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Kainate-evoked modulation of gene expression in rat brain*
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Kainate is a glutamate analog that produces neuronal excitation resulting in
seizures within hours following its intraperitoneal injection into adult rats,
Then, at 2-3 days after the treatment, neurodegeneration of apoptotic character
can be observed in limbic system. As a consequence, plastic reorganization and
glial reactivation phenomena occur. These physiological and pathological re-
sponses are reflected by specific changes in gene expression, that can be
dissected according to their spatio-temporal patterns. The early phase of gene
expression observed in all hippocampal subfields appears to reflect a sudden
burst of spiking activity. Changes in mRNA levels restricted to dentate gyrus
are suggestive of a link to neuronal plasticity. The late gene expression response
implies its correlation either to neuronal cell deaih or glial reactivation,
depending on cellular localization of gene products. Thus analysis of the
temporal and spatial gene expression paitern in the hippoeampus after kainate
treatment may provide clues revealing specific phenomena to which gene
expression could be attributed.
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KAINATE TREATMENT AS A MODEL
SYSTEM

Understanding of the mechanisms of long
term modulations of brain functions is one of
major goals of molecular neurobiology. Re-
cently, it has been repeatedly stressed that
genomic responses play a significant role in
these phenomena. Many studies have estab-
lished that excitation of neurons results in
activation of a number of genes. Thus model
systems employing compounds that depolar-
ize nerve cells, such as the natural major
excitatory neurotransmitter, L-glutamate
and its analogs (excitatory amino acids) are
becoming valuable experimental tools. One
of the most widely studied excitatory amino
acids is kainic acid [2-carboxy-4(1-methyl-
ethenyl)-3-pirrolidinacetic acid], or to be
more precise kainate (KA) (for review see:
Sperk, 1994). This compound shares strue-
tural similarities with L-glutamate and can
activate ionotropic non-NMDA (N-methyl-D-
aspartate) glutamate receptors in the brain.
In fact there is a class of these receptors that
has been named “kainate receptors”. How-
ever, KA may act on AMPA (a-amino-3-hy-
droxy-5-methylisoxazole-4-propionic acid)
receptors as well (see: Kaczmarek et al,
1997). Thus, two main subtypes of non-
NMDA ionotropic receptors for excitatory
amino acids in the brain can be stimulated
upon kainate binding.

(Given either systematically or in the form
of intracerebral injections in adult rats, KA
provides a useful model system to study
brain function in a complex physio-pathologi-
cal situation (Schwob et al., 1980; Ben-Ari ef
al., 1981; Ben-Ari, 1985; Sperk, 1994). In-
itially, within a few dozens of minutes follow-
ing intraperitoneal injection (i.p.), kainate
evokes seizures that may last up to several
hours. The seizures are dependent on activa-
tion of glutamate receptors. Within a few
days — sometimes as early as one day after
the injection — a massive neurodegeneration
occurs in specific brain areas. The most
strongly affected are pyramidal neurons of
CA3 and CA1 (Cornu Ammonis) subfields of
the hippocampus as well as entorhinal cor-
tex. Other brain regions, e.g., neocortex are
affected by neuronal cell loss to a variable

frequency and degree. Notably, dentate
gyrus of the hippocampus is consistently
spared from the neurodegeneration (Sperk,
1994). On the contrary, the granule neurons
of the region are involved in plastic changes
including axonal sprouting, believed to be a
form of functional brain recovery from the
severe damage evoked by kainate in the
neighboring areas (Sperk, 1994). At least
four intermingled processes could be distin-
guished as a consequence of kainate admini-
stration: i. excessive neuronal firing result-
ing in seizures; ii. neuronal cell loss; iii.
neuronal plasticity; and iv. glial reactivation.
Despite this apparent complexity of the
model, analysis of the temporal and spatial
gene expression pattern in the hippocampus
after kainate treatment may provide clues
revealing specific phenomena to which gene
expression could be attributed.

