amygdala electrode and a class 5 kindled seizure
was evoked; dentate field potentials were recorded during the seizure.
Each animal was killed 30 min following the seizure and brain sections
were prepared for in situ hybridization as described below.

During the kindled seizure, electrographic seizure [afterdischarge (AD)]

was recorded from the bipolar electrode in the right amygdala and from:

the concentric bipolar electrode in the contralateral (left) dentate hilus;
field potentials were also recorded in the left dentate. These events were
recorded on a Vetter-modified Panasonic video cassette recorder (model
420B). The analog recording was digitized and analyzed by Computer-
scope (R.C. Electronics, Santa Barbara, CA). The recordings were an-
alyzed by counting the number of population action potentials (““pop-
ulation spikes™) and by measuring the amplitude of the largest population
spike during the seizure. The presence or absence of population action
potentials was ascertained without prior knowledge of c-fos expression.

Preparation and kindling of animals for analysis of drug
effects on seizure-evoked c-fos expression

To simplify investigation of drug on seizure-induced c-fos mRNA ex-
pression, kindled seizures evoked by hippocampal stimulation were
studied because these are associated with a massive, bilateral induction
of ¢-fos mRNA expression in the hippocampal dentate granule cells in
every animal. To prepare these animals, a stainless steel bipolar stim-
ulating/recording electrode was implanted in the right dorsal hippocam-
pus under pentobarbital anesthesia (50 mg/kg, 1.p.); the stereotaxic co-
ordinates, using bregma as a reference, were AP —3.2, ML +2.1, and
DV —3.1 from dura (nose bar at 0). An additional electrode was secured
to skull screws for use as a reference in EEG recordings. After a post-
operative recovery of at least 1 week, animals were stimulated twice
daily (1 sec trains of 1 msec biphasic rectangular pulses delivered at a
frequency of 60 Hz) with a current intensity sufficient to evoke an AD.
Stimulations were administered until the animals exhibited at least six
class 4 or 5 seizures (Racine, 1972), the lasi three being consecutive.
The generalized seizure threshold was subsequently determined by once-
daily stimulations as previously described (McNamara et al., 1984),
except that the current intensities used were 30 A above and below
the threshold. After a stimulation-free interval of at least 1 week, animals
were used in one of the experimental protocols described below.

Kindled animals received an intraperitoneal injection of either vehicle
or drug prior to a stimulus-evoked seizure. The stimulations were 30
uA above the generalized seizure threshold and 2 sec in duration. An-
imals were killed by decapitation 30 min after the evoked seizure; the
brains were rapidly dissected and frozen in 2-methylbutane in a dry
ice/methanol bath.

Determination of drug effects on kindled seizure-evoked
granule cell population action potentials

To characterize drug effects on the electrophysiologic events in the right
dentate gyrus during seizures evoked by left hippocampal stimulation,
additional animals were prepared as follows. A bipolar electrode to be
used for kindling stimulations was implanted in the left hippocampus
using stereotaxic guidance as above. In addition, a concentric bipolar
electrode used for recording EEG and dentate granule cell field potentials
was placed in the dentate hilus of the right dorsal hippocampus using
electrophysiologic guidance with stimulation of the right angular bundle
as described previously (Shin et al., 1987). These animals received kin-
dling stimulations and their seizure thresholds were determined as de-
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scribed for the experiments examining drug effects. In order for each
animal to serve as its own control, seizures were evoked after treatment
with either vehicle (H,0, 1.0 ml/kg) or MK-801 (1.0 mg/kg). Two of
the animals initially received vehicle, and the other two initially received
MK-801. After receiving the initial treatment and a seizure, the gen-
eralized seizure threshold was determined again. Following a 1 week
stimulation-free period, the second treatment was administered. Prior
to each seizure the field potential response in the right dentate evoked
by right angular bundle stimulation (0.1 Hz) was recorded as previously
described (Shin et al., 1987). EEG and dentate field potentials were
recorded and analyzed without knowledge of drug treatments; the meth-
ods were as described in the experiments correlating seizure-induced
c-fos expression with granule cell activity.

