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Persistent Increased DNA-Binding and Expression of Serum
Response Factor Occur with Epilepsy-Associated Long-Term

Plasticity Changes
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We have previously shown that NMDA receptor activation dur-
ing status epilepticus (SE) is required to produce epilepsy in in
vitro and in vivo models. As in human symptomatic epilepsy,
the epilepsy in these models is permanent, suggesting that the
pathological activation of NMDA receptors causes permanent
plasticity changes in the brain. Ca®" influx through NMDA
receptors is known to transiently activate a key transcription
factor, serum response factor (SRF). Thus, we investigated
whether this factor, in terms of its expression and ability to bind
to the consensus serum response element, was altered long
term in the pilocarpine model of epilepsy. In hippocampal nu-
clear extracts, SRF binding to DNA was significantly increased
over saline-injected control rats at 24 hr and at 8 weeks after
the onset of SE. This increase was shown to be the result of

significantly elevated levels of SRF. DNA binding was also
persistently increased in the cortical, but not in the cerebellar,
extracts. Hippocampal expression of SRF was localized to
neurons using immunohistochemistry. NMDA receptor activa-
tion during SE was required for these changes to take place,
and the spontaneous seizures seen in epileptic rats did not
appear to be responsible for the increase in SRF. The results
demonstrate that SRF is persistently elevated after SE in the
pilocarpine model of epilepsy and support the theory that
long-term gene changes in this model occur and are associated
with the long-lasting plasticity changes that are initiated during
epileptogenesis.
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Temporal lobe epilepsy is a common form of epilepsy character-
ized by spontaneous recurrent seizures that are often intractable
to treatment (Meldrum, 1983; Lothman et al., 1991; McNamara,
1994). The process of inducing epilepsy in normal brain tissue is
called epileptogenesis (McNamara, 1994). A variety of traumatic
insults to the human brain can result in epilepsy. Status epilepti-
cus (SE), defined as 30 min or more of continuous or repetitive
seizures without regaining consciousness, can cause epilepsy in
humans (Lothman and Bertram, 1993). SE can also give rise to
spontaneous recurrent seizures in in vitro (Rafiq et al., 1993;
Sombati and DeLorenzo, 1995) and in vivo (Mello et al., 1993)
models of epilepsy. Thus, acute SE must trigger some long-term
change(s) in neuronal plasticity that results in spontaneous recur-
rent seizures. It has been proposed that long-term changes in
gene expression may underlie epileptogenesis (DeLorenzo, 1991;
DeLorenzo and Morris, 1999). Persistent changes in gene expres-
sion in epileptogenesis are likely to require long-term changes in
transcriptional regulation.
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Epilepsy and long-term potentiation (LTP) are both models of
altered neuronal plasticity and excitability (for review, see Mar-
tinez and Derrick, 1996; Suzuki, 1996). LTP requires Ca?" entry
through NMDA receptors (Malenka, 1991) and new protein
synthesis (late-phase) and is correlated with expression of many
of the immediate early genes (IEGs) (Kaczmarek, 1992; Suzuki,
1996). Ca** entry through activated NMDA receptors rapidly
induces the IEG c-fos by using the mitogen-activated protein
kinase cascade (Xia et al., 1996). This occurs via activation of
serum response factor (SRF), which, when bound to the serum
response element (SRE) on the c-fos promoter, will dramatically
enhance the basal level of c-fos expression. If epileptogenesis has
similarities with LTP, it would be expected that SE could induce
Ca®"-dependent changes in neuronal excitability that gives rise
to spontaneous recurrent seizures. During epileptogenesis, Ca>*
influx through NMDA channels is required for epilepsy in the in
vitro hippocampal culture (Sombati and DeLorenzo, 1995; De-
Lorenzo et al., 1998), in the kindled in vitro hippocampal slice
(Stasheff et al., 1989), and in the in vivo pilocarpine rat (Rice and
DeLorenzo, 1998) models of epilepsy. Based on these observa-
tions, whatever neuroplastic alterations occur during SE that are
responsible for epileptogenesis should be NMDA-Ca?*-
dependent and may involve SRF as a downstream effector.
Epilepsy-dependent alterations in SRF could play a key role in
changing the expression of many genes, including many of the
IEGs.

To evaluate the effect of epileptogenesis on SRF, we chose to
use the rat pilocarpine model of epilepsy (Turski et al., 1983;
Mello et al., 1993). These epileptic rats have a very similar
pathology to humans with epilepsy by displaying necrosis of
neurons within the CA1, CA3, and dentate gyrus regions of the
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hippocampus, mossy fiber sprouting, and lasting partial—complex
spontaneous seizures (Mello et al., 1993). For these reasons, we
have examined the effect of SE and the resultant epilepsy on SRF
and have found that its DNA-binding activity and expression are
persistently increased in this in vivo model of epilepsy.

MATERIALS AND METHODS

Induction of epilepsy in rats. All animal treatments used were approved
and in accordance with the Institutional Animal Care and Use Commit-
tee guidelines. The pilocarpine model of epilepsy was used to induce
spontaneous recurrent seizures after SE in rats by established procedures
(Mello et al., 1993; Rice and DeLorenzo, 1998). SE was induced in adult
male Sprague Dawley rats (~200 gm) by intraperitoneally injected pilo-
carpine (350 mg/kg; Sigma, St. Louis, MO). Control animals were
injected with saline. To control the peripheral effects of pilocarpine, all
animals were given methyl-scopolamine (1 mg/kg, i.p.; Sigma) 30 min
before treatment. One hour after the onset of SE, diazepam (4 mg/kg,
i.p.; Sigma) was used to terminate the seizures. Additional doses of
diazepam were given at 3 and 5 hr after SE onset as necessary. Control
rats were treated with an equal number of diazepam doses. Pilocarpine
animals were used for long-term experiments only if they were observed
by video monitoring to have spontaneous recurrent seizures within 40 d
of injection. In some animals, NMDA receptor activation was blocked by
treatment with MK-801 (4 mg/kg, i.p.; Research Biochemicals, Natick,
MA) 20 min before pilocarpine or saline injections (Ormandy et al.,
1989; Rice and DeLorenzo, 1998).