KAINATE AND TRANSCRIPTION
FACTORS

Our interest in kainate has been motivated
by a search for model systems that involve a
massive neuronal activation dependent on
glutamate receptors. In our first experi-
ments, we investigated whether such a situ-
ation may involve elevation of DNA binding
of AP-1 transcription factor, as we have
shown for in vitro cultured neurons and glia
(Condorelli ef al., 1993, 1994). With the aid
of electrophoretic mobility shift assay
(EMSA) we have found that, indeed, treating
the rats with 10 mg/kg i.p. of sodium kainate
results in robust accumulation of AP-1 DNA
binding activity in hippocampus and entorhi-
nal cortex at 26 h after the KA administra-
tion (Kaminska et al., 1994a; Przewlocki et
al., 1995; Kaminska et al., 1994b). These
structures are known to be especially prone
to kainate-evoked effects, as indicated by
electrophysiological and histological ap-
proaches (Sperk, 1994).

At 24 h after the KA administration AP-1
content was decreased, similarly as it was
shown for AP-1 activation produced by an-
other proconvulsive agent — pentylenetra-
zole (PTZ) (Kaminska & Kaczmarek, 1993;
Lukasiuk & Kaczmarek, 1994; Przewlocki et
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al., 1995). However, contrary to PTZ effects,
KA administration provoked a second wave
of AP-1 DNA binding activity, that was ob-
served 48-72 h following the insult (Kamin-
ska et al., 1994a). This second AP-1 peak
corresponded well in time with neurodegen-
eration. This temporal coincidence led us to
ask whether kainate may produce a pro-
grammed cell death process, or apoptosis.
Indeed, we demonstrated apoptotic features
of KA-evoked cell loss, such as intranucleoso-
mal DNA fragmentation (Filipkowski et al.,
1994: Kaminska ef al., 1994a). These obser-
vations were further strengthened by the
results reported by Ben-Ari and his col-
leagues, who documented both a necrotic and
an apoptotic character of KA-evoked neuro-
nal death (Pollard et al., 1994a, b).

To investigate the composition of AP-1, that
can be formed by various dimeric combina-
tions of Fos and Jun proteins (Morgan &
Curran, 1991) we initially employed an
EMSA-superhift procedure. In the untreated
animals, AP-1 appears to be composed pre-
dominantly of FosB and JunD. Two—six
hours following the KA treatment c-Fos and
JunB are becoming major DNA binding AP-1
components. At three days after the KA ad-
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ministration, again FosB and JunD comprise
majority of AP-1 (Kaminska et al., 1994a, see
also Kaminska et al., 1996), These observa-
tions were supported by northern blot hy-
bridization to measure mRNA levels and im-
munocytochemical technique to visualize the
proteins belonging to the Fos and Jun fami-
lies (Kaminska et al., 1994a) (Fig. 1).

DNA binding activities of two other tran-
scription factors were also investigated. Nei-
ther CREB nor Octamer DNA binding activi-
ties were found to be modified by kainate
administration (Kaminska et al., 1994a).
However, AP-1 is clearly not the only tran-
scription factor whose expression is modu-
lated in response to KA treatment. We have
observed an increase in zif268 mRNA at 26
h following KA injection, as well as
CREM/ICER mRNA accumulation at 6-24 h
thereafter (Konopka ef al., in press).

NEURONAL ACTIVATION-LINKED
GENE EXPRESSION

The fact that KA administration results in
an elevation of transcription factors, and that
there are at least two phases of the process,
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Figure 1. Different protein composition of AP-1 transcription factor at various phases following

intraperitoneal kainate administration to rats.

Nuclear protein extracts were isolated from hippocampi at either 2 h (activation) or 72 h following injection of 10
mg/kg of KA, and then subjected to EMSA supershift procedure with antibodies specific to various AP-1 components

(Ab}, as indicated at the top.
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raises the question of possible targets for
these regulators of gene expression. Studying
the levels of mRNA for a number of genes, it
has been found that the gene expression
response can be spatio-temporally divided to
reflect various neuronal and glial responses
to KA.

