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Introduction:

With the goal of identifying new strategies for inhibiting neuronal apoptosis, which
occurs in neuronal trauma and degeneration diseases, we have begun to explore the
molecular basis for apoptosis in Kainic acid-induced neurodegeneration, a commonly
used animal model for human temporal lobe epilepsy. Rats treated with kainic acid
(KA) suffer recurrent convulsive seizures and apoptotic neuron loss in the CA1 and CA3
regions of the hippocampus. We hypothesized that KA chronically stimulates signal
transduction pathways linked to apoptotic gene induction within sensitive populations of
hippocampal neurons. In support of this hypothesis, we studied several distinct signal
transduction pathways in the hippocampus following systemic exposure of KA. In
particular, immunochemical studies and electromobility gel shift assays (EMSAs)
demonstrate activation by KA of the NFxB (nuclear factor kappa B) system, the AP-1
(activator protein 1) system, and the p38 mitogen activated protein kinase (p38 MAPK)
pathway. Most intriguingly, treatment of the KA-exposed animals with the compound
phenyl-N-tert-butylnitrone (PBN) inhibits KA-induced neuronal apoptosis, down-

regulates apoptosis-associated gene expression, and prevents seizure activity and death.

Body:

As an indication of KA-induced hippocampal damage, in situ TUNEL staining
was performed to assess frank apoptosis. KA treatment caused DNA damage indicative
of an apoptotic process within four days of subcutaneous administration (Fig. 1).
Apoptosis was largely restricted to the CAl and CA3 regions of the hippocampus
wherein c-Fos was most strongly expressed. Administration of PBN 30 minutes after KA
exposure strongly inhibited this apoptosis as indicated by diminished TUNEL staining in
hippocampi from PBN treated animals (Fig. 1). Beginning approximately 30 minutes
after KA injection, animals displayed archetypical epileptiform behavior including “wet
dog” shakes, facial clonus, nodding, and forelimb clonus. Three hours after injection,
KA-treated rats showed full limbic motor seizures including rearing and loss of postural
control, as well as hypersalivation, circling and jumping. Rats treated with PBN 90

minutes after KA injection did not develop full limbic seizures by the 3 hour time point



(Table I). Moreover, PBN rescued the KA-treated animals from mortality when
evaluated at the end of the four day experiment (Table I). No behavioral, physiologic or
histologic alterations were observed in animals receiving PBN only.

The first immunochemical analysis of KA-treated rats was aimed at determining
whether PBN could antagonize the AP-1 system in vivo. Immunocytochemical analysis
was performed using well-characterized antibodies against the two AP-1 subunits, c-Fos
and c-Jun. Within hours of KA treatment, c-Fos and c-Jun expression increased in
hippocampal neurons, particularly within the CA1 and CA3 regions (Fig. 2). The c-Fos
and c-Jun expression was maintained throughout the 4 day experiment (not illustrated),
consistent with previously reported data (Bing et al., 1997). A single injection of PBN
completely suppressed c-Jun expression in both CA regions and in the dentate gyrus (Fig.
2) while c-Fos expression was suppressed by PBN only in the CAl and CA3 regions,
where most of the pathological changes were manifest (Fig. 2 and discussed further
below). It may be significant to note that while c-Jun expression can be induced rapidly
in neurons during growth factor deprivation, c-Fos expression seems to be restricted to
those populations of neurons that actually commit to an apoptotic program (Estus et al.
1994).

The AP-1 pathway is but one of numerous signal transduction pathways which
have been associated with cellular stress and linked to ligand-induced neurotoxicity. In
particular, the p38 MAPK pathway has been repeatedly linked to neuronal apoptosis and,
in some circumstances, may indirectly activate both the AP-1 and NFkB pathways
(Schulze-Osthoff et al. 1997; Vanden Berghe 1998; Hazzalin et al. 1997). The p38
mitogen-activated protein kinase pathway has been causally linked to neuronal apoptosis
induced by growth factor withdrawal (Xia et al. 1995; Kummer et al. 1997). We
therefore undertook an immunohistochemical analysis of p38 activation using an
antibody specifically directed against the dual-phosphorylation motif which is present
only on the active p38 kinase (Raingeaud et al., 1995). Within 4 hours of KA treatment,
p38 activation was seen within the hippocampus in a pattern consistent with that of AP-1
activation (Fig. 3). As in the case of AP-1, PBN suppressed p38 phospho-activation (Fig.

3). The p38 system remained activated somewhat above the level of controls at the four



day timepoint, but this chronic activation was not as dramatic as in the AP-1 case (not
shown).

