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Prolonged Expression of AP-1 Transcription Factors in the Rat
Hippocampus after Systemic Kainate Treatment

K. R. Pennypacker, L. Thai, J.-S. Hong, and M. K. McMillian
Neuropharmacology Section, National Institute of Environmental Health Sciences, National Institute of Health, Research

Triangle Park, North Carolina 27709

Systemic administration of kainate, a glutamate receptor ag-
onist, caused neuronal death in the CA1 and CAS fields of
the rat hippocampus. In the areas of cell loss, reactive as-
trocytes increased their expression of an astrocyte-specific
protein, glial fibrillary acidic protein (GFAP). AP-1 DNA bind-
ing activity and the expression of a 35 kDa fos-related an-
tigen (fra) remained elevated in the rat hippocampus for at
least 2 weeks after a single systemic injection of kainate,
which correlated with changes in gene expression during
reactive gliosis. Immunoreactivity for fras was detected in
the nuclei of neurons in the dentate gyrus, but relatively few
cells in CA1 and CA3 were immunoreactive 1 week after
kainate treatment. However, elevated AP-1 DNA binding ac-
tivity was observed in the CA1 and CA3 regions as well as
in the dentate gyrus, suggesting that proteins other than the
fras were involved in the astrocytic AP-1 complex. The AP-1
DNA binding activity in hippocampus recognized an AP-1
sequence from the promotor region of the GFAP gene, sug-
gesting that GFAP is a potential target gene. Thus, a single
systemic injection of kainate causes long-term activation of
AP-1 DNA binding activity in the rat hippocampus and may
be important for long-term changes in gene expression in
hippocampal cells.

[Key words: fos-related antigen, jun, cell death, gliosis,
reactive astrocyte, DNA binding activity]

The inducible AP-1 transcription factors include the fos-related
antigen (fra) and jun protein families (Morgan and Curran, 1991).
These factors form dimers that bind to specific DNA sequences
in the promotor region of target genes to modulate gene ex-
pression. A variety of stimuli in many different tissues induce
AP-1 transcription factors to regulate gene expression. In the
CNS, seizure activity caused by many different stimuli induces
AP-1 transcription factors in the brain, particularly in the hip-
pocampus (Dragunow and Robertson, 1987; Morgan et al., 1987,
White and Gall, 1987; Sonnenberg et al., 198%a,b; Sakaurai-
Yamashita et al., 1991; Simanato et al., 1991; Pennypacker et
al., 1993a).

Systemic administration of kainic acid, a glutamate receptor
agonist, causes robust and recurrent seizures in the rat. Within
90 min of KA administration, fra immunoreactivity is induced
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in the neurons of the dentate gyrus (Le Gal La Salle, 1988;
Popovici et al. 1990). Fra immunoreactivity in the CA1-CA3
areas of the hippocampus is delayed until 3 hr after KA ad-
ministration.

Another consequence of systemic KA administration is neu-
ronal damage in the CA1 and CA3 regions of the hippocampus
2 d after treatment. During neuronal damage, astroglial cells
undergo morphological and biochemical changes; these glia are
called reactive astrocytes. Astrocytic markers, such as S100 pro-
tein and glial acidic fibrillary protein (GFAP), as well as neu-
ropeptides, growth factors, and cytokines are expressed at high
levels in reactive astrocytes (Eddleston and Mucke, 1993) and
the enhanced expression of glia-derived protease nexin | persists
tor at least 1 year after neuronal damage in the CA1 (Nitsch et
al.,, 1993).

In this study, we have used systemic KA treatment to kill
neurons in the CAl and CA3 fields in order to examine the
long-term expression of AP-1 transcription factors during re-
active gliosis.

Materials and Methods

Animals and treatments. All animals were treated in strict accordance
with the NTH Guide for the Humane Care and Use of Laboratory An-
imals and were approved by the Animal Care and Use Committee at
the Institute. Male Fischer rats (Charles River, Raleigh, NC) were kept
on a 12:12 hr light:dark cycle and fed ad libitum.