The first group of possible targets for the
initial phase of the KA-evoked activation of
AP-1 and/or its cognates includes three genes
coding for proteins related to synaptic re-
lease, namely, secretogranin II (sg II),
clathrin heavy chain (che) and heat shock
protein 70 cognate protein (hsc 70) (Nedivi et
al., 1993; Konopka et al., 1995). With the aid
of in situ hybridization we have found that
sg 11 mRNA was present in the hippocampal
dentate gyrus, as well as in Cornu Ammonis
of the hippocampus proper. KA treatment led
to an increase in sg II mRNA level in all
subfields of the hippocampus in pyramidal
and granule cell layers. In the case of hse 70,
its mRNA could be observed in non-treated
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animals only in the dentate gyrus. However,
KA injection evoked a profound elevation of
this mRNA in pyramidal and granule cells
throughout the whole hippocampus (Fig. 2).
Clathrin heavy chain mRNA was expressed
in the hippocampi of non-treated rats at the
lowest level of all these three genes exam-
ined. KA treatment provoked a dramatic in-
crease of these mRNA levels in the dentate
gyrus granule cells and, to a lesser extent, in
other hippocampal subfields as well.
Northern type of analysis of gene expres-
sion revealed that all three genes were char-
acterized by similar time-course of expres-
sion, with a slight elevation of mRNA abun-
dance at 2 h post-treatment (not shown),
maximal increase at 624 h, and a decrease
thereafter (see, e.g., Fig. 2). To find out
whether the observed elevation of gene ex-
pression was dependent on previous protein
synthesis we applied cycloheximide pre-
treatment (3 mg/kg, subcutaneously, 30 min
before KA injection). Cycloheximide admini-
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Figure 2. Expression of AP-1 proteins after kainate administration to rats.

The animals were treated i.p. with KA and killed at various times, as indicated, after the treatment (C, control).
The brains were isolated and processed for immunocytochemical analysis with specific antibodies to the proteins

indicated. Scale bar, 1 mm.
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stration abolished KA-induced activation of
clathrin and secretogranin II. In the case of
hse 70 this effect was also clear, although not
so pronounced. Cycloheximide alone had no
effect on control levels of mRNAs of che and
sg II, and a slight inductive effect on hse 70
(Konopka et al., 1995). Such a pattern of gene
expression strongly suggests that their acti-
vation is of a secondary character, i.e., de-
pends on previous gene expression (e.g.,
genes coding for either AP-1 or Zif/268 tran-
scription factors).

Another gene — TIMP-1 (tissue inhibitor of
metalloproteinases-1) behaves similarly to
those just described. A marked increase in its
expression was observed by northern hy-
bridization at 6—24 h after kainate admini-
stration (Biedermann et al., unpublished). In
situ hybridization revealed that KA treat-
ment leads to TIMP-1 mRNA accumulation
in neuronal cell layers of all hippocampal
subfields. We have noted a virtual overlap of
spatial distribution of ¢-Fos immunoreactiv-
ity and TIMP-1 mRNA in hippocampi of KA-
treated rats. Moreover, Bugno ef al. (1995)
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demonstrated the dependence of TIMP-1 ex-
pression on AP-1 in cells cultured in vitro.
Hence, we decided to pursue further studies
on the possible role of AP-1 in control of
TIMP-1 expression in brain. Using EMSA,
we have analyzed protein binding to TIMP-1
regulatory elements (Biedermann et al., un-
published). The TIMP-1 promoter carries a
non-perfect AP-1 binding region in the vicin-
ity of STAT/ETS elements (Bugno et al.,
1995). The DNA binding assay revealed that
the oligonucleotide containing these se-
quences is bound by proteins whose levels
increase at 6 h after KA administration.
Moreover, this binding is abolished if AP-1
sequence is mutated. These results strongly
implicate AP-1 in regulation of KA-driven
TIMP-1 expression in hippocampus.
Recently, we have applied the RNA differ-
ential display technology to clone genes that
are activated at 6 h after KA administration
(Dabrowski et al., unpublished). So far, we
have obtained a number of genes that are
potentially KA-driven. For two of them we
have been able to confirm on northern blots

2h 6h 24h48h 72h

Figure 3. Evidence of upregulation of mENA
for the heat shock cognate 70 kDa protein (hsc
70) after kainate treatment.

A, RNA differential display, arrow points to hse 70
band; B, northern blot of the time course of hse 70
mEBENA expression after kainate administration; C,
in situ hybridization; dark field autoradiograms
obtained after reaction to hsc 70 gene probe.
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their upregulation by KA-induced seizures.
A fragment of an autoradiogram of a differ-
ential display gel showing the up-regulated
band of hse 70 is shown in the Fig. 3. Hsc 70
was already known to be KA-regulated. The
other identified gene was found to be a mam-
malian suppressor of Sec4 (Mss4), a soluble
protein that functions as a GTP/GDP ex-
change factor for small (monomeric) G pro-
teins of the Rab family (Burton ef al., 1994).
The Rab proteins are involved in neuronal
endocytosis (de Hoop et al., 1994) and injec-
tion of Mss4 into squid giant nerve termini
enhances neurotransmitter release (Burton
et al., 1994).