¢-fos in situ Aybridization

Oligonucleotide probes. The oligonucleotide sequence comprised 50 bas-
es, 50% of which were deoxyguanosine and deoxycytidine. The sequence
utilized, nucleotides 270-319 of rat c-fos (Curran et al., 1987), was not
significantly homologous to other sequences cataloged in the rodent gene
bank library accessed through the Baylor College of Medicine Molecular
Biology Information Resource. Radiolabeled oligonucleotide probes were
prepared with a 3'-terminal transferase reaction and **P-dATP (6000
Ci/mmol; Du Pont-New England Nuclear, Wilmington, DE) to yield a
specific activity of 1.6-6.0 x 10° dpm/ug (14 mol of *?P-dATP per
mole of oligonucleotide). The c¢-fos oligonucleotide sequence was vali-
dated by demonstrating that it hybridized to a single 2.2 kilobase band
in a Northern blot containing RNA extracted from rat hippocampus
following an AD evoked by angular bundle stimulation; a nick-trans-
lated rat c-fos cDNA probe hybridized to the same band.

In situ Aybridization. In situ hybridization was performed with 10-
um-thick frozen sections that were thaw-mounted on autoclaved gelatin-
coated slides. The slide-mounted sections were fixed for 30 min at room
temperature in phosphate-buffered saline (PBS; 10 mm NaCl, 1.6 mm
NaH,PO,, 8.4 mMm Na,HPO,, pH 7.0) containing 4% paraformaldehyde,
followed by graded ethanol dehydration (70% for 5 min, 95% for 5 min,
100% for 5 min). The sections were prehybridized for 4 hr at 37°C in
a solution containing 50% formamide (Bethesda Research Labs, Gaith-
ersburg, MD), 2x NTE (300 mm NaCl, 10 mm Tris, 1 mm EDTA, pH
8.0), 1 x Denhardt’s solution, 500 ug/ml yeast tRNA (Sigma), 500 ug/
ml salmon sperm DNA (Sigma), and 0.05% sodium pyrophosphate.
The sections were hybridized for 16 hr at 37°C in a similar solution
with the following alterations: 100 ug/ml tRNA, 100 ug/ml DNA, and
75,000 cpm/ul of *?P-labeled oligonucleotide probe. Nonspecific hy-
bridization of the radiolabeled probe to sections was determined by
including a 10x concentration of unlabeled probe in the prehybridi-
zation solution and a 100 x concentration in the hybridization solution.
Equivalent amounts of nonspecific hybridization were obtained with a
100 x concentration of unlabeled probe in the prehybridization solution
and only labeled probe in the hybridization solution. Following hy-
bridization, sections were washed in 1x NTE, 0.05% sodium pyro-
phosphate solution for 20 min at room temperature followed by 3 hr
in a solution containing 10 mm Tris, 75 mMm NaCl, and 0.05% pyro-
phosphate at 37°C. The sections were then dehydrated with ethanol
solutions (5 min each in 50% cthanol containing 300 mm ammonium
acetate, 70% ethanol, and 95% ethanol, and 10 min in 100% ethanol).
After air drying, the slides were mounted in x-ray cassettes with inten-
sifying screens and exposed to Beta-max hyperfilm (Amersham, Ar-
lington Heights, IL) for 72 hr at —70°C. The film was developed in
D-19 (Kodak, Rochester, NY) for 5 min at 18°C, washed briefly in 1%
acetic acid, and fixed with Kodak Rapid Fixer for 5 min at 18°C.

These hybridization experiments were performed two additional times
on nearby sections from each brain region of these animals, and similar
results were consistently obtained.