The NFkB transcription factor is also ubiquitously activated by physiologic stress
and may potentiate excitotoxic damage in striatal neurons (Qin et al. 1998).
Alternatively, NFxB seems to serve a protective role in hippocanipal neurons undergoing
an oxidative insult (Mattson et al. 1997) and may actually play an anti-apoptotic role in
TNFa-stimulated cells (Van Antwerp et al. 1996; Wang et al. 1998). NF«B is part of a
signal transduction cascade which has traditionally been thought of as distinct from the
Jnk and p38 cascade modules, though correlated activation of the three pathways is often
noted in cell culture experiments. We therefore sought to determine whether NFxB was
activated by KA in a PBN-sensitive manner. As shown in Fig. 4, NFkB-p65
immunoreactivity in the hippocampus increased dramatically within hours of KA
treatment, and this effect was suppressed by PBN. The immunochemical data was
corroborated by EMSA analysis which showed a dramatically-increased NFxB binding
activity in hippocampal nuclei of KA treated rats, which was partially mitigated by PBN
cotreatment (Fig. 4).

Hyperactivation of the Jnk, NFxB and p38 signal transduction pathways could
be anticipated to have numerous detrimental consequences. All three signaling pathways
have been linked to transcription of inflammatory cytokines and to modulation of
apoptosis (Kawasaki et al., 1997; Kummer et al., 1997; Yang et al., 1997; Qin et al,,
1998). We therefore sought to determine whether cytokine and proapoptotic genes were
being transcribed at a greater rate in the KA treated rats than in normal rats, and whether
PBN could abrogate such an effect. Using a multiprobe ribonuclease protection assay,
several inflammatory cytokines were clearly found to be transcribed following KA
treatment (Fig. 5). IL1a, IL1-B, IL-6 and TNF-a transcription were strongly induced by
KA. Within the timeframe that cytokine transcription was enhanced, several
proapoptotic genes were also induced.  Most notably, the Fas antigen mRNA was
strongly induced following KA and this elevation was maintained for at least four days
(Fig. 6). PBN treatment suppressed transcription of both inflammatory cytokine gene
products and proapoptotic gene products while having minimal effect on transcription of

constitutively-expressed “housekeeping genes” including the L-32 ribosomal mRNA and




glyceraldehyde phosphate dehydrogenase mRNA (Figs. 5-6). PBN suppression of
cytokine mRNA transcription was relatively unspecific. Interestingly, PBN displayed
particular potency in suppressing Fas antigen and caspase 3 transcription, while other
apoptosis-associated mRNA species analyzed by RPA were somewhat less affected by
the nitrone (Fig. 6).

Disscussion: Kainic acid is a well-studied neurotoxin, which elicits an animal
model of temporal lobe epilepsy and delayed neuronal death in the CAl and CA3 -
hippocampal regions. Kainic acid kills neurons in culture by an apoptotic pathway
involving binding to non-NMDA type glutamate receptors and consequent expression of
immediate early genes including c-Jun (Cheung et al. 1998). In the present study, we
extend upon these cell culture experiments by documenting increased c-Fos and c-Jun
expression (i.e., activation of the AP-1 signaling pathway) within the rat hippocampus
following systemic administration of KA. Furthermore, we document the activation of
two distinct signal transduction pathways, the NFiB pathway and the p38 MAPK
pathway, following the KA challenge. Activation of these three distinct signal
transduction pathways correlated temporally with the transcription of both
proinflammatory cytokines and proapoptotic mRNA species. Inhibition of these three
pathways by the experimental compound phenyl-fert-butylnitrone was associated with
diminished cytokine elaboration, prevention of neuronal apoptosis, reduced seizure
activity, and reduced mortality. While the AP-1, NF£B, and p38 pathways are known to
respond positively to oxidants and negatively to antioxidants in cell culture (Suzuki et al.
1994; Guyton et al. 1996; Robinson et al. 1999a), the data in this present study are the
first to demonstrate the sensitivity of these three pathways to an antioxidant compound
within the context of an established in vivo model of hippocampal neurodegeneration.

The findings of the present study extend upon previous observations concerning
the broad-spectrum neuroprotective action of nitrone compounds, and provide a novel
context for discussing the pathology of excitotoxicity. PBN and related nitrones have
been shown to suppress striatal excitotoxic lesions induced by NMDA, KA, and AMPA,
though not by virtue of any obvious direct interaction with glutamate receptors (Shultz et
al., 1995). Similarly, PBN and a sulfated analog inhibit striatal lesions caused by
mitochondrial inhibitors such as malonate and the 1-methyl-4-phenylpyridinium (MPP+;



Shultz et al. 1995). Nitrones suppress apoptosis and oxidative stress in cultured Down’s
syndrome neurons (Busciglio and Yankner 1995), and similarly inhibit chemically-
induced thymocyte apoptosis in vitro (Slater et al. 1995), though the influence of nitrones
on apoptosis in vivo has not been well-studied. Unfortunately, the pharmacologic effects
of nitrones in most previous investigations were not correlated with biomarkers of
oxidative stress, inflammation or apoptosis. The present data suggest that suppression of
apoptosis by PBN in the KA model and possibly other models of neurodegeneration is
likely due to mitigation of proinflammatory or proapoptotic gene expression under the
control of the AP-1, NFkB, and p38 MAPK pathways. While the ultimate cellular
target(s) for PBN action remain unclear, the present data suggest that the broad-spectrum
neuroprotective action of the nitrone class of compounds (Hensley et al. 1997) might be
due, in part, to antagonism of crucial oxidation-sensitive signal transduction elements
linked to the initiation of apoptotic programs.