All the genes deseribed in this chapter share
similar features of expression pattern. Their
mRNA accumulation is secondary (i.e., pro-
tein synthesis-dependent), delayed and pro-
longed in comparison with the initial phase
of AP-1 components’ expression. Moreover,
expression of these secondary genes can be
demonstrated in all hippocampal subfields.
These observations suggest that expression
of these genes results from neuronal excita-
tion per se, and appears to exemplify a physi-
ological response to enhanced spiking activ-
ity.

KAINATE-EVOKED DECREASE IN
DYSTROPHIN mRNA EXPRESSION

Whereas the finding that a change in gene
expression occurs in all hippocampal sub-
fields indicates that this response might be a
consequence of neuronal activation, limita-
tion of the modulation of expression to the
dentate gyrus only may suggest a possible
role of gene expression in plasticity. We came
across such a situation while analyzing ex-
pression of dystrophin gene in rat hippocam-
pus (Gorecki et al., in press). We have hy-
pothesized that modulation of dystrophin
mRNA levels by KA treatment may provide
clues for elucidating a possible role of this
protein in functioning of neurons in adult
brain. This study has revealed that a low,
albeit clear, expression of dystrophin mRNAs
could be observed in the pyramidal cell layer
of all CA subfields of the hippocampus proper

as well as in the granule cell layer of the
dentate gyrus. Similar spatial distribution of
the hybridization signal was also seen 1 h
after kainate insult. However, at 6 h after the
treatment, there was no discernible hybridi-
zation signal of dystrophin in the dentate
gyrus, whereas its expression in the CAl
subfield remained unchanged and in CA3
was even increased. At 24 h after KA admini-
stration, the pattern of the gene expression
came back to that of control animals. At 72
h, the expression persisted at apparently
control levels in the dentate gyrus and de-
creased in the CA subfields, concomitantly
with neurodegeneration observed in these
areas on the histologically stained parallel
sections, Such a pat-ern of dystrophin mRNA
expression in response to kainate challenge
may imply that the gene product is involved
in establishment/maintenance of synaptic
contacts. Thus, studies on KA-regulated gene
expression appear to reveal potential in-
volvement of dystrophin in neural plasticity.

KAINATE PROVOEKED
NEURODEGENERATION AND GENE
EXPRESSION

Kainate induces conditions similar to hu-
man temporal lobe epilepsy that is accompa-
nied by neuropathological alterations includ-
ing neuronal death and activation of glia.
Hence studies on the neurodegenerative
phase of brain response to kainate are of
great importance. Our initial observation
that KA treatment ~esults in neuronal apop-
tosis coincident with the second wave of AP-1
elevation motivated us to search for genes
whose expression is upregulated later than
24 h after the insul:.

Two such genes were identified. The first
codes for GFAP (glial fibrillary acidic protein)
that is a specific component of astroglial
intermediate filaments. GFAP mENA accu-
mulation in various brain regions is in-
creased dramatically at 24 h following KA
administration and remains elevated for at
least 3 days thereafter (Hetman et al., 1995).
This increase is reminiscent of GFAP mRNA
response to brain injury (Condorelli et al.,
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1990). The results of immunocytochemical
analysis confirmed that the GFAP increase
was confined to reactive astroglia.

In parallel with GFAP mRNA accumula-
tion, we have also observed increase in
cathepsin D mRNA (Hetman et al., 1995).
Cathepsin D is a major lysosomal aspartic
protease whose physiological function re-
mains poorly known. Cathepsin D message
was detectable in hippocampus, limbic cortex
and neocortex in control animals and its level
increased at all time-points examined, i.e., 6,
24, and 72 h as well as 7 days after KA
administration. The moderate increase —
1.5-2-fold above the control level at 6 and 24
h — was followed by a more pronounced, 4-6
fold increase above control level, at 3 and 7
days after kainate treatment. The peak val-
ues were reached at 72 h in the limbic cortex
and nepcortex. The greatest increase in
mRNA was observed in the hippocampus and
limbic cortex 7 days after the treatment.
Cathepsin D mRNA level in neocortex in-
creased earlier but did not reach values as
high as in the two other brain regions (Het-
man et al., 1995).