Optical density measurements. Optical density (OD) determinations
were made using an Amersham RAS/R1000 Image Analysis System
(Loats Associates, Inc., Westminster, MD). Each film contained sections
from vehicle- and drug-treated animals. All sections on a single film
were hybridized on the same day with the same preparation of radio-
labeled probe. To permit comparisons of data from different films, OD
measurements from each film were normalized by assigning a value of
1.0 to the OD of the infrapyramidal blade of the dentate granule cell
layer to the vehicle-treated animal with the highest absorbance. Mean
OD values (total) were obtained for each brain. Nonspecific hybridiza-
tion values for all of the sections from a film were averaged and sub-
tracted from each total value to determine specific hybridization values.
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Table 1. Relation between seizure indices and seizure-induced c-fos
expression in amygdala-stimulated animals

c-fos
Popula- mRNA

Right Left Forelimb  tion (102

amygdala dentate clonus spikes/ mol/

Animal ADD (sec) ADD (sec) (sec) seizure mm?)
1 122 84 91 139 2.1
2 81 414 66 4914 1.1
3 84 27 65 1108 2.4
4 172 143 58 1140 3.5

This table presents electrophysiologic and behavioral features of seizures evoked
by amygdala stimulation and the seizure-evoked c-fos expression. AD duration
(ADD) was recorded from the electrode in the right amygdala and also from the
bipolar electrode in the left dentate. The duration of forelimb clonus was deter-
mined by behavioral observation. The number of population action potentials
was counted in off-line analysis of recorded seizures from three animals as de-
scribed in Materials and Methods. c-fos mRNA content (10-2' mol/mm?) in the
infrapyramidal blade of the left dentate was measured as described in Materials
and Methods.

2 Animal 2 clearly exhibited abundant population action potentials during the
final seizure, but technical difficulties precluded tabulation of numbers; this same
animal exhibited 491 population action potentials during the 41 sec dentate AD
immediately prior to the final one.

Drugs

Drugs and chemicals were purchased from Sigma Chemical Co., St.
Louis, MO, except for MK-801, which was provided by Merck, Sharp
and Dohme Research Lab, Rahway, NJ, and CGP-37849, which was
provided by Ciba-Geigy Ltd., Basel, Switzerland.

Drug doses were based upon studies that documented antagonism of
receptor-mediated effects in the CNS after intraperitoneal administra-
tion to adult rats. These included antagonists of the NMDA receptor
(MK-801; McNamara et al., 1988; Olney et al., 1989), S-adrenergic
receptor (propranolol; Mezey et al., 1983), muscarinic cholinergic re-
ceptor (scopolamine; de la Garza et al., 1987), and u-opiate receptor
(naloxone; Cottrell et al., 1988). The doses of CGP-37849 were selected
on the basis of our preliminary experiments examining doses effective
in inhibiting tonic hindlimb extension of electroshock seizures in rats.

Results

Correlation of seizure-induced c-fos expression in dentate
granule cells with dentate field potentials recorded during
kindled seizures

Dentate field potentials were recorded during kindled seizures,
the animals were killed 30 min thereafter, and c-fos expression
was examined in the dentate granule cells with in situ hybrid-
ization. Stimulation of the amygdala elicited class 5 behavioral
seizures and ADs in EEG recordings from the bipolar electrode
in the left dentate hilus in all 11 animals. Only 4 of the 11
animals exhibited bursts of population action potentials (““pop-
ulation spikes™) in the dentate field potential recordings during
the seizures (compare Fig. 14,B) (Somjen et al., 1985; Stringer
et al., 1991). Robust c-fos mRNA expression was apparent in
the dentate granule cells of the left hippocampus in all four of
the animals exhibiting bursts of population action potentials
and was absent in all seven animals in which population action
potentials were not detected during the kindled seizure (Fig.
2A,B). This correlation between the presence of population ac-
tion potentials during the seizures and c-fos mRNA expression
was highly significant (Fisher’s exact test, p = 0.002).