In a set of pilocarpine-treated rats, spontaneous recurrent seizures
were inhibited with the anticonvulsant phenytoin (50 mg/kg, i.p., twice
daily; Elkins-Sinn, Cherry Hill, NJ) starting the day after pilocarpine
injection. Sets of pilocarpine-treated and saline-treated (control) rats
were injected twice daily for comparison. Phenytoin-treated and
nonphenytoin-treated epileptic rats were video monitored 8 hr/d until
they were killed to determine percent change in seizure frequency. These
animals were killed 4 weeks after pilocarpine treatment.

Electroconvulsive shock induced seizures. Tonic—clonic seizures were
induced in adult male Sprague Dawley rats (~250 gm) via maximal
electroshock using corneal electrodes (150 mA, 39 V, 0.2 sec, 60 Hz)
(Porter et al., 1984). Control animals were treated with the same han-
dling conditions, except that they were not exposed to electroconvulsive
shock (ECS). ECS animals were killed at 3, 12, and 24 hr after treatment,
and nuclear extracts were prepared (see below).

Preparation of nuclear- and cytosolic-enriched extracts and crude homog-
enates. Rats were killed at various time points after treatments, and
nuclear-enriched fractions and cytoplasmic-enriched fractions were pre-
pared from hippocampi, cortices, and cerebellums at 4°C by the proce-
dure of Moore et al. (1996) with modifications as follows. Brain tissues
were quickly rinsed in PBS and then homogenized by 14 strokes in a
Dounce homogenizer (A pestle) in 1.5 ml of tissue-homogenizing solu-
tion (15 mm HEPES, pH 7.9, 0.25 M sucrose, 60 mm KC1, 10 mm NaCl,
1 mMm EGTA, 1 mm EDTA, 1 mMm phenylmethylsulfonyl fluoride [PMSF]
[Sigma], and phosphatase inhibitors [600 nM Okadaic acid (Calbiochem,
La Jolla, CA); 5 nm cypermethrin (Calbiochem); and 2 mm NaF]). Cells
were pelleted at 2000 X g for 10 min, resuspended in 1.5 ml cell lysis
solution (10 mm HEPES, pH 7.9, 1.5 mm MgCl,, 10 mm KCI, 1 mm
PMSF, and phosphatase inhibitors) and homogenized by seven strokes
with a B pestle in a Dounce homogenizer. Nuclei were pelleted at 4000 X
g for 10 min. The supernatant was saved as the cytoplasmic-enriched
fraction, and the nuclei were resuspended in 0.2 ml (hippocampi) and 0.4
ml (cortices and cerebellums) of nuclei lysis solution (10 mm HEPES, pH
7.9, 1.5 mm MgClI2, 1 mm EDTA, 0.8 M NaCl, 25% glycerol, and
phosphatase inhibitors). The nuclei suspension was gently rocked for 30
min to release soluble nuclear factors, followed by centrifugation at
14,000 X g for 30 min to remove membrane debris and DNA.

Crude hippocampal homogenates were prepared from phenytoin- and
saline-treated rats. Hippocampi were homogenized in 50 mm Tris, pH
7.5, 6 mm EGTA, 320 mMm sucrose, 1 mm DTT, and 0.3 mm PMSF,
followed by removal of cellular debris by centrifugation at 14,000 X g for
20 min. Protein concentrations in nuclear-enriched fractions,
cytoplasmic-enriched fractions, and crude homogenates were determined
by the Bradford assay (Bradford, 1976) (Bio-Rad, Hercules, CA). Ex-
tracts were stored at —80°C for up to 1 year before use.

Electrophoretic mobility-shift assays. The level of specific SRF bind-
ing to SRE was assessed using electrophoretic mobility-shift assays
(EMSAs). The SRE consensus (Attar and Gilman, 1992) double-
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stranded oligonucleotide (5'-GGATGTCCATATTAGGACATCT-3';
Santa Cruz Biotechnology, Santa Cruz, CA) was end-labeled with
[y-**P]ATP (>4000 Ci/mm; ICN Biochemicals, Costa Mesa, CA) using
T4 polynucleotide kinase (10 U; Life Technologies, Gaithersburg, MD).
Extracts (3 ug of nuclear-enriched fraction, 8 ug of cytoplasmic-enriched
fraction, or 6 pg of crude homogenate) were incubated for 10 min at
room temperature in a 15 ul volume containing 10 mm Tris-HCI, pH 7.5,
50 mm NaCl, 1 mm MgCl, 0.5 mm DTT, 0.5 mm EDTA, 4% glycerol, and
0.05 mg/ml poly(dI-dC) - poly(dI-dC) (Amersham Pharmacia Biotech,
Piscataway, NJ). Labeled SRE (~0.028 pmol or 3 X 10* cpm) was then
added and incubated for an additional 20 min before electrophoresis.
EMSAs were also performed on cytoplasmic-enriched fractions in the
same manner, except that 6 pg of cytoplasmic-enriched fraction was
used, and additional glycerol was added (1 ul of 50%). Protein complexes
were separated on 4% nondenaturing polyacrylamide gels in 0.5X TBE
(45 mm Tris-borate and 1 mm EDTA), dried, and either viewed by
autoradiography or quantitated by phosphor imaging (Molecular Dy-
namics, Sunnyvale, CA).