Using immunohistochemical technique we
identified the expression pattern of cathepsin
D protein in rat brain at 72 h after kainate
treatment (Hetman et al., 1995). In brains of
control animals, we observed a wide distribu-
tion of cathepsin D immunoreactivity that
was confined to granules localized mainly to
perikaria of neurons in the hippocampus,
limhic cortex, and also in neocortex. In kai-
nate-treated animals, the increased cathep-
sin D immunoreactivity was localized mainly
to hippocampus, piriform cortex and
amygdala, i.e., limbic structures. An intense
increase was also found in temporo-parieto-
occipital neocortex in the cases with exten-
sive damage of this brain area. The highest
cathepsin D immunoreactivity was found in
the regions that showed features of neurode-
generation. On the cellular level, cathepsin
D immunoreactivity was found to be in-
creased both in neuronal and glial cells. How-
ever, degenerating neurons were the main
site of increased eathepsin D immunoreactiv-
ity. Thus, cathepsin D expression induced by
kainate appeared to be largely related to
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toxic effects of this compound on neuronal
cells.

In conclusion, in the studies on late gene
response to KA administration, we demon-
strated an increased cathepsin D and GFAP
expression on both mRNA and protein levels
in kainate damaged rat brain. We have
shown that the increased cathepsin D expres-
sion is mainly related to neuronal cell death,
whereas activation of GFAP reflects reactive
gliosis. These findings suggest that cathepsin
D might be engaged in the neuronal death
and/or regeneration.

CONCLUDING REMARKS: KAINATE
TREATMENT AS A WINDOW TO
VARIOUS LONG TERM RESPONSES
OF BRAIN CELLS

In our studies reviewed herein we have
investigated kainate-evoked gene expres-
sion. The main rationale behind this work
was to understand responses of nerve cells to
excitatory activity of glutamate and its ana-
logs. Recent progress in neurobiology has
provided multiple examples of the complex
nature of effects exerted by excitatory amino
acids on brain cells, both glia and neurons
ifor review see: Kaczmarek et al., 1997). Un-
der physiological conditions, neuronal activ-
ity is regulated by glutamate acting as a
major depolarizing neurotransmitter. This
phenomenon involves mainly non-NMDA
ionotropic AMPA receptors. The NMDA re-
ceptors appear to be especially important for
neuronal plasticity, i.e., reorganization of sy-
naptic circuits. The role of kainate receptors
still remains largely unknown. However, kai-
nate treatment results in activation of all
three kinds of glutamate ionotropic recep-
tors, either directly or as a neuronal circuit
property. Hence, this model system provides
an opportunity to follow various physiologi-
cal neuronal responses to activation of gluta-
mate receptors, that may drive plastic
changes or at least display adaptation to a
sudden increase of the spiking activity. The
latter response has been named “replenish-
ment” to suggest that it is involved in the
recovery of the biochemical machinery fa-



T8H B. Kaminska and others

tigued as a result of this spiking burst (see
for discussion: Kaczmarek, 1995; Kaczmarek
& Chaudhuri, 1997).

The early phase of gene expression that is
observed in all brain regions responding to
KA, especially all hippocampal subfields,
may provide valuable information. The fact
that we have identified three genes encoding
proteins related to synaptic release supports
the notion that their response to KA treat-
ment represents a “replenishment” class of
reactions. On the other hand, neuronal re-
sponses limited to dentate gyrus only, such
as a decrease of dystrophin mRNA seem to
imply that these reactions may have some-
thing to do with the fact that this brain region
not only survives kainate challenge, but is
even actively engaged in neural plasticity.

Too much of a good thing might be, however,
dangerous. Excessive amounts of available
glutamate result in neuronal cell death
(Danysz et al., 1995). Both necrosis and apop-
tosis take place in this kind of neuronal
response to kainate. Importantly, the pro-
grammed cell death is also a form of long
term cellular response involving gene expres-
sion phenomena {(Dragunow & Preston,
1995). Studies on late kainate-driven neuro-
nal gene expression appear to provide a use-
ful tool to get closer to elucidation of molecu-
lar mechanisms of apoptosis.

In conclusion, we may say that careful dis-
section of the spatio-temporal pattern of
changes in gene expression that follow kai-
nate administration may help us to under-
stand a variety of phenomena of brain physi-
ology and pathology.
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