Analysis of the electrophysiologic and behavioral features of
the seizures among these 11 animals disclosed several interesting
features. The duration of the seizures in the group with c-fos
expression exceeded the group without c-fos expression [seconds
of AD duration (ADD) in the right amygdala, ADD in the left
dentate, duration of forelimb clonus, respectively: c-fos present,
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Figure 1. Dentate hilar field potential recordings during seizures evoked
by right amygdala stimulation. These representative tracings were ob-
tained from an animal exhibiting burst firing of dentate granule cells
(4) and an animal without this pattern (B). Both animals exhibited a
class 5 seizure with AD durations recorded from the amygdala and
dentate, respectively, of 172 sec and 143 sec (4), and 50 sec and 15 sec
(B). The insets show the characteristic upgoing EPSP with sharp negative
population spike produced by angular bundle stimulation before the
seizure was induced (vertical arrows point to stimulation artifact). Dur-
ing part of the kindled seizure, dentate granule cells fire in synchrony
as evidenced by multiple population action potentials labeled with as-
terisks.

115 + 21,74 + 26, 70 + 7, c-fos absent, 54 + 8§, 45 = 10, 38
=+ 4]. However, considerable overlap existed between the two
groups in that five of the seven animals without c-fos expression
exhibited longer AD duration in the left dentate than the shortest
AD duration in the left dentate of the group with ¢-fos expression
(27 sec in animal 3, Table 1). The intensity of c-fos mRNA
expression varied threefold among the four animals in which
c-fos was induced, suggesting that c-fos expression may be a
graded response once it reaches a minimal threshold for ex-
pression. However, there was no linear relation between the
number of population action potentials and the magnitude of
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Figure 2. Total binding of oligonucleotide probe (c-fos) to sections of brain from animals portrayed in Figure 1 exhibiting the presence (4) or
absence (B) of population action potentials in the left dentate recordings during seizures evoked by right amygdala stimulation. Note the robust
c-fos mRNA expression bilaterally in the dentate granule cell layer of the animal presented in A4, in contrast to the nearly absent expression of c-fos
mRNA in the dentate granule cell layer of the animal presented in B. Note also the moderate expression of c-fos mRNA in the piriform cortex
ipsilateral to the kindling electrode in B. Hybridization in the presence of excess unlabeled oligonucleotide, in an adjacent section from the brain
used in A, resulted in a homogeneous pattern of binding similar to that of B (not shown). C is a Nissl-stained coronal section of rat brain at a level
similar to 4 and B. OD measurements were made in the infrapyramidal blade of the dentate granule cell layer as described in Materials and

Methods. Scale bar, 5 mm.

c-fos expression, in that nearly equivalent amounts of c-fos
mRNA were detected despite a sevenfold difference in number
of population action potentials (compare animals 1 and 4, Table

1).

Comparison of kindled seizure-induced c-fos mRNA
expression in the dentate gyrus and in the substantia nigra

Absence of correlation between the number of population action
potentials and the magnitude of seizure-induced c-fos mRNA
expression in the granule cells led us to examine this relationship
in additional populations of neurons. Using both single- and
multiple-unit recordings, we had demonstrated the presence of
nearly synchronous burst firing of substantia nigra pars reticu-
lata neurons during kindled seizures in 9 of 12 animals (Bonhaus
etal., 1986, 1991). We therefore determined whether c-fos mRNA
expression was induced in substantia nigra neurons by kindled
seizures in a separate group of four animals. To include a pos-
itive control internal to these animals, c-fos mRNA expression
was measured in the dentate granule cells as well. Three of the
four animals exhibited population action potentials in the den-
tate hilus recordings during the kindled seizures and c-fos mRNA
expression in the dentate granule cell layer (Table 2, Fig. 3). The
fourth animal exhibited neither population action potentials in
the dentate hilus during the kindled seizure nor c-fos mRNA
expression in the dentate granule cells. None of these four an-
imals exhibited detectable c-fos mRNA expression in either
substantia nigra pars reticulata or pars compacta (Fig. 3). Ad-

ditionally, c-fos was not detected in the substantia nigra in any
of eight animals following kindled seizures evoked by hippo-
campal stimulation (vehicle group of Mk-801 experiment, Table
3), despite robust expression in the dentate granule cells.