To determine protein—SRE complex specificity, a 50-fold molar excess
of unlabeled SRE or nonspecific oligonucleotide was added at the start of
the assay. Supershifts were performed after the extract was allowed to
interact with the oligonucleotide for 20 min by the addition of 2 ug of an
anti-SRF rabbit polyclonal antibody (sc-335; Santa Cruz Biotechnology)
and then incubated at 4°C for 1 hr before electrophoresis (Sato-Bigbee et
al., 1994). The specificity of antibody binding was determined by prein-
cubating the anti-SRF antibody for 1 hr at room temperature with 1 pg
of SRF immunizing peptide (sc-335P; Santa Cruz Biotechnology).

Normalization of EMSA data with internal standards. Each EMSA
reaction was performed using the standard amounts (in micrograms) of
protein specified above. However, to control for any selective differences
between epileptic and control rats in protein levels or in the EMSAs, we
used internal standards. The first standard was « and S tubulin visualized
by SDS-PAGE of 20 pg of each nuclear-enriched fraction, followed by
Coomassie brilliant blue staining and densitometry (Molecular Dynam-
ics) of the prominent tubulin bands (Stryer, 1981). The second standard
used EMSA data from a specific complex formed using a labeled Octl
(5'-TGTCGAATGCAAATCACTAGAA-3"; Promega, Madison, WI)
oligonucleotide and the same nuclear-enriched fractions. Using these
internal standards, we compared SRF binding normalized by protein
levels with the data normalized by tubulin levels and Octl binding.

Western blotting. Nuclear-enriched fraction proteins (20 ug/well) were
separated by SDS-PAGE and transferred to nitrocellulose membranes
(Schleicher & Schuell, Keene, NH). Membranes were blocked in PBS
containing 0.05% Tween 20 and 3% Bio-Rad blocking reagent for 1 hr.
Fresh blocking solution was added with diluted primary antibody and
incubated at room temperature for 1.5 hr. Polyclonal rabbit anti-SRF
antibody (0.5 ug/ml; Santa Cruz Biotechnology) was used to quantitate
SRF protein and polyclonal rabbit anti-N-terminal SRF [1:10,000 dilu-
tion, kindly donated by Dr. Michael E. Greenburg, Harvard Medical
School, Boston, MA (Misra et al., 1991)] was used to verify specificity of
the Santa Cruz Biotechnology antibody. Specificity of anti-SRF antibody
binding was also tested by preincubating the Santa Cruz Biotechnology
antibody for 1 hr with a 10-fold weight excess of immunizing peptide. The
membranes were then washed three times with PBS and blocked again
for 30 min, followed by incubation for 45 min with goat anti-rabbit IgG
antibody conjugated to horseradish peroxidase (0.2 ug/ml in blocking
solution; Santa Cruz Biotechnology). The blots were washed five times
with PBS, and bound secondary antibody was detected by enhanced
chemiluminescence (Pierce, Rockford, IL) and exposure to x-ray film.
Films were quantitated by densitometry (Molecular Dynamics).

Immunohistochemistry for hippocampal cellular distribution of SRF.
Eight weeks after injection, pilocarpine- and saline-treated rats were
anesthetized and perfused first with saline, followed by 4% paraformal-
dehyde in sodium phosphate buffer, pH 7.0 (Churn et al., 1992). The
perfused brains were removed and placed in 10% formalin. After 1 or
2 d, 2 mm coronal sections were dehydrated and paraffin-embedded. Ten
micrometer slices were placed on gelatin-coated slides, rehydrated, and
blocked with 3% blocking reagent (Bio-Rad) in PBS for 1 hr at room
temperature. Slices were incubated overnight at 4°C with 0.5 pg/ml
polyclonal rabbit anti-SRF antibody (Santa Cruz Biotechnology) in
blocking reagent and then washed three times with PBS-Tween 20
(0.05%). Biotin-conjugated goat anti-rabbit polyclonal secondary anti-
body (5 nl/ml; Vector Laboratories, Burlingame, CA) in blocking solu-
tion was added to the slices for 30 min at room temperature and washed
as before. SRF immunoreactivity was detected using the Vector Elite
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Figure 1. SRF in control and epileptic (Pilo) rat hippocampal nuclear-
enriched extracts specifically interacts with SRE in EMSAs. In a standard
binding reaction (lanes 1, 2), nuclear-enriched extracts (3 ug) were incu-
bated with **P-labeled SRE consensus oligonucleotide probe before na-
tive PAGE and autoradiography. Free SRE probe ran at the bottom of the
gel, and protein—-DNA complexes were retarded in the gel. To determine
specificity of protein—-DNA complexes visualized in the gel, the pilo-
carpine reaction was compared with reactions to which a 50-fold excess of
either unlabeled SRE consensus oligonucleotide (+SRE, lane 3) or an
unrelated oligonucleotide (+rnonSRE, lane 4) was added. One specific
complex (SRE-SRF) and two nonspecific bands (NS) are shown. The
specific complex was determined to contain SRF protein using the super-
shift assay (lanes 5-9). Control and pilocarpine reactions (lanes 5, 7,
respectively) were compared with reactions to which an anti-SRF anti-
body was added (+A4b, lanes 6, 8). The specific complex was further
retarded by the anti-SRF antibody (4b/SRF/SRE). Anti-SRF antibody
specificity was tested by the addition of an excess of immunizing peptide
(+Ab+P, lane 9).

ABC and 3’3" diaminobenzidine (DAB) substrate kits for peroxidase.
For cytoplasmic staining, slides of adjacent slices were rehydrated and
stained for 5 min in 0.1% cresyl violet acetate, washed in H,O, and then
dehydrated. Antibody and cresyl violet-stained slides were imaged using
Nikon Imaging System (Nikon, Garden City, NY).

Statistical analysis. Significant changes in SRF DNA binding and pro-
tein levels were determined using the two-tailed Student’s ¢ test.