Adult rats were injected intraperitoneally with KA (8 mg/kg). These
rats were observed at 10 min intervals for the presence or absence of
generalized convulsions as repeated bouts of head nodding, unilateral,
and bilateral forelimb clonus with intermittent episodes of whole-body
clonus. Rats were killed by decapitation at different times and the brains
rapidly removed for dissection of selected regions. Dissected regions
were placed on crushed ice and then rapidly frozen on dry ice before
storage.

Western blot analysis. Hippocampi from treated rats were homoge-
nized and nuclear protein extracts were prepared as described (Sonnen-
berg et al., 1989a). One hippocampus was used for each nuclear extract.
Forty micrograms of protein extract were separated on 10% sodium
dodecyl sulfate (SDS)-polyacrylamide gels and transferred onto nitro-
cellulose membranes, and the resulting blot blocked in phosphate-buf-
fered saline (PBS) containing 3% skim milk for 30 min. Blots were
incubated overnight at 4°C with either antibodies against c-fos and fras
(a gift from M. ladarola, NIH Bethesda, MD; Young et al., 1991) at a
1:500 dilution, or antibodies against the c-jun protein (Oncogene Sci-
ence, Uniondale, NY) at a 1:50 dilution. The antibody against the c-jun
protein was raised in a rabbit, using a synthetic peptide containing the
DNA binding domain of this protein. After washing in PBS, membranes
were incubated with biotinylated goat anti-rabbit antibodies for 1 br
followed by incubation with avidin-biotin—conjugated horseradish per-
oxidase (Vectastain kit, Vector, Burlingame, CA) at room temperature.
After washing, the blots were incubated in ECL chemiluminescence
reagent (Amersham, Arlington Heights, IL) and placed against Amer-
sham Hyperfilm, and the film was processed.



Control

Gel electrophoresis DNA binding assay. The AP-1 consensus oligomer
used in this study (22-mer; 5'-CTAGTGATGAGTCAGCCGGATC-
3') contains the consensus sequence (5'-TGAGTCA-3’) and was pur-
chased from Strategene (La Jolla, CA). The GFAP AP-1 oligomer
(20-mer; 5'-TGCCCAGTGACTCACCTTGG-3") was purchased from
Research Genetics (Huntsville, AL). Double-stranded oligomers were
labeled with ¥32P-ATP using 10 U of T4 kinase (U.S. Biochemical,
Cleveland, OH).

Binding reactions (30 ul) were performed at room temperature and
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Figure 1. GFAP immunostaining in
the rat hippocampus 1 week after KA
administration. Rats were injected with
KA (8 mg/kg) or with saline as controls.
Rat hippocampi were examined im-
munohistochemically for GFAP using
antibodies at a dilution of 1:1000; the
sections were counterstained with
thionin to reveal the neuronal layers of
the hippocampus. Magnification, 100 x.

reaction mixtures contained 40 ug of protein, 20 mu Tris-HCI (pH 7.8),
100 mm NaCl, 5 mm MgCl,, 1 mm EDTA, 5 mm dithiothreitol, 50 ug/
ml of bovine serum albumin (BSA), 100 ug/ml of sonicated salmon
sperm DNA, 10% glycerol, and approximately 0.1 ng (5 x 10¢ cpm) of
specified probe. Protein-DNA complexes were separated on a 5% non-
denaturing polyacrylamide gel. Gels were run at 150 V in 50 mm Tris-
50 mm boric acid/1 mm EDTA, dried, and autoradiographed overnight.

For characterization of AP-1 DNA binding activity, the nuclear pro-
tein extracts were preincubated for 10 min prior to the addition of
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Figure 2. Expression of AP-1 transcription factors in the rat hippocampus 1 week after KA treatment. Hippocampal nuclear extracts (40 pg) from
control saline-injected (C1, C2) rats and from KA-injection rats (K1, K2) were analyzed by gel shift assays (4 and B) or by Western blots (C and
D). 4, AP-1 DNA binding activity in extracts from two control and two KA-treated rats using the consensus AP-1 DNA element. B, In order to
characterize AP-1 DNA binding activity, extracts from KA-treated rats were preincubated with a 100-fold excess of unlabeled AP-1 oligomer (AP-
1) or antibodies that recognize fra proteins (a-FRA). As controls for nonspecific binding, 100-fold excess of an unrelated oligomer (NFJ), normal
rabbit serum (NRS), or bovine serum albumin (BSA) was used. Western blots were probed with antibodies against fra proteins (C) or c-jun protein
(D).




labeled probe with a 100-fold excess of unlabeled AP-1 oligomer or
antibodies specific to the fra proteins at a dilution of 1:500, which is
the optimal concentration to supershift the AP-1 DNA binding complex
that contains fra immunoreactivity. The antibody binds to the tran-
scription factor and forms a supercomplex containing antibody:tran-
scription factor:DNA. “Supershift” refers to the retarded migration of
the antibody:transcription factor:DNA binding complex relative to the
transcription factor:DNA complex in the nondenaturing gel. As con-
trols, nuclear extracts were incubated with normal rabbit serum or a
100-fold excess of an unlabeled NFJ oligomer (5'-TAGGGGTG-
GAGTCTCCATG-3', from Research Genetics, Huntsville, AL; a se-
quence that is unrelated to the AP-1 sequence, but is recognized by
NF«B transcription factors in the promotor region of the c-jun gene).

Immunohistochemistry. Animals from each group were perfused tran-
scardially with a 50 ml syringe containing 1% paraformaldehyde (30
ml/100 gm body weight) followed quickly by 4% paraformaldehyde (70
ml/100 gm body weight). Brains were then removed, stored in 4%
paraformaldehyde overnight, and cut as 30 um horizontal free-floating
sections. Prior to overnight incubation in primary antibody, sections
were prewashed in 0.2% Triton X-100 for 15 min, followed by 2%
normal goat serum. After a 24 hr incubation with the primary antisera,
sections were incubated with the secondary biotinylated antisera (1:400
dilution) for 1 hr. The sections were then immersed in avidin-biotin
complex (Vector, Burlingame, CA) for 1 hr. Sections were always washed
3 x with phosphate-buffered saline (pH 7.4) between each incubation
step. 3,3'-Diaminobenzidine was used as the chromogen (Sar, 1985).
The dilution for both fra (from M. ladarola, NIDR) and GFAP anti-
bodies (Dakopatts, Denmark) was 1:1000.

Results

To induce neuronal damage, rats were injected intraperitoneally
with 8 mg/kg KA and killed at the indicated times. Several
animals were examined for neuronal death and reactive gliosis
in the CAl and CA3 fields of the hippocampus. The neurons
of the CA2 are insensitive to kainate-induced damage, so this
region is used as a control for the pyramidal neuronal layers
(Fig. 14, B, brackets). Thionin staining of the hippocampus from
control rats shows intact neuronal layers (Fig. 1.4). Hippocampi
from rats 1 week after KA treatment showed very little staining
in the CA1 and CA3 regions, consistent with KA-induced neu-
ronal damage (KA, Fig. 1B), and normal staining in neuronal
layers of the dentate gyrus (DG) and CA2. Immunostaining for
GFAP was dramatically increased in astroglia surrounding the
CAl and CA3 1 week after KA administration.

During the KA-induced neuronal damage, modulation of gene
expression in the hippocampus occurs as indicated by changes
in the transcription factors that regulate these genomic events.
The AP-1 transcription factor expression and DNA binding
activity, which are induced by kainate administration (Sonnen-
berg et al., 1989a; Pennypacker et al., 1993a), were examined
for any correlation with potential target genes. Hippocampal
nuclear extracts from rats 1 week after KA treatment were ex-
amined for elevated levels of AP-1 transcription factors. AP-1
DNA binding activity was utilized as a measure of AP-1 proteins
capable of modulating gene expression since some tissues ex-
press these transcription factors but have no DNA binding ac-
tivity (Pennypacker et al., 1992b). Hippocampal nuclear extracts
from rats | week after KA administration contained a consid-
erably higher level of DNA binding activity than extracts from
control rats (Fig. 24). Characterization of this DNA binding
activity showed that a 100-fold excess of unlabeled AP-1 oligo-
mer blocked the binding, while a 100-fold excess of an unrelated
oligomer had no effect, indicating that the binding activity is
specific for an AP-1 sequence (Fig. 2B). Antibodies that rec-
ognize the fra proteins supershifted the DNA:protein complex,
proving that fra proteins are a component of the AP-1 DNA
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binding complex. Normal rabbit serum had no effect on the
DNA binding. Finally, incubation of the probe with BSA was
used as a control to show no nonspecific binding.

Western blot analysis was utilized to detect any changes in
the expression of fra or c-jun proteins. Fra antibodies revealed
a dramatic increase in a 35 kDa protein in hippocampal extracts
from rats 1 week after treatment with KA (Fig. 2C). On a West-
ern blot probed with c-jun antibodies, this 39 kDa transcription
factor was increased only moderately in hippocampal extracts
from rats 1 week after KA administration (Fig. 2D).

The time course for the induction of AP-1 transcription fac-
tors was examined for up to 2 weeks after KA administration.
The AP-1 DNA binding activity was increased severalfold in
hippocampal extracts within 4 hr after KA administration and
remained elevated for at least 2 weeks after treatment (Fig. 34).
Immunoreactivity for 55 (c-fos), 46, and 35 kDa fras increased
remarkably in extracts from rats 4 hr after KA treatment (Fig.
3B). By 1 d after KA treatment, only the 46 and 35 kDa fras
were detected, while at 3 d and later, the 35 kDa fra was the
only protein expressed. In contrast, c-jun immunoreactivity in-
creased rapidly to maximal levels at 4 hr and slowly declined
to nearly undetectable levels at 2 weeks after treatment (Fig.
30).

The use of whole hippocampi for the nuclear extracts does
not permit the regional localization of the DNA binding activity.
Therefore, hippocampi from rats 1 week after KA administra-
tion were microdissected into the dentate gyrus, CAl, and CA3
before nuclear extracts were prepared. All three regions con-
tained elevated AP-1 DNA binding activity (Fig. 44). In con-
trast, the immunoreactivity to the 35 kDa fra was dramatically
higher in the dentate gyrus than the other two regions (Fig. 4B).
Consistent with the Western blot data, antibodies that recognize
the fra proteins caused a major supershift in AP-1 DNA binding
activity in dentate extracts, while only a minor supershift in the
bands was detected using CA1l and CA3 extracts (Fig. 4C).
However, the antibodies did interfere with the AP-1 DNA bind-
ing in CA3 extracts.

Immunostaining was utilized to observe the cellular distri-
bution of the 35 kDa fra in the hippocampus 1 week after KA
administration. In the hippocampus from control rats, very lit-
tle, if any, fra immunostaining was detected, but the neuronal
layers of the hippocampus were readily visible with thionin
staining (Fig. 54). One week after KA, the thionin staining in
the CAl and CA3 regions was absent, indicating the loss of
neurons, while the neuronal layers of the dentate gyrus, CA2,
and subiculum were still easily visualized (KA, Fig. 5B). Im-
munostaining for the fra protein was observed primarily in the
dentate gyrus supporting the Western blotting data. The neu-
ronal layer of the CA2 region between the CAl and CA3 is
largely unaffected but contains some scattered fra immuno-
reactivity (Fig. 5C,D, arrowheads). The fra nuclear immuno-
staining in the CA1 was localized in the neuronal layer (Fig. 5C,
arrow) with a few scattered cells showing nuclear staining. In
the CA3, nuclear staining was scattered (Fig. 5D). Most of the
cells containing nuclear fra immunoreactivity were counters-
tained with thionin (Fig. 5D, small arrowheads); however, a few
fra-immunoreactive cells were not counterstained (Fig. 5D, ar-
rows).

Double immunostaining with fra and GFAP antibodies was
utilized to observe any reactive astroglia staining for fra protein.
In the CA1 or CA3, large flat GFAP-positive cells did not ex-
press fra immunoreactivity (Fig. 5E, small arrowhead); though
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Figure 3. Time course of the expres-
sion of AP-1 transcription factors in rat
hippocampus after KA administration.
Nuclear extracts (40 ug) from rat hip-
pocampi after saline injection (C) or 4
hr (4H), 1 d (ID), 3 d (3D), 7 d (7D),
or 2 weeks (2W) after KA administra-
tion were analyzed for AP-1 DNA
binding activity with gel shift assay (4)
or with Western blots probed with an-
tibodies specific for fra proteins (B) or
¢-jun protein (C).

an occasional smaller GFAP-positive cell (Fig. 5E, small arrow)
did stain positively for fra protein. However, a population of
these cells located in the hilar region between DG and CA3 were
consistently double labeled (Fig. 5F, small arrow).

One of the potential target genes for AP-1 DNA binding ac-
tivity is the GFAP gene, so an AP-1 DNA sequence from the
promotor region of the GFAP gene was used as a probe for gel
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shift assays. The DNA binding activity for the GFAP AP-1
sequence increased in hippocampal extracts from rats 1 week
after KA administration (Fig. 6). Unlabeled consensus AP-1
oligomer (100-fold excess) competed out the binding to the
GFAP AP-1, and antibodies to fra proteins supershifted the
DNA:protein complex, demonstrating that this sequence can be
recognized by AP-1 transcription factors.
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Figure 4. AP-1 transcription factors in subregions of the rat hippocampus 1 week after kainate treatment. Hippocampi from four rats 1 week
after KA treatment were microdissected into CAl, CA3, and the dentate gyrus and the same regions from each hippocampus were pooled for
nuclear extracts. Nuclear extracts were analyzed for AP-1 DNA binding activity using the gel shift assay (4) and for fra immunoreactivity using
Western blotting (B). The composition of the AP-1 DNA binding complex in the different subregions was analyzed for fra proteins by preincubating
the extracts with antibodies specific to the fra proteins (C). Normal rabbit serum (NRS) did not affect binding, and bovine serum albumin was run
as a control to show no nonspecific binding to the AP-1 probe.

. reactive gliosis in these areas. AP-1 DNA binding activity and
Discussion the expression of a 35 kDa fra is elevated in the hippocampus
Systemic KA administration results in neuronal damage in the  at least 2 weeks after KA administration. The fra immuno-
CAl and CA3 regions of the hippocampus with subsequent  reactivity is localized in the neurons of the dentate gyrus and a



4004 Pennypacker et al. » Kainate-induced Long-Term Expression of AP-1 Proteins

Control

Figure 5. Immunostaining of fra protein in the rat hippocampus 1 week after KA treatment. One week after a single injection of kainate (8 mg/
kg), rat brains were sectioned and hippocampi immunostained with antibodies specific for fra transcription factors (1:2000) followed by a thionin
counterstain. Hippocampal sections from saline-injected rats were used as controls (Control). Neuronal layers of the hippocampus are stained with
thionin. The CA1l and CA3 fields are shown with a large arrowhead indicating the CA2 region. The arrow in the CAl shows intense fra staining
in the degenerating neuronal layer. The small arrowheads in the CA3 depict fra-positive thionin-positive cells, while small arrows denote fra-
positive thionin-negative cells. Some sections were double immunostained with the fra and GFAP antibodies. Large, flat GFAP-positive cells did
not contain fra immunoreactivity (small arrowhead) in the CAl. A few small GFAP-positive cells did stain positively for fra antigen in the CAl
(arrow), and several of these cells were located between the DG and CA3 (arrows). Magnification: 4 and B, 40x; C-F, 200x.

few reactive astroglia also appear to express this protein. How- AP-1 sequence is an important regulatory site for this gene
ever, there is considerable AP-1 DNA binding activity in the (Masood et al., 1993).
CA1 and CA3 regions, suggesting that this activity may be mod- The expression of the AP-1 transcription factors and their

ulating reactive glial gene expression such as GFAP. The GFAP DNA binding activity in most tissues is transient. Surprisingly,



the expression of the 35 kDa fra persisted for at least 2 weeks
after KA administration. This protein is primarily expressed in
the neurons of the dentate gyrus, indicating that these neurons
may remain activated for a protracted time after the initial
seizure activity. This transcription factor could be modulating
long-term changes in gene expression in these neurons. Degen-
erating neurons in CAl and CA3 also appear to express this
protein, suggesting that the 35 kDa fra could be involved in the
regulation of genes during neuronal degeneration. Expression of
transcription factors including the AP-1 factors is increased after
brain injury (Gunn et al., 1990; Herdegen et al., 1992; Dragunow
et al., 1993; Koistinaho et al., 1993; Smeyne et al., 1993) and
during the process of apoptosis (Gonzales-Martin et al., 1992;
Grassilliet al., 1992; Martin et al., 1992), suggesting these factors
are involved in modulating genes involved in cell death.

The identity of the 35 kDa fra is unknown. Antibodies pro-
duced against FosB and fra2, which were used to probe Western
blots of the 35 kDa fra, did not recognize this protein (data not
shown). Furthermore, fra-1 is not detected in the brain (Son-
nenberg et al., 1989a; unpublished observations). Therefore, it
is likely that the 35 kDa fra is an unidentified member of the
fra family. This transcription factor is the only member of the
fra family that is induced in the striatum after repeated treat-
ments with dopamine agonists (Pennypacker et al., 1992a). In
contrast, there is only basal expression of a 35 kDa fra-immu-
noreactive protein in the adrenal gland (Pennypacker et al.,
1992b). Thus, this 35 kDa fra could be involved in long-term
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changes in gene expression in many different regions of the brain
and other tissues.

Very few reactive astroglia in the CAl and CA3 express the
35 kDa fra; however, these regions contain elevated levels of
AP-1 DNA activity. Antibodies produced against AP-1 proteins
(JunD, JunB, c-jun, fra-2, FosB) do not affect this AP-1 DNA
binding (unpublished observations) and the fra antibodies cause
only a minor supershift, which may be due to the 35 kDa fra
expressed in the surviving neurons. JunD immunoreactivity
determined by Western blotting is detected at relatively high
basal levels and is not affected by the effects ofkainate treatment.
Antibodies against this protein that have been shown to work
on the gel shift assay (Dr. M. Comb) do not affect the DNA
binding activity. The DNA binding could derive from glial-
specific transcription factors that recognize the AP-1 sequence.
An elevated AP-1 DNA binding activity has been observed in
several brain regions during the early postnatal period and sub-
sequently declines to low adult basal levels by postnatal day 21
(Pennypacker et al., 1993b). This early postnatal AP-1 complex
is unaffected by antibodies that recognize the fra proteins but
does contain immunoreactivity to the cAMP-responsive ele-
ment binding proteins, in which some members of this tran-
scription factor family recognize AP-1 sequences (Hai and Cur-
ran, 1991). During the early postnatal period and reactive gliosis,
the glia are undergoing morphological and biochemical changes,
which implies the AP-1 DNA binding activity plays a role in
modulating gene expression in glia during these periods.

Figure 6. AP-1 DNA binding activity
to GFAP promotor sequence. An oligo-
mer to a GFAP promotor AP-1 se-
quence was used in the gel shift assay
using hippocampal extracts from sa-
line-injected rats (C) or rats | week after
KA treatment (KA). Extracts from KA-
treated rats were preincubated with a
100-fold excess of consensus AP-1
oligomer or antibodies specific to fra
proteins (a-FRA) to show specificity of
the DNA binding. Normal rabbit se-
rum (NRS) or a 100-fold excess of an
unrelated oligomer (NFJ) did not affect
DNA binding. Bovine serum albumin
(BSA) did not bind to the DNA probe.
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Kainate administration causes both short-term increases in
AP-1 transcription factors, due to seizure activity, and long-
term increases in AP-1 DNA binding activities in astroglia, due
to neuronal damage, and in neurons of the dentate gyrus. The
prolonged increases in AP-1 DNA activity in the dentate gyrus
could be due to recurrent seizures; however, sedating the rats
with pentobarbital for 6 hr 1 week after kainate administration
has no effect on the increased DNA binding, suggesting that
recurrent seizures are not responsible for this phenomenon or
that the induction of AP-1 DNA binding is long lasting and
slow to reverse. Most of the AP-1 proteins are induced initially
(i.e., c-fos, c-jun, and a 46 kDa fra), but their expression is
undetectable by 2 weeks after KA administration. By 1 week
after kainate administration, the hippocampus contains elevated
levels of at least two different AP-1 DNA binding complexes.
A 35 kDa fra is a major component of the AP-1 complex in
neurons of the dentate gyrus which may be regulating long-term
changes in gene expression. In areas of reactive gliosis, elevated
AP-1 DNA binding activity is observed that does not contain
fra proteins in this DNA:protein complex. Although the tran-
scription factors involved need to be identified, the high levels
of AP-1 DNA binding activity in areas of reactive gliosis may
be regulating changes in the expression of glial-specific genes
such as GFAP.
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