Effects of neurotransmitter receptor antagonists on seizure-
induced c-fos mRNA expression in dentate granule cells

To determine whether activation of specific neurotransmitter
receptors is required for seizure induction of c-fos mRNA ex-
pression, we examined the effects of several receptor antagonists
on the seizure-induced c-fos expression. We hypothesized that
activation of the NMDA subtype of glutamate receptor during
the seizure induced the expression of c-fos mRNA. The rationale

Table 2. Comparison of c-fos induction in dentate granule cells
(DGC) and in substantia nigra (SN)

Total Popula-

Clonic AD tion

seizure  Seizure duration spikes c¢-fosin  c-fosin
Animal (sec) class (sec) in DGC DGC SN
| 57 5 112 + + -
3 64 5 134 + + -
4 49 5 77 1 + -
5 49 5 116 = - -
+, Present; —, absent.
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A

5mm
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Figure 3. A, Total binding of oligonucleotide probe (c-fos) to coronal section of brain from animal kindled from the right amygdala at the level
of substantia nigra and ventral hippocampus. This animal had population action potentials recorded in the dentate hilus in the dorsal hippocampus
during the fully kindled seizure. Thirty minutes later, the animal was killed and the brain was isolated and processed for in situ hybridization. B,
Nissl-stained section shown for anatomic localization of structures: DG, dentate gyrus; SNC, substantia nigra pars compacta; SNR, substantia nigra

pars reticulata. Scale bar, 5 mm.

for this hypothesis was twofold: (1) the principal excitatory af-
ferents of the dentate granule cells from the entorhinal cortex
(Andersen et al., 1966; Matthews et al., 1976) use glutamate as
a transmitter (White et al., 1977; Keller et al., 1991), and (2)
activation of either the e-amino-3-hydroxy-5-methylisoxazole-
4-propionic acid (AMPA) or NMDA subtype of glutamate re-
ceptor is sufficient to induce c-fos mRNA expression in isolated
dentate gyrus neurons (Lerea et al., 1992).

Pretreatment of animals with CGP-37849, a competitive an-
tagonist of the NMDA subtype of glutamate receptor (Fagg et
al., 1990), markedly inhibited the seizure-induced expression
of c-fos mRNA. The inhibition was dose dependent, with a 3
mg/kg dose producing a 70% inhibition of c-fos expression con-
tralateral and 66% ipsilateral to the stimulating electrode (Table
3). Similarly, the uncompetitive NMDA receptor antagonist
MK-801 (Wongetal., 1986) reduced seizure-induced expression
of c-fos mRNA by approximately 50% in the dentate granule
cells bilaterally (Fig. 4, Table 3). The inhibitory effects of the
NMDA receptor antagonists were selective inasmuch as antag-
onists of p-opiate (naloxone), muscarinic cholinergic (scopol-
amine), and 8-adrenergic (propranolol) receptors did not atten-
uate seizure-induced c-fos mRNA expression (Table 3). Doses
of the antagonists used above had been shown to be effective
in the CNS (see Materials and Methods).

The possibility that NMDA antagonists inhibited seizure-

induced c-fos expression by suppressing seizure duration or sei-
zure-induced bursts of population action potentials of the den-
tate granule cells was tested electrophysiologically. Pretreatment
with MK-801 did not shorten seizure duration recorded on EEG
from a hippocampal electrode (ADD: vehicle, 92 + 14 sec; MK-
801, 89 + 17 sec), nor did it decrease the number of population
action potentials recorded in dentate granule cells during the
seizure (Fig. 5). Unexpectedly, MK-801 increased the number
of population action potentials recorded in the dentate hilus
during seizures in each of four animals studied (number of pop-
ulation action potentials/seizure: vehicle, 297 + 114; MK-801,
849 + 80; p < 0.05).