RESULTS

Long-term and acute effects of SE-induced epilepsy
on SRF binding
Pilocarpine was used to induce SE and subsequent spontaneous
recurrent seizures in male rats (Mello et al., 1993; Rice and
DeLorenzo, 1998). Only rats that developed generalized tonic—
clonic, stage 3-5 spontaneous recurrent seizures were used in
these studies (Racine, 1972). Eight weeks after the initial SE, rats
that developed spontaneous recurrent seizures and their saline-
treated controls were killed, nuclear- and cytoplasmic-enriched
extracts were prepared from hippocampi, and EMSAs were con-
ducted in vitro to study SRF binding to its **P-labeled consensus
DNA element, SRE.

Figure 1 shows the electrophoretic mobility shift pattern for
SRE using hippocampal nuclear-enriched fractions from control
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and epileptic rats 8 weeks after treatment. Only one specific
shifted band was obtained for SRE using a pilocarpine-treated rat
nuclear-enriched fraction as determined by competition with both
a 50-fold excess of unlabeled SRE and an unrelated oligonucle-
otide. Because several different transcription factors are known to
specifically interact with SRE (Johansen and Prywes, 1995), a
supershift experiment was performed using an anti-SRF antibody
(Fig. 1). This antibody was found to be able to retard the mobility
of the specific band by interacting with the SRF—SRE complex in
both the control and epileptic nuclear-enriched fractions. When a
small amount of SRF peptide was preincubated with the antibody,
the supershift was diminished, indicating that the antibody was
specifically recognizing SRF in the SRF-SRE complex rather
than some other SRE-binding transcription factor. This demon-
strates that the specific shifted SRE band seen in Figure 1 was
composed at least of an SRF-SRE complex using both control
and epileptic hippocampal nuclear-enriched fractions.

Figure 2 shows the comparison of epileptic and control hip-
pocampal nuclear-enriched fraction binding to SRE. At 8 weeks,
the nonspecific shifted bands were not affected by the pilocarpine
treatment. However, the specific shifted band for SRF was in-
creased long term by the pilocarpine treatment (Fig. 24). After
quantitation of the 8 week epileptic and control animals by phos-
phor imaging, a statistically significant increase of 44.6% in SRF
binding was observed (Fig. 2B). No significant change was ob-
served in SRF binding using the cytoplasmic-enriched fractions
from these same animals (8% increase over control; Student’s ¢
test; p = 0.21), indicating that the increase in SRF binding in the
nuclear-enriched fractions was not caused by an increased trans-
location of SRF from the cytoplasm to the nucleus with a result-
ing decrease in cytoplasmic levels of SRF.

To control for the possibility that variations in the levels of
nuclear protein expression may have occurred in epileptic rats or
that some differences occurred in the preparation of nuclear-
enriched fractions from these animals, hippocampal binding data
were normalized against two internal standards (Fig. 2C) in
addition to being standardized by protein loading levels. Visual-
ized SDS-polyacrylamide gels, quantitated by densitometry and
containing these nuclear-enriched fractions, showed no discern-
able differences in the banding pattern between pilocarpine-
treated and control rat nuclear-enriched fractions. These results
control for changes in the levels of the highly expressed proteins
in the nucleus as a result of the treatment with pilocarpine. « and
B tubulin are highly expressed in the nucleus and were used as
one of the internal standards. The second source of internal
standards used a specific shifted band for another transcription
factor consensus sequence, Octl. When the SRE binding data
were normalized using tubulin protein levels or the data from the
Octl band three gel shift, the resulting percent increase in SRE
binding seen in Figure 2C in the epileptic rats (43.4% increase
from control, tubulin; 44.6% from Octl band three; p < 0.01;
Student’s ¢ test) was not different from the SRE binding data that
was normalized only by protein loading levels (44.6% increase
from control; p < 0.01). This suggests that normalizing data from
the nuclear-enriched fractions by protein concentration was suf-
ficient to control for the minor variations that occur in the
preparation of the nuclear-enriched fractions.

To determine whether SRF binding was altered at time points
earlier than 8 weeks after the SE episode, pilocarpine- and
saline-treated (control) rats were killed 3 and 24 hr acutely and at
4 and 6 weeks after the onset of SE, and hippocampal nuclear-
enriched fractions were obtained. Figure 2B shows the quanti-
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Figure 2. Specific binding of SRF protein to its SRE DNA element is
induced during epileptogenesis. EMSAs were conducted in the same
manner as in the control reactions in Figure 1, except that the gels were
visualized and quantitated by phosphor imaging. A representative EMSA
using 8 week post-treatment hippocampal nuclear-enriched fractions from
pilocarpine-treated (Pilo) and saline-treated (Control ) rats is shown (A4).
Quantitation of these gels and determination of percent change in SRE
binding over paired control nuclear-enriched fractions for five time points
(B) revealed a significant increase in SRF binding acutely at 24 hr (n = 6)
and at4 (n = 4), 6 (n = 4), and 8 (n = 6) weeks. The 8 week pilocarpine
EMSA data that was not normalized was compared with the data (C) that
was normalized by either tubulin protein levels in these nuclear-enriched
fractions or EMSA data for transcription factor binding that did not show
any changes (Octl band three). Error bars represent SEM; *p < 0.05;
**p < 0.01; Student’s ¢ test.

tated data for SRF binding at these time points. At 3 hr after SE,
there was no significant change in SRF binding to SRE. However,
by 24 hr after SE, there was a significant increase in SRF binding
in the pilocarpine animals (25.3% increase over control). This

J. Neurosci., October 1, 1999, 79(19):8234-8243 8237

Control

Pilo
Control

=
Pilo

A

GBKD > M M > G- ——
60kD > Sl i >

C

_.100

=] %

= % %

g 80

O

g 60

&

& 40

g

O 20

ot

0 o o

™ =
= A
S 3

Figure 3. SRF protein expression is upregulated by SE. Representative
Western blots using pilocarpine- and saline-treated rat nuclear-enriched
fractions obtained 24 hr (4; n = 10) and 8 weeks (B; n = 4) after injection.
SRF immunoreactive bands were visualized using an anti-SRF antibody,
a peroxidase-conjugated secondary antibody, and enhanced chemilumi-
nescence. The mature form of SRF is shown at 68 kDa, and the immature,
newly synthesized form is at 60 kDa. Quantitation of the mature SRF
band at both time points by densitometry (C) revealed a significant
increase in SRF protein. Error bars represent SEM; *p < 0.05; **p < 0.01;
Student’s ¢ test.

statistically significant increase was maintained at 4 and 6 weeks
after SE (33.2 and 50.6% increase from control, respectively).