Pharmacological strategies designed to specifically inhibit individual signaling
modules, such as the NFxB, AP-1 or p38 modules, might therefore be unnecessary and
might be more difficult to execute in vivo than alternative strategies designed to suppress
multiple signaling processes simultaneously. Evaluation of these issues must await future
investigations aimed at identifying the central control systems which regulate
proinflammatory and proapoptotic signaling in the hippocampus, particularly with respect
to localizing specific oxidation-sensitive elements that may be targeted by nitrone-type

neuroprotective agents.

Key Research Accomplishments:

e Established kainic acid induced neuronal damage in adult rats as a model to
study excitatory amino acid-induced neurodegenerative diseases by Terminal
deoxyuridine nick-end labeling (TUNEL) for apoptotic cell death, Nissl
staining and immunohistochemical assays.

e Demonstrated that nitrone antioxidant, PBN, inhibits KA induced neuronal
apoptosis, down regulating apoptosis-associate gene expression, and

moreover, prevents seizure activity and death.
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¢ Elucidated the molecular mechanisms underlying the nitrone antioxidants’ |
protective functions against KA-induced neurodegeneration with signal

transduction pathways by studying the activation of NFkB, p38, and AP-1.

Reportable Outcomes:

Preprint:

Hensley, K., Stewart, C.A., Zheng, N.Y., Mou, S., Floyd, R.A., Bing, G. (2000)
Phenyl-N-tert-butylnitrone inhibits neuronal apoptosis in the kainic acid model of
Epilepsy by suppressing proapoptotic signal transduction pathways. Submitted to

J Neurosci.
Abstracts and Presentations:

Nguyen, X.V., Hensley, K., Stewart, C.A., Zheng, N.Y., Jin, L., Zhu, M,,
Williamson, K.S., Floyd, R.A., Bing, G. (1999) Involvement of oxidant-sensitive
signal transduction pathways in hippocampal excitotoxicity. Eighth Annual
Symposium, Oklahoma Center for Neuroscience (OCNS). The Neurobiology of
Addiction: Neuroal, Behavioral, and Clinical Features, October 1, Oklahoma

City, Oklahoma. p. 34 Abstr. #20.

Gabbita, S.P., Hensley, K., Floyd, R.A., Nael, R., Markesbery, W.R., Mou, S.,
Williamson, K.S., Zheng, N.Y., Bing, G. (1999) Potential Cytotoxic Role of
Epoxide Hydrolase (EH) in Alzheimer’s Disease (AD). Free Radical Biology &

Medicine, 6™ Annual Meeting of the Oxygen Society. The Marriot, New
Orleans, November 18-22, Vol. 27:S139 Suppl. 1, Abstr. # 423.

Animal Model: We have successfully used KA-induced neurodegeneration as a
animal model for delayed neuronal cell death that occurred in many

neurodegeneration diseases such and Alzheimer’s and Parkinson’s diseases.
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Conclusions:

The findings of the present study extend upon previous observations concerning
the broad-spectrum neuroprotective action of nitrone compounds, and provide a novel
context for discussing the pathology of excitotoxicity. PBN and related nitrones have
been shown to suppress striatal excitotoxic lesions induced by KA. The present data
suggest that suppression of apoptosis by PBN in the KA model and possibly other models
of neurodegeneration is likely due to mitigation of proinflammatory or proapoptotic gene
expression under the control of the AP-1, NFkB, and p38 MAPK pathways. While the
ultimate cellular target(s) for PBN action remain unclear, the present data suggest that the
broad-spectrum neuroprotective action of the nitrone class of compounds might be due,
in part, to antagonism of crucial oxidation-sensitive signal transduction elements linked

to the initiation of apoptotic programs.
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Appendices:

TABLE Suppression by PBN of limbic seizures and mortality in kainic acid-treated rats.
Figures 1-6

Hensley, K., Stewart, C.A., Zheng, N.Y., Mou, S., Floyd, R.A., Bing, G. (2000) Phenyl-
N-tert-butylnitrone inhibits neuronal apoptosis in the kainic acid model of Epilepsy by

suppressing proapoptotic signal transduction pathways. Submitted to J Neurosci.