Discussion

Three principal findings emerge from this study. (1) The oc-
currence of synchronous firing of dentate granule cells during a
seizure correlated with the presence of c-fos mRNA expression
in these neurons 30 min following a seizure. The magnitude of
c-fos mRNA expression was not correlated with the number of
population action potentials. (2) In the substantia nigra, no in-
duction of c-fos mRNA expression was detected in either pars
compacta or pars reticulata neurons, neuronal populations pre-
viously demonstrated to exhibit synchronous firing during kin-
dled seizures. (3) Antagonists of the NMDA subtype of gluta-

Table 3. Relative OD values (see Materials and Methods) for c-fos mRNA for vehicle- and drug-treated groups

Ipsilateral Contralateral Contralateral
Drug (N) mg/'kg Ipsilateral vehicle drug-treated vehicle drug-treated
(+)MK-801 (8) 1.0 0.347 = 0.019 0.171 + 0.048** 0.373 + 0.021 0.176 + 0.051*
CGP-37849 (5) 2.0 0.392 + 0.024 0.383 + 0.053 0.370 + 0.024 0.329 + 0.051
CGP-37849 (5) 3.0 0.287 + 0.031 0.098 + 0.027* 0.272 + 0.032 0.081 + 0.027*
Naloxone-HCI (3) 1.0 0.544 + 0.084 0.441 + 0.045
Scopolamine-HCI (3) 2.0 0.355 = 0.043 0.426 + 0.139 0.346 + 0.026 0.396 + 0.148
Propranolol-HCI (3) 2.5 0.368 + 0.109 0.399 + 0.160

Values are mean + SEM; N refers to number of animals receiving a given treatment. All comparisons are between drug- and vehicle-treated animals, Sham stimulation
of the angular bundle or basomedial amygdala in similar experiments failed to induce c-fos expression above its constitutive level; in these animals, there was no
detectable constitutive expression above nonspecific background. * and ** refer to p < 0.01 and p < 0.05, respectively (Mann—Whitney U test; Conover, 1980).
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Figure 4. A and B, Total binding of oligonucleotide probe (c-fos) to sections of brain from animals pretreated with vehicle (4) or 1.0 mg/kg MK-
801 (B) prior to a stimulus-evoked seizure. Seizures evoked by hippocampal stimulation elicited a rapid and dramatic induction of c-fos mRNA
bilaterally in the hippocampal formation, pyriform cortex, and layers 3 and 5/6 of neocortex (4). By contrast, the level of constitutive expression
of c-fos mRNA in the unstimulated brain was virtually undetectable (not shown). OD measurements of infrapyramidal blade of dentate granule
cell layer (in B) revealed a 60% reduction in c-fos expression in this MK-801-treated animal compared to the vehicle-treated animal. C, Hybridization
in the presences of excess unlabeled oligonucleotide, in an adjacent section from the brain used in A, resulted in a homogeneous pattern of binding.
D, Nissl-stained coronal section of rat brain at a level similar to A-C. OD measurements were made in the infrapyramidal blade of the dentate

granule cell layer as described in Materials and Methods. Scale bar, 5 mm.

mate receptor selectively and markedly inhibited seizure-induced
expression of c-fos mRNA in dentate granule cells despite un-
expectedly increasing the number of population action poten-
tials by almost threefold.

Validity of c-fos mRNA expression as a marker of neuronal
burst firing during kindled seizures

These correlative studies of seizure-induced firing and c-fos
mRNA expression illustrate the complexity of the relationship
between neuronal activity and the induction of c-fos. Impor-
tantly, neuronal activity is defined here as a specific pattern of
activity that represents the cellular hallmark of a seizure, name-
ly, the sustained repetitive synchronous firing of populations of
neurons (henceforth referred to as epileptiform burst firing).
Certainly, c-fos expression is not simply a quantitative or even
a qualitative marker of this firing in @/l CNS neurons. In the
dentate granule cells, a striking qualitative correlation was ob-
served between the synchronous firing of granule cells and c-fos
mRNA expression; this firing pattern of the dentate granule cells
was initially described during kindled seizures by Somjen et al.
(1985) and later by Stringer et al. (1991), who coined the term
maximal dentate activation for this pattern. However, the epi-
leptiform burst firing was not correlated with seizure induction
of c-fos mRNA expression in neurons of the substantia nigra.
No detectable c-fos mRNA expression was found in substantia