Alterations in SRF expression in the pilocarpine
epilepsy model

The increased binding of SRF to the SRE consensus oligonucle-
otide could be attributable to an increased steady-state level of
SRF in the hippocampus or to post-translational modification of
preexisting SRF. To investigate these possibilities, Western blots
of nuclear-enriched fractions from epileptic and control hip-
pocampi were probed with anti-SRF antibodies, visualized on
film by chemiluminescence, and quantitated by densitometry (Fig.
3). The Santa Cruz Biotechnology anti-SRF antibody detected a
major band at 68 kDa that had the same mobility as the band
detected by a different polyclonal anti-SRF, kindly provided by
Dr. Greenburg’s laboratory (Misra et al., 1991), demonstrating its
specificity (data not shown). Two other minor bands were also
present: one at 60 kDa and another at 135 kDa (data not shown).
The 60 kDa band probably represented a newly synthesized form
of SRF, which may lack some of the post-translational modifica-
tions of the mature form (Misra et al., 1991). Because SRF does
dimerize, the 135 kDa band could be an SRF dimer that was
incompletely dissociated by SDS and B-mercaptoethanol before
electrophoresis. Binding of the Santa Cruz Biotechnology anti-
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body to all three bands was completely abolished when the anti-
body was preincubated with the immunizing peptide (data not
shown). Using the Santa Cruz Biotechnology antibody to assay
the level of the mature 68 kDa SRF protein at 24 hr after SE,
there was a statistically significant 68.6% increase in SRF protein
in the pilocarpine nuclear-enriched fractions ( p < 0.01 Student’s
t test) (Fig. 3). At 8 weeks after SE, there was also a significant
66.6% increase in SRF protein in pilocarpine hippocampal nuclei
(p < 0.05). Similar results were obtained when these data were
normalized to internal standards with either tubulin (68.3% in-
crease over control; p < 0.01) or microtubule-associated protein
(71.0% increase over control; p < 0.01), confirming the significant
increase in SRF in the epileptic animals. Thus, the induction of
epilepsy in the pilocarpine model produced a long-lasting in-
crease in the DNA binding and protein expression of SRF.

Long-term changes in SRF binding in cortex and
cerebellum in epileptic rats

In the pilocarpine model of epilepsy, seizures are presumed to
originate in the hippocampus (Mello et al., 1993). However, other
brain regions are likely to play roles in seizure generalization in
epilepsy. We investigated whether SRF binding was altered long
term in the epileptic state in cortical tissue in which seizure
propagation is necessary for the animals to display generalized
tonic—clonic seizures. At 8 weeks after SE, there was a significant
increase in SRF DNA binding of 14.1% over control rats using
cortical nuclear-enriched fractions (Fig. 4). This increase was not
as large as the 44.6% increase seen in the hippocampal nuclear-
enriched fractions but was statistically significant (p < 0.05;
Student’s ¢ test). We also investigated SRF binding in the cere-
bellum, which does not manifest spontaneous recurrent seizures
or play a role in seizure propagation. No change in SRF binding
to DNA was seen using cerebellar nuclear-enriched fractions
(—0.1% change from control; p = 0.50) (Fig. 4). Therefore, there
was a region-specific correlation between areas of the brain that
manifest spontaneous recurrent seizures (epilepsy) and altered
SRF function.

The effect of ECS-induced seizures on SRF binding

To evaluate whether the elevation in SRF protein binding to its
DNA element in the pilocarpine animals was caused by isolated
seizures that occurred intermittently in the epileptic animals, the
effect of individual seizures on elevating SRF was investigated. If
SRF expression was regulated by individual seizures, then this
change should also result after a vigorous tonic—clonic seizure
induced by ECS. Maximal ECS was used to induce a tonic—clonic
seizure in naive rats. ECS-induced seizures were more severe
than spontaneous recurrent seizures in the pilocarpine rats as
evaluated by video monitoring and Racine’s (1972) rating scale.
These seizures lasted ~1 min and were followed by a postictal
period, after which the rats returned to an apparently normal,
alert state. Control rats were handled identically, except that they
did not receive ECS. Groups of ECS rats were killed 3, 12, and 24
hr after treatment, and nuclear-enriched fractions were prepared
and compared with control rats using EMSAs with the SRE DNA
probe. There was no significant difference in SRE binding be-
tween control and ECS rats at all time points (Fig. 54). These
results indicate that individual seizures that were greater in
severity than the spontaneous recurrent seizures in the epileptic
pilocarpine animals were not able to elevate SRF binding.
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Figure 4. Long-term alterations in specific binding of SRF to its SRE
DNA element in nuclear-enriched fractions from specific brain regions of
epileptic animals. Hippocampal (n = 6), cortical (n = 6), and cerebellar
(n = 5) nuclear-enriched fractions were prepared from pilocarpine-
treated epileptic (P) and saline-treated control (C) rats 8 weeks after
treatment. EMSAs were performed as in Figure 2. A representative
EMSA using these nuclear-enriched fractions is shown (A). Quantitation
of these gels and determination of percent change in SRE binding over
paired control nuclear-enriched fractions for three brain regions (B)
revealed a significant increase in SRF binding in the hippocampus and
cortex. Error bars represent SEM; *p < 0.05; **p < 0.01; Student’s ¢ test.