Nguyen, X.V., Hensley, K., Stewart, C.A., Zheng, N.Y., Jin, L., Zhu, M., Williamson,
K.S., Floyd, R.A., Bing, G. (1999) Involvement of oxidant-sensitive signal transduction
pathways in hippocampal excitotoxicity. Eighth Annual Symposium, Oklahoma Center
for Neuroscience (OCNS). The Neurobiology of Addiction: Neuroal, Behavioral, and
Clinical Features, October 1, Oklahoma City, Oklahoma. p. 34 Abstr. #20.

Gabbita, S.P., Hensley, K., Floyd, R.A., Nael, R., Markesbery, W.R., Mou, S.,
Williamson, K.S., Zheng, N.Y., Bing, G. (1999) Potential Cytotoxic Role of Epoxide
Hydrolase (EH) in Alzheimer’s Disease (AD). Free Radical Biology & Medicine, 6™
Annual Meeting of the Oxygen Society. The Marriot, New Orleans, November 18-22,
Vol. 27:S139 Suppl. 1, Abstr. # 423.

Guoying Bing, M.D., Ph.D., Curriculum Vitae

16



TABLE Suppression by PBN of limbic seizures and mortality in kainic acid-treated rats.
Seizure activity was ranked on a five-point scale as described in the methods.

Treatment Seizure Intensity Mortality (4
days)

Kainic acid (N = 30) 49 + 0.4 12/30 (38
%)

Kainic acid + PBN (N = 20) 23+ 03 * 0/20 (0%)

%ok

* P <0.05 (Student’s t-test)
** P < (.02 (% test)
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Control

KA+PBN 4D

Figure 1. Kainic acid induces apoptosis in the hippocampus as indicated by TUNEL
staining. Brown staining (arrows) indicates DNA fragmentation.  Tissue was
counterstained with methyl green. Boxed areas indicate magnification of CA1 (insets)
and CA3 subregions (rightmost panels). ‘
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Control

Figure 2. Kainic acid increases the expression of AP-1 transcription factor
components in the hippocampus as evidenced by increases in c-Fos and c-Jun
immunoreactivity.  Cotreatment with PBN suppresses c-Jun expression globally,
however, c-Fos expression is suppressed only in the CAl and CA3 regions while c-Fos
expression in the dentate gyrus was largely unaffected by PBN.
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Control

Figure 3. Kainic acid increases p38-MAPK activation in the hippocampus as
indicated by increased phosphorylation of the p38-MAPK activation domain. The CAl
subregion is depicted. Immunohistochemistry was performed using an antibody directed
againlség the phosphorylation domain of the active p38 MAPK enzyme (pThrlSO—Glym-
pTyr ™).




Figure 4. Kainic acid increases NFkB activation in the hippocampus. A,B, and C
illustrate exposure of the p65 subunit of the NFkB complex following KA treatment
(arrows). D: Electromobility gel shift assay demonstrating increased NFxB binding
activity in nuclear extracts induced by KA treatment and suppressed by cotreatment with
PBN. Specificity of binding was evidenced by competition for the NFxB complex by an
unlabeled (cold) oligonucleotide probe (rightmost lane).
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Figure S. Kainic acid stimulates the transcription of proinflammatory cytokines in
the hippocampus as determined by multiprobe ribonuclease protection assay (RPA).
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Figure 6. Kainic acid stimulates transcription of proapoptotic genes in the

hippocampus as determined by multiprobe ribonuclease protection assay (RPA).
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ABSTRACT

Exposure of rats to kainic acid (KA), a non-NMDA t'ype glutamate receptor agonist, induces recurrent
(delayed) convulsive seizures and hippocampal neurodegeneration reminiscent of human epilepsy. In this
study, the effects of KA were studied with respect to three separate signal transduction pathways likely to
regulate inflammatory and apoptotic gene expression in the hippocampus. Immunohistochemical methods and
electromobility gel shift assays (EMSAs) demonstrate the concerted activation of the NFxB pathway along
with the activator-1 pathway (AP-1) and the p38 mitogen-activated protein kinase pathway (p38 MAPK).
Activation of these three pathways occurred simultaneously with the expression of several proapoptotic
biomolecules (most notably TNFo and the Fas antigen) and simulfaneously with the onset of convulsive
seizures but prior to the initiation of neuronal apoptosis. Cotreatment with the experimental antioxidant and
antiinflammatory compound phenyl-N-fert-butylnitrone (PBN) resulted in a diminution of NFkB, AP-1 and p38
activation, suppressed cytokine and apoptotic gene expression, inhibited neuronal apoptosis, and diminished
seizure activity. These data suggest that pharmacological antagonism of multiple signal transduction pathways
is achievable in the brain, and that inhibition of these processes may prevent a cascade of gene-inductive events

leading to neuronal apoptosis.

Keywords: Kainic acid, inflammation, apoptosis, nitrone, kinase.




The ability to commit apoptosis, or programmed self-destruction, is inherent ;o most somatic cells and
doubtlessly serves a vital function during periods of tissue development or remodeling, or as a defense against
neoplastic transformation. ~ Apoptosis must be tightly regulated in order to avoid capricious destruction of
healthy tissue. Nonetheless, apoptosis occurs in numerous pathological states, under conditions where
deliberate cell death confers no obvious adaptive benefit. In these latter circumstances, an arrest of apoptosis by
agents which antagonize the appropriate signal transduction pathways may result in a net benefit to the damaged
tissue, and the organism.

With the goal of identifying new strategies for inhibiting neuronal apoptosis, we have begun to explore
the molecular basis for apoptosis in a commonly used animal model of epilepsy. In the kainic acid (KA) model
of epilepsy, a single systemic dose of the excitotoxin kainic acid initiates a process of hippocampal
neurotoxicity (Bernard and Wheal 1995). Rats treated with kainic acid suffer recurrent convulsive seizures and
apoptotic neuron loss in the CAl and CA3 regions of the hippocampus (Pisa et al., 1980; Schwob et al., 1980;
Ben Ari et al., 1985; Tauk et al., 1985). Seizure activity is correlated with neuroanatomical changes including
mossy fiber sprouting in the dentate gyrus, hippocampal sclerosis, and eventually, neuronal death (Schwob et
al., 1980; Sauk et al., 1985; Sperk et al., 1985; Cronin et al., 1992). The lesions produced by systemic kainic
acid treatment resemble those seen in hippocampi of human epileptics (Sommer et al., 1880; Schwob et al.,
1980; Pisa et al., 1980; Ben Ari et al., 1985; Sperk et al., 1985). Kainic acid appears to act directly on non-
NMDA type ionotropic glutamate receptors (Bernard and Wheal 1995), leading to cell death which is
predominantly apoptotic in nature (Simonian et al., 1996; Bengzon et al., 1997; Yang et al., 1997; Cheung et al.,
1998).

We hypothesized that KA chronically stimulates signal transduction pathways linked to apoptotic gene
induction within sensitive populations of hippocampal neurons. In support of this hypothesis, we present

evidence that several distinct signal transduction pathways are activated in the hippocampus between 3 hours




and 4 days following systemic exposure to KA. In particular, immunochemical studies and electromobility gel
shift assays (EMSAs) demonstrate activation by KA of the NFkB (nuclear factor kappa B) system, the AP-1
(activator protein 1) system, and the p38 mitogen activated protein kinase (p38 MAPK) pathway. Within the
timeframe that these signal transduction systems become hyperactivated, numerous 1;roinﬂammatory and
proapoptotic genes are transcriptionally upregulated in a concerted fashion. Most intriguingly, treatment of the
KA-exposed animals with the compound phenyl-N-fert-butylnitrone (PBN, a brain-accessible antioxidant with
potent anti-inflammatory and anti-excitotoxic action) (Hensley 1997) inhibits KA-induced neuronal apoptosis,
down-regulates apoptosis-associated gene expression, and moreover, prevents seizure activity and death.
These results clarify the molecular basis for KA-induced seizure activity and may indicate a novel therapeutic

strategy for certain chronic neurodegenerative disorders.

MATERIALS AND METHODS

Animals. Adult male Sprague Dawley rats (225-250 g each) were injected subcutaneously with KA
(Sigma Chemical, St. Louis MO) at a dose of 10 mg/kg, or with vehicle alone (saline). Animals were observed
for four hours following KA treatment and seizure activity was rated according to the scale developed by
Racine (1972). Phenyl-N-fert-butylnitrone was synthesized at the Oklahoma Medical Research Foundation
(Oklahoma City, OK) and was injected at a dose of 150 mg/kg intraperitoneally, in saline vehicle, 90 minutes

after KA treatment.

Immunohistochemistry. For immunocytochemical studies, animals were anesthetized with pentobarbital
and perfused with saline followed by 4 % paraformaldehyde in saline. Brains were sectioned into 30 pm slices,
which were incubated in 4 % normal goat serum in saline for 30 min. at ambient temperature. After three

washes with saline, the sections were incubated overnight at 4°C in saline plus 0.025 % triton X-100, 1 % goat




serum, and primary antibody. Immunoreactivity was visualized by the avidin-biotin-bridged
immunoperoxidase method using 3,3’-diaminobenzidine (DAB) as the chromagen (Hsu et al, 198 1). The anti-
phospho-p38 antibody was an affinity purified IgG purchased from New England Biolabs (Beverly, MA), used
at 1/300 dilution.  Affinity purified antibodies against c-Fos, c-Jun and the p65 subunit of NFxB were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA) and were used at 1/1000, 1/1000, and 1/300

dilution, respectively. Photomicroscopy was performed on a Zeiss Axioplan 2 instrument (Carl Zeiss Inc.,

Thornwood, NY).

Electromobility gel-shift assays (EMSAs). EMSAs were conducted to determine binding of activated
NF«B complexes to synthetic oligonucleotide consensus sequences. The NFxB-binding oligomer was a 22-mer:
5’-GATCGAGGGGACTTTCCCTAGC-3’, purchased from Stratagene (La Jolla CA). Double-stranded
oligomers were labeled with [y->*PJATP using 10 u/reaction of T4 polynucleotide kinase (U.S. Biochemical
Corp., Cleveland, OH). Hippocampi were dissected free and homogenized, and nuclear protein extracts were
prepared as described (Sonnenberg et al., 1989). Binding reactions (30 uL) were performed at room temperature
in reaction mixtures containing 40 pg protein, 20 mM Tris-HCL pH 7.8, 100 mM NaCl, 5 mM MgCl,, 1 mM
EDTA, 5 mM dithiothreitol, 50 pg/mL bovine serum albumin, 100 ug/mL sonicated salmon sperm DNA, 10 %
glycerol, and approximately 0.2 ng (50,000 cpm) of the specific probe. Protein-DNA complexes were separated
on 5 % nondenaturing polyacrylamide gels run at 150 V in 50 mM Tris/ 50 mM boric acid / 1 mM EDTA. Gels

were then dried and autoradiographed overnight.

Terminal deoxyuridine nick-end labeling (TUNEL). DNA fragmentation characteristic of apoptosis was
visualized by 3’end labeling with biotin-derivatized deoxynucleotides via terminal deoxynucleotidyl transferase

catalysis. A commercially available TUNEL kit was used (TdT FragEL, Calbiochem, San Diego CA).



Biotinylated nucleotides were detected using streptavidin-conjugated horseradish peroxidase and
diaminobenzidine (Hsu et al, 1989). Tissue sections thus labeled were counterstained with methyl green as an

aid to morphological evaluation.

Ribonuclease protection assays. Approximately 100 mg of hippocampal tissue was homogenized in
trizol isolation reagent (Life Technologies, Gaithersburg, MD) using a Dounce-type homogenizer. Total RNA
in the extract was quantified by UV absorbance at 260 nm. Inflammation and apoptosis-associated mRNA
species were selectively visualized using a multiprobe ribonuclease protection assay (RPA). Radiolabeled
probes were synthesized from DNA templates containing a T7 RNA polymerase promoter (Pharmingen, San
Diego, CA). Templates were transcribed in the presence of [y-""P]JATP to yield radioactive probes of defined
size for each mRNA. Probes were hybridized with total hippocampal RNA, then samples were treated with
RNAse A and T1 to digest single-stranded RNA. Intact double-stranded RNA hybrids were resolved on § %

polyacrylamide / 8 M urea gels to produce bands detected by autoradiography.

RESULTS

Beginning approxifnately 30 minutes after KA injection, animals displayed archetypical epileptiform
behavior including “wet dog” shakes, facial clonus, nodding, and forelimb clonus. Three hours after injection,
KA-treated rats showed full limbic motor seizures including rearing and loss of postural control, as well as
hypersalivation, circling and jumping. Rats treated with PBN 30 minutes after KA injection did not develop
full limbic seizures by the 3 hour time point (Table I). Moreover, PBN rescued the KA-treated animals from
mortality when evaluated at the end of the four day experiment (Table I).

KA treatment causes alteration in glutaminergic neurotransmission, which is intimately linked to

recruitment of certain transactivating factors such as the AP-1 complex (Cheung et al., 1998). Transcriptional



activity of AP-1 is largely regulated by phosphorylation via the c-Jun amino terminal kinase (INK).
Interestingly, transgenic mice lacking the JNK-3 gene product (a brain-specific JNK isoform) are resistant to
kainic acid-induced seizures and death (Yang et al,, 1997).  The first immunochemical analysis of KA-treated
rats was therefore aimed at determining whether PBN could antagonize the AP-1 system in vivo.
Immunocytochemical analysis was performed using antibodies against immediate early gene products c-Fos and
c-Jun, which dimerize to form the AP-1 complex. Within hours of KA treatment, c-Fos and c-Jun expression
increased in hippocampal neurons, particularly within the CA1 and CA3 regions (Fig. 1). The c-Fos and c-Jun
expression was maintained throughout the four day experiment (not illustrated), consistent with previously
reported data (Bing et al., 1997). A single injection of PBN completely suppressed c-Jun expression in both
CA regions and in the dentate gyrus (Fig. 1) while c-Fos expression was suppressed by PBN only in the CA1l
and CA3 regions, where most of the pathological changes were manifest (Fig.1 and discussed further below).
It may be significant to note that while c-Jun expression can be induced rapidly in neurons during growth factor
deprivation, c-Fos expression seems to be restricted to those populations of neurons which actually commit to
an apoptotic program (Estus et al. 1994).

The AP-1 pathway is but one of numerous signal transduction pathways which have been associated
with cellular stress and iinked to ligand-induced neurotoxicity. The p38 mitogen-activated protein kinase
pathway has been causally linked to neuronal apoptosis induced by growth factor withdrawal (Xia et al. 1995;
Kummer et al. 1997). Moreover, pharmacological antagonism of p38 protects cultured neurons against
glutamate excitotoxicity (Kawasaki et al. 1997) and we have shown PBN to antagonize cytokine- and hydrogen
peroxide-induced p38 activation in cell culture (Robinson et al., 1999). We therefore undertook an
immunohistochemical analysis of p38 activation using an antibody specifically directed against the dual-
phosphorylation motif which is present only on the active p38 kinase (Raingeaud et al., 1995). Within 4 hours

of KA treatment, p38 activation was seen within the hippocampus in a pattern consistent with that of AP-1




activation (Fig. 2). As in the case of AP-1, PBN suppressed p38 phospho-activation’(Fig. 2). The p38 system
remained activated somewhat above the level of controls at the four day timepoint, but this chronic activation
was not as dramatic as in the AP-1 case (not shown).

The NFxB transcription factor is also ubiquitously activated by physiologic stress and may potentiate
excitotoxic damage in striatal neurons (Qin et al. 1998). Alternatively, NFkB seems to serve a protective role in
hippocampal neurons undergoing an oxidative insult (Mattson et al. 1997) and may actually play an
antiapoptotic role in TNFo-stimulated cells (Van Antwerp et al. 1996; Wang et al. 1998). NF«B is part of a
signal transduction cascade which is largely distinct from the Jnk and p38 cascade modules. We therefore
sought to determine whether NFkB was activated by KA in a PBN-sensitive manner. NF«B activation can be
indexed several ways. Immunologically, NFkB activation can be inferred from increased immunoreactivity of
an epitope on the p65 subunit which is exposed upon NFxB recruitment (Rice and Ermnst, 1993). As shown in
Fig. 3, NFxB-p65 immunoreactivity in the hippocampus increased dramatically within hours of KA treatment,
and this effect was suppressed by PBN. The immunochemical data was corroborated by EMSA analysis which
showed a dramatically-increased NFxB binding activity in hippocampal nuclei of KA treated rats, which was
partially mitigated by PBN cotreatment (Fig. 3).

Hyperactivation of the Jnk, NFkB and p38 signal transduction pathways could be anticipated to have
numerous detrimental consequences.  All three signaling pathways have been linked to transcription of
inflammatory cytokines and to modulation of apoptosis (Kawasaki et al., 1997, Kummer et al., 1997; Yang et
al, 1997, Qin et al,, 1998). We therefore sought to determine whether cytokine and proapoptotic genes were
being transcribed at a greater rate in the KA treated rats than in normal rats, and whether PBN could abrogate

such an effect. Using a multiprobe ribonuclease protection assay, several inflammatory cytokines were clearly
found to be transcribed following KA treatment (Fig. 4). ILle, IL1-B, IL-6 and TNF-a transcription were

strongly induced by KA. Within the timeframe that cytokine transcription was enhanced, several proapoptotic




genes were also induced. Most notably, the Fas antigen mRNA was strongly induced following KA and this
elevation was maintained for at least four days (Fig. 5). PBN treatment suppressed transcription of both
inflammatory cytokine gene products and proapoptotic gene products while having minimal effect on
transcription of constitutively-expressed “housekeeping genes” including the L-32 ribosomal mRNA and
glyceraldehyde phosphate dehydrogenase mRNA (Figs. 4-5). PBN suppression of cytokine mRNA
transcription was relatively unspecific. Interestingly, PBN displayed particular potency in suppressing Fas
antigen and caspase 3 transcription, while other apoptosis-associated mRNA species analyzed by RPA were
somewhat less affected by the nitrone (Fig. 5).

As a final indication of KA-induced hippocampal damage, in situ TUNEL staining was performed to
assess frank apoptosis. KA treatment caused DNA damage indicative of an apoptotic process within four days
of subcutaneous administration (Fig. 6). Apoptosis was largely restricted to the CA1 and CA3 regions of the
hippocampus wherein c-Fos was most strongly expressed. Administration of PBN 30 minutes after KA
exposure strongly inhibited this apoptosis as indicated by diminished TUNEL staining in hippocampi from PBN
treated animals (Fig. 6). TUNEL staining for apoptotic nuclei therefore corroborates the pattern of of KA-
induced and PBN-sensitive immediate early gene expression depicted in Fig. 1, and the pattern of proapoptotic

gene induction illustrated in Fig. 5.

DISCUSSION

Kainic acid is a well-studied neurotoxin which elicits an animal model of temporal lobe epilepsy and
delayed neur_onal death in the CAl and CA3 hippocampal regions. Kainic acid kills neurons in culture by an
apoptotic pathway involving binding to non-NMDA type glutamate receptors and consequent expression of
immediate early genes including c-Jun (Cheung et al. 1998). In the present study, we extend upon these cell

culture experiments by documenting increased c-Fos and c-Jun expression (i.e., activation of the AP-1 signaling




pathway) within the rat hippocampus following systemic administration of KA. Furtf'lermore, we document the
activation of two distinct signal transduction pathways, the NFAB pathway and the p38 MAPK pathway,
following the KA challenge. Activation of these three distinct signal transduction pathways correlated
temporally with the transcription of both proinflammatory cytokines and proapoptotic mRNA species.
Inhibition of these three pathways by the experimental compound phenyl-fert-butylnitrone was associated with
diminished cytokine elaboration, prevention of neuronal apoptosis, reduced seizure activity, and reduced
mortality. ~ While the AP-1, NFkB, and p38 pathways are known to respond positively to oxidants and
negatively to antioxidants in cell culture (Suzuki et al. 1994; Guyton et al. 1996; Robinson et al. 1999), the data
in this present study are the first to demonstrate the sensitivity of these three pathways to an antioxidant
compound within the context of an established in vivo model of hippocampal neurodegeneration.

The findings of the present study extend upon previous observations concerning the broad-spectrum
neuroprotective action of nitrone compounds, and provide a novel context for discussing the pathology of
excitotoxicity. PBN and related nitrones have been shown to suppress striatal excitotoxic lesions induced by
NMDA, KA, and AMPA, though not by virtue of any obvious direct interaction with glutamate receptors
(Shultz et al,, 1995). Similarly, PBN and a sulfated analog inhibit striatal lesions caused by mitochondrial
inhibitors such as malonate and the 1-methyl-4-phenylpyridinium (MPP+; Shultz et al. 1995). Nitrones
suppress apoptosis and oxidative stress in cultured Down’s syndrome neurons (Busciglio and Yankner 1995),
and similarly inhibit chemically-induced thymocyte apoptosis in vitro (Slater et al. 1995), though the influence
of nitrones on apoptosis in vivo has not been well-studied. Unfortunately, the pharmacologic effects of nitrones
in most previous investigations were not correlated with biomarkers of oxidative stress, inflammation or
apoptosis. The present data suggest that suppression of apoptosis by PBN in the KA model and possibly other
models of neurodegeneration is likely due to mitigation of proinflammatory or proapoptotic gene expression

under the control of the AP-1, NFkB, and p38 MAPK pathways. While the ultimate cellular target(s) for PBN




action remain unclear, the present data suggest that the broad-spectrum neuroprotec;tive action of the nitrone
class of compounds (Hensley et al. 1997) might be due, in part, to antagonism of crucial oxidation-sensitive
signal transduction elements linked to the initiation of apoptotic programs.

It may be impossible to separate the anti-inflammatory, anti-apoptotic and antioxidant effects of PBN or
other, similar pharmacophores. For instance, stimulation of primary astrocytes or fibroblasts with the
inflammatory cytokine IL1# elicits cellular H;0; production (Meier et al., 1989, Robinson et al. 1999) which is |
partially inhibited by PBN (Robinson et al. 1999). Moreover, addition of exogenous H,0, causes de novo
cytokine expression in these cells (personal observations). These and similar findings have led to the postulate
that HoO, is an intracellular messenger involved with inflammatory signal transduction (Suzuki et al., 1994;
Robinson et al. 1999). Agents such as PBN which uncouple ligand-receptor binding from intracellular oxidant
production might therefore inhibit inflammation and apoptosis as well as diminish cellular oxidative stress.
Consistent with such a notion and shown in the present study, PBN inhibits cytokine and apoptosis-associated
gene expression in vivo following KA challenge. Thus, part of the reported antioxidant effects of PBN extracted
from previous in vivo studies might reflect a secondary consequence of the gene suppressive and anti-
inflammatory action of this compound, possibly mapping to an unknown but centrally-located immunologic
target of action.

In the KA model of hippocampal neurodegeneration, pharmacologic inhibition of pathways leading to
apoptosis is correlated with a positive physiologic outcome (survival and diminished seizure activity). Thus,
aversion of apoptosis beneficial in this particular model. While the present study does not address the relative
importance of the several signal transduction pathways which are inhibited by PBN, the results suggest that
certain drugs may antagonize multiple stress-related signal transduction pathways. Pharmacologic strategies
designed to specifically inhibit individual signaling modules, such as the NFxB, AP-1 or p38 modules, might

therefore be unnecessary and might be more difficult to execute in vivo than alternative strategies designed to
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suppress multiple signaling processes simultaneously.  Evaluation of these issues must await future
investigations aimed at identifying the central control systems which regulate proinflammatory and proapoptotic
signaling in the hippocampus, particularly with respect to localizing specific oxidation-sensitive elements that

may be targeted by nitrone-type neuroprotective agents. -
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Figure Legends

Figure 1