nigra pars compacta or pars reticulata neurons in any of four
animals undergoing class 5 kindled seizures evoked by amygdala
stimulation or in eight animals by hippocampal stimulation.
We previously demonstrated that individual substantial nigra
pars compacta and pars reticulata neurons fire in bursts during
amygdaloid kindled seizures evoked in five of seven animals in
a paralyzed, ventilated preparation (Bonhaus et al., 1986). We
confirmed and extended these analyses by demonstrating a near-
ly synchronous burst firing pattern of populations of substantia
nigra pars reticulata neurons in four of five freely moving ani-
mals during amygdaloid kindled seizures (Bonhaus et al., 1991).
Although the measurements of substantia nigra unit activity
and c-fos mRNA expression were not performed in the same
animals, it seems likely that c-fos mRINA expression is not in-
duced in substantia nigra neurons despite the presence of epi-
leptiform burst firing during a kindled seizure.

Further complexity is introduced in the dentate granule cells
with respect to quantitative considerations in that the magnitude
of c-fos mRNA expression, once induced, did not correlate with
the number of population action potentials (Table 1). Addi-
tionally, as discussed below with hippocampal kindled animals,
pretreatment with NMDA receptor antagonists produced a 50—
70% reduction of seizure-induced c-fos mRNA expression in
the dentate granule cells despite a threefold increase of the num-
ber of population action potentials.
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Figure 5. Field potential recordings from the dentate hilus, contralat-
eral to the stimulated hippocampus. In this representative animal, ve-
hicle injection prior to stimulus-evoked seizure (4) was followed 3 weeks
later by MK-801 injection prior to stimulus-evoked seizure (B). AD
duration was 129 sec and 116 sec during the vehicle-treated and MK-
801-treated seizures, respectively. The insets show the characteristic
upgoing EPSP with sharp negative population spike produced by angular
bundle stimulation following administration of vehicle or drug but be-
fore the seizure was induced (vertical arrows point to stimulation arti-
fact). During part of the kindled seizure, dentate granule cells fire in
synchrony as evidenced by multiple population action potentials labeled
with asterisks (number of population action potentials: vehicle, 345;
MK-801, 991 in this particular example). This increase in the number
of population action potentials with MK-801 was unexpected, but a
previous in vitro study in CA1 may provide some clue (Dingledine et
al., 1987). Thus, reduction of the calcium influx by NMDA antagonists
may result in reduced activation of calcium-dependent potassium chan-
nel, leading to diminished inhibition, explaining at least in part the
observed increase in the number of population action potentials.

Mechanisms governing seizure-induced expression of c-fos
mRNA: a hypothesis

Understanding the mechanisms by which a seizure induces c-fos
mRNA expression in the dentate granule cells may clarify the

relation between c-fos mRNA expression and epileptiform burst
firing in other neuronal populations. In vitro studies together
with the in vivo studies presented here lead us to suggest that
kindled seizures trigger c-fos mRNA expression in the dentate
granule cells by the synaptic activation of glutamate receptors
on granule cell dendrites, which in turn leads both directly and
indirectly to a sustained depolarization and rise of intracellular
calcium. Analyses of mechanisms activating c-fos mRNA ex-
pression in individual dentate gyrus neurons cultured from 4-d-
old rat pups and maintained in vitro disclose that activation of
either NMDA or AMPA subtypes of glutamate receptors is
sufficient to induce robust c-fos mRNA expression; activation
of c-fos expression by either receptor requires extracellular cal-
cium (Lerea et al., 1992). Likewise, activation of voltage-sen-
sitive calcium channels by potassium depolarization is sufficient
to induce c-fos mRNA expression in a calcium-requiring man-
ner in these neurons. Increases of extracellular glutamate during
a seizure (Dodd et al., 1980; Peterson et al., 1983) lead us to
suggest that the kindled seizure results in synaptic release of
glutamate (White et al., 1977), presumably from entorhinal af-
ferents by virtue of their massive input to the granule cells
(Andersen et al., 1966; Matthews et al., 1976), thereby activating
both NMDA and AMPA receptors on granule cell dendrites
(Keller et al., 1991). Subsequently, as suggested by data from
the in vitro study (Lerea et al., 1992), transmembrane flux of
Ca?+ through both the NMDA receptor and voltage-activated
calcium channels results in an increased concentration of intra-
cellular Ca?*, triggering a signaling cascade that culminates in
transcriptional activation of c-fos. The selective inhibition of
seizure-induced c-fos mRNA expression by antagonists of
NMDA but not three other neurotransmitter receptors is con-
sistent with this interpretation. We suggest that seizure induc-
tion of c-fos mRNA may correlate better with sustained neu-
ronal depolarization induced by NMDA receptor activation and
other mechanisms than with neuronal burst firing itself. Lack
of a straightforward method to measure depolarization of mul-
tiple neuronal populations during seizures in awake, freely mov-
ing animals precludes direct testing of this idea at present.