The effect of anticonvulsant drug treatment of
epileptic animals on SRF binding

Another approach to determining whether recurrent seizures in
the pilocarpine model of epilepsy were playing a role in elevating
SRF DNA binding was to treat the epileptic rats with chronic
anticonvulsant drug therapy to reduce seizure frequency. If in-
creased SRF expression was related to the recurrent seizures in
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Figure 5. Intense ECS-induced seizures do not significantly alter SRF
binding to its DNA element SRE, and anti-convulsant reduction of
seizure frequency in epileptic rats does not diminish the increase in SRF
binding. A, Groups of rats were treated with ECS (see Materials and
Methods) and killed 3, 12, and 24 hr after ECS (n = 5,n = 5, and n = 6,
respectively). Nuclear-enriched fractions were prepared from animals and
control rats that did not receive ECS and compared using EMSAs
conducted in the same manner as in Figure 2. Data are represented in the
bar graph as a percent change in SRE binding from control nuclear-
enriched fractions. Also shown is the significant percent increase from
control seen in nuclear-enriched fractions obtained from epileptic rats 8
weeks after pilocarpine treatment (n = 6) (Fig. 2). B, Seizure frequency
was reduced by 53% in a set of epileptic rats by twice daily injections of
phenytoin (Pilo/Phenytoin; n = 4) compared with epileptic rats that
received saline injections (Pilo/Saline; n = 4). Hippocampal homogenates
were prepared 4 weeks after pilocarpine injection, and EMSAs were
conducted as in Figure 2. The bars represent the percent change from
saline injected control rats. Error bars represent SEM; *p < 0.05; **p <
0.01; Student’s ¢ test.

the epileptic animals, then anticonvulsant treatment and reduc-
tion of seizure frequency should decrease SRF binding in these
animals. The anticonvulsant drug phenytoin has been shown to
significantly decrease seizure frequency in epilepsy patients
(Schmidt, 1982) and in pilocarpine-treated animals (Leite and
Cavalheiro, 1995). To evaluate this possibility, a group of
pilocarpine-treated rats was injected twice daily with phenytoin
beginning the day after SE until they were killed. The seizure
frequency was reduced by 53% in these animals compared with
control pilocarpine-treated animals based on video monitoring.
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Figure 6. Upregulation of specific SRF DNA binding at 8 weeks after SE
was prevented by NMDA channel inhibition during SE. MK-801, an
NMDA channel antagonist, was administered before pilocarpine or saline
injection. Nuclear-enriched fractions prepared 8 weeks after treatment
from four groups of rats [Pilo/Saline (n = 6) (Fig. 2), Pilo/MK-801 (n = 4),
Saline/MK-801 (n = 4), and Saline/Saline (n = 6)]. Electrophoretic
mobility-shift assays were conducted and quantitated as described in
Figure 2. Data are represented as a percent change in SRE binding from
control animals (Saline/MK-801; n = 4), and controls (Saline/Saline).
Error bars represent SEM; **p < 0.01; Student’s ¢ test.

Animals were killed 4 weeks after pilocarpine injection, and
hippocampal homogenates were prepared. EMSAs were used to
compare SRF binding between homogenates from epileptic
phenytoin-treated and nonepileptic control rats that had received
saline injections twice daily instead of phenytoin. A significant
increase in SRF binding (46.7% from control; p < 0.05; Student’s
t test) (Fig. 5B) was observed in the phenytoin-treated epileptic
animals. The increase was not reduced compared with epileptic
animals, which received saline injection instead of phenytoin
(33.2% increase from control; p < 0.05) (Fig. 5B).These results
demonstrate that elevated SRF binding did not diminish with
anticonvulsant-decreased recurrent seizure frequency, indicating
that seizure activity in the pilocarpine animals was not likely
responsible for the elevated SRF levels.

The role of NMDA receptor activation during SE on
increased SRF binding

We have found that NMDA receptor activation during SE is
required for epileptogenesis in the pilocarpine epilepsy model
(Rice and DeLorenzo, 1998) and in the hippocampal culture
model of epilepsy (Sombati and DeLorenzo, 1995; DeLorenzo et
al., 1998). When NMDA receptors were blocked by the injection
of an NMDA receptor inhibitor, MK-801, before pilocarpine
injection, prolonged electrographic SE still occurred, but sponta-
neous recurrent seizures did not develop (Rice and DeLorenzo,
1998). If the elevation in SRF plays a role in epileptogenesis in
this model, then the increase in SREF, like epileptogenesis, should
require NMDA receptor activation during SE.

To investigate this possibility, a group of rats was injected with
MK-801 before pilocarpine or saline injections. Nuclear-enriched
fractions were prepared 8 weeks later, and SRF binding was
compared between four groups by EMSAs (pilocarpine, pilo-
carpine plus MK-801, saline plus MK-801, and saline). Figure 6
shows that MK-801 effectively blocked the increased SRF binding
in the pilocarpine rats under the same conditions that blocked
epileptogenesis (Rice and DeLorenzo, 1998). Epileptic pilo-
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aSRF

CV

Figure 7. SRF immunoreactivity is localized
to the nuclei of the neuronal cell regions of the
epileptic (Pilo) and control rat hippocampus.
Adjacent coronal sections were sliced from a
paraformaldehyde-fixed, paraffin-embedded
brain of control saline-injected (left panels)
and pilocarpine-injected (right panels) rats at 8
weeks after treatment. SRF immunoreactivity
(aSRF) was visualized using a DAB substrate
kit (see Materials and Methods). Cell bodies
in adjacent slices were stained with cresyl vi-
olet (CV’). Images of cresyl violet- and SRF-
stained slides were captured using a digital
camera. Low-magnification views of control
and epileptic hippocampi are shown in A.
Higher magnification views are presented be-
low in B of the CAl hippocampal region,
designated by arrows in A. Scale bars below 4
and B indicate actual size.

carpine rats had an increase in SRF binding of 45.2% (p < 0.01;
Student’s ¢ test) (data not shown in Fig. 6) over “nonepileptic”
pilocarpine plus MK-801 rats. In addition, the SRF binding for
the pilocarpine plus MK-801 animals (—4.4% of control; p =
0.68) was the same as the binding seen in the saline-treated
control animals (Fig. 6).

SRF immunohistochemistry in rat hippocampus

All of the above experiments were performed using nuclear and
cytoplasmic fractions from whole homogenized hippocampi. The
hippocampus, in addition to having several types of neurons, also
contains many types of non-neuronal cells, including glia and
fibroblasts. All of these cell types could potentially express SRF
and be responsible for the altered expression of SRF in epileptic
rats. To evaluate the cellular distribution of SRF in the rat
hippocampus, immunohistochemistry, using the same anti-SRF
antibody used in the above studies, was performed on paraffin-
embedded coronal sections obtained 8 weeks after pilocarpine or
saline injections. Adjacent sections were stained with cresyl violet.
Figure 7 shows the SRF and cresyl violet hippocampal and CA1
regional staining pattern in a saline- and a pilocarpine-treated
adult rat. The majority of the SRF immunoreactivity was en-
riched in the nuclei of neurons in the dentate gyrus, CAl, CA2,
and CA3 regions of the hippocampus. Intense staining was
present in the CAl and CA2 and in the dentate gyrus, with less
staining in the CA 3 region of the hippocampus. Staining in other
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hippocampal cell types was not apparent. These results demon-
strate that the majority of SRF antibody reactivity was highly
enriched in the pyramidal neuron cell layer in the hippocampus
and primarily associated with neurons in both control and epi-
leptic animals.

Although immunohistochemical determinations are not reli-
able for quantitation, we attempted to evaluate the number of
positively stained neurons in epileptic and control slices of the
CAL1 hippocampal region. To do this, the number of anti-SRF
stained nuclei were counted in an area of the CA1 region, and cell
loss and variation was controlled for by counting cresyl violet-
stained cells in the same area in an adjacent section. This quali-
tative measurement revealed an increase in anti-SRF staining in
the epileptic animals. This increase in the number of SRF-
positive neurons did coincide with the long-term increased SRF
expression assessed by Western blotting (Fig. 3). Although it is
difficult to use immunohistochemical studies for quantitative
analysis, these results suggest that the long-term differences in
SRF expression in this model of epilepsy are occurring in the
neuronal nuclei of the hippocampus and not in non-neuronal cell

types.

DISCUSSION

Epilepsy represents a permanent change in neuronal function
mediated by lasting changes in neuronal plasticity. The possible
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role of altered genetic expression in mediating symptomatic epi-
lepsy represents a molecular mechanism that could account for
long-lasting changes in neuronal function in response to environ-
mental influences (DeLorenzo, 1991; DeLorenzo and Morris,
1999). If changes in genetic expression underlie epilepsy, long-
lasting alterations in transcriptional regulation should accompany
epileptogenesis. The results of this study indicate that epilepsy
induced by SE in the pilocarpine model is associated with a
long-lasting increase in the binding of the transcription factor
SREF to its DNA consensus sequence SRE. The increase in DNA
binding was present in both hippocampal and cortical nuclear-
enriched fractions but not in cerebellar nuclear-enriched frac-
tions. The hippocampus and cortex both play roles in seizure
generation and propagation (Mello et al., 1993). This increase in
binding seen using the hippocampal nuclear-enriched fractions
from epileptic rats was shown to be caused by an elevated level of
SRF protein. The increase in SRF binding was not seen 3 hr after
the onset of SE but was seen by 24 hr and 8 weeks later, suggesting
that the change in SRF expression takes time to develop and
parallels the development of spontaneous recurrent seizures in
this model of epilepsy (Mello et al., 1993).

Using the in vivo rat pilocarpine and in the in vitro 0 Mg>*
primary hippocampal culture models of epilepsy and the NMDA
receptor antagonists MK-801 and 2-amino-5-phosphonovaleric
acid, we have found that NMDA receptor activation during SE is
required for epileptogenesis (Sombati and DeLorenzo, 1995;
DeLorenzo et al., 1998; Rice and DeLorenzo, 1998). In this work,
blockage of NMDA receptor activation during pilocarpine-
induced SE completely blocked the long-term increase in SRF
binding. Thus, a long-lasting increase in SRF expression and
DNA binding occurs in association with the persistent plasticity
changes that underlie epilepsy in this model. To our knowledge,
this is the first reported instance of a long-term alteration in a
transcription factor coinciding with epileptogenesis. The data
suggest that long-term changes in epilepsy may be mediated by
persistent changes in genetic expression.

Seizures are known to rapidly and transiently induce the ex-
pression of zif/268, NGFI-A and the members of fos and jun
families (Saffen et al., 1988; Morgan and Curran, 1991; Robert-
son, 1992; Nahm and Noebels, 1998). SE in the pilocarpine model
has been shown to transiently induce fos expression (Elmer et al.,
1997; Penschuck et al., 1997). Recently, Herdegen et al. (1997)
reported that the expression of SRF, which is considered to be a
“late” IEG (Norman et al., 1988; Misra et al., 1991), was elevated
at 2 hr after intraperitoneally kainic acid-induced seizures. How-
ever, SRF expression returned to normal levels within 5 hr and
remained so for 24 hr after kainic acid injection. The kainic acid
in this model does not cause epileptogenesis and does not man-
ifest chronic elevations in SRF (Herdegen et al., 1997). In this
work, using the pilocarpine model of epilepsy, SRF binding was
significantly elevated at 24 hr and at 4, 6, and 8 weeks after the
onset of pilocarpine-induced SE. Therefore, the ability to pro-
duce prolonged increases in SRF expression was associated with
epileptogenesis.

It is possible that the recurrent seizures that occur in this
model may be playing some role in the elevation of SRF. How-
ever, ECS did not cause an increase in SRF binding after acute,
intense seizures. These data demonstrate that seizures do not
elevate SRF. Furthermore, reduction of the recurrent seizure
frequency by 53% with anticonvulsants in the pilocarpine model
did not block the increase in SRF binding. It is still possible that
some minimal seizure frequency threshold that still occurs in the
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phenytoin-treated epileptic rats could play a role in the increased
SRF expression. However, inducing seizures by intraperitoneally
kainic acid or ECS is not sufficient for a prolonged increase in
SRF. These data indicate that repeated seizures are not causing
the elevated SRF binding. Thus, the long-term elevation in SRF
observed in association with epilepsy in the pilocarpine model of
epilepsy are likely the result of a long-lasting plasticity change
induced during epileptogenesis.

The level of SRF protein was upregulated 24 hr after
pilocarpine-induced seizures and maintained for a prolonged
period of time. Evidence indicates that this upregulation requires
NMDA receptor activation during epileptogenesis. For most
proteins, the level of protein present in the cell is controlled at the
transcriptional level (Lewin, 1987). The expression of SRF has
been shown to be transiently induced, in a manner similar to the
IEGs, by mitogenic agents in the absence of new protein synthesis
(Norman et al., 1988; Misra et al., 1991), putting SRF in a class of
delayed IEGs. The half-life of the SRF protein has been deter-
mined to be ~12 hr (Misra et al., 1991). SRF is autoregulated by
the binding of activated SRF to SREs on its own promoter
(Spencer and Misra, 1996). SRF is known to be activated by
phosphorylation caused by NMDA receptor activation and Ca>*
entry into primary hippocampal neurons (Bading et al., 1993; Xia
et al., 1996). A plausible mechanism for the initial induction of
SRF expression after SE in the pilocarpine model would be that
Ca®" entry through NMDA channels activates SRF protein
already present in the nucleus, which in turn stimulates expression
of more SRF. Can this mechanism also account for the long-term
elevation in SRF? Using an in vitro primary hippocampal culture
model of epilepsy (Sombati and DeLorenzo, 1995), we have
found that the Ca** equilibrium was perturbed in the epileptic
state after SE (DeLorenzo et al., 1998). The [Ca®*]; in the
“epileptic” pyramidal neurons was elevated to ~300 nm compared
with the sham-treated neurons, which had a [Ca®"]; of 165 nwm.
[Ca*"]; may also be elevated long term in the in vivo model,
allowing for continual increased SRF expression and binding to
SRE. Another possible mechanism to account for the continual
elevated SRF expression in the epileptic animals would be that
SREF is initially pathologically upregulated within 24 hr of the SE.
This abnormal amount of SRF may itself, through a positive
feedback loop, cause the continual synthesis of more SRF by
binding to the SREs on the SRF promoter (Spencer and Misra,
1996). This mechanism would not be dependent on Ca** entry or
NMDA receptor activation after the initial SE was over.

These results lead to the important question as to what role, if
any, does elevated SRF expression have in epilepsy and hyperex-
citability. Preliminary data indicate that the AP-1 complex bind-
ing is elevated long term in the pilocarpine epilepsy model (Mor-
ris et al., 1997). SRF is known to be a positive regulator of the
expression of the fos genes (Prywes et al., 1988; Lazo et al., 1992).
Elevated SRF could be responsible for the prolonged expression
of FosB seen in these models and, perhaps, may play a role in the
long-term regulation of other IEGs. Pathological alterations in
the expression of IEGs would likely affect the expression of many
other genes in hippocampal neurons, including membrane recep-
tors and channels, which could play a direct role in hyperexcit-
ability. SRF might also act directly on the promoters for
neuronal-specific genes. SRF is known to play a key role in
myogenesis by functionally interacting with promoters of many
muscle-specific genes, including the a-actins (Johansen and Pry-
wes, 1995). Long-term changes in the expression of mRNAs for
specific isoform of the GABA , receptor have been identified in
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the pilocarpine model (Rice et al., 1996). The possible role of
SREF in the regulation of the expression of the GABA, receptor
genes is not known. The role of SRF in the direct control of
neuronal-specific genes has not been characterized, and its role in
neural development and differentiation is unknown.

Other mechanisms for SRF elevations seen in association with
epilepsy may account for a role of this transcription factor in the
maintenance of the epileptic state. The pathological overexpres-
sion of SRF may also act to repress transcription of a number of
genes. High amounts of SRF were found to inhibit or “squelch” its
own activity and the activity of other transcription factors, in-
cluding cAMP-response element-binding protein (CREB) in in
vitro transcription assays (Prywes and Zhu, 1992). Squelching
occurs when an overexpressed transcription factor binds up a
common coactivator so that it is no longer available to act as an
intermediary between transcription factors and core transcription
complexes (Prywes and Zhu, 1992). Apparently, SRF and CREB
share the same coactivator. Unfortunately, transcriptional
squelching is difficult to study in vivo, and we do not know
whether enough SRF is expressed in the epileptic rats to cause
this phenomenon. However, Mello et al. (1996) reported that
c-fos was not elevated or was very weakly elevated in epileptic
pilocarpine rats after spontaneous recurrent seizures or a second
episode of SE. This would indicate that the transcriptional ma-
chinery has been chronically altered in these animals so that a
seizure that would normally induce c-fos expression is no longer
able to do so. Further studies on the role of altered gene expres-
sion in modulating long-term plasticity changes as seen in epilepsy
are necessary to establish the specific gene changes that lead to
hyperexcitability changes.
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