This line of reasoning may also provide an explanation for
the unexpected increase in the number of population action
potentials with MK-801. A previous in vitro study in CA1 using
a competitive antagonist, b-aminophosphonovalerate, showed
increased number of action potentials in a burst, despite reduced
depolarization (Dingledine et al., 1987). The increased number
of action potentials may arise from a reduction of calcium influx
through the NMDA channel and reduced activation of calcium-
dependent potassium channels, thereby permitting enhanced
sustained firing. Alternatively, the reduction of depolarization
may limit sodium channel inactivation.

We suspect that the residual 30-50% of c-fos mRNA expres-
sion induced by seizures in the presence of NMDA antagonists
is due to activation of AMPA receptors and/or activation of
voltage-dependent calcium channels, particularly in light of the
increased number of population action potentials recorded in
the presence of MK-801. The future availability of structurally
distinct and highly selective AMPA receptor antagonists that
can be administered systemically may allow this possibility to
be addressed. We cannot exclude potential contributions from
either incomplete blockade of NMDA receptors or activation
of the metabotropic subtype of the glutamate receptor, with
resultant release of Ca2+ from intracellular stores.

These explanations fail to elucidate why the neurons of the



substantia nigra do not express c-fos mRNA even though the
majority of seizures evoked here are almost certainly associated
with an epileptiform burst firing pattern of these neurons. Sub-
stantia nigra neurons appear to have the ability to express c-fos,
since pentylenetetrazol (PTZ) seizure induced modest Fos-lacZ
expression in the substantia nigra in a transgenic mouse strain
(Smeyne et al., 1992). Likewise, pilocarpine-evoked status epi-
lepticus is associated with induction of Fos-like immunoreac-
tivity in the substantia nigra (L. E. A. M. Mello, personal com-
munication; Mello et al., 1991). It is possible that seizures evoked
by PTZ or pilocarpine activate the neurons of substantia nigra
more intensely than a single kindled seizure. Alternatively, these
chemically induced seizures may induce c-fos through different
mechanisms. Moreover, nigral neurons may have intrinsic prop-
erties, such as calcium buffering capacity, distinct from those
of dentate granule cells. Further studies of the substantia nigra
are needed to explain these differences.

Kindled seizure induction of c-fos mRNA expression:
implications

The fact that c-fos mRNA expression is not simply a marker of
neuronal activity heightens the importance of elucidating the
functional significance of its expression. These findings parallel
the complex relationship between the photic induction of c-fos
mRNA expression and neuronal activity identified in the su-
prachiasmatic nucleus of the hypothalamus (Kornhauser et al.,
1990). Equivalence in light thresholds and timing of sensitivity
of responses suggests that c-fos is a molecular component of the
signaling cascade by which light entrains circadian rhythms
(Kornhauser et al., 1990). By analogy, c-fos may be a molecular
component of the signaling cascade by which seizures induce
the lasting hyperexcitability of kindling or the emergence of
spontaneous seizures in this model. Circumstantial evidence
supports this idea in that two necessary conditions for kindling
induction, the occurrence of electrical seizure and activation of
NMDA receptors during the seizure, are also necessary for the
full expression of ¢c-fos mRNA in the kindling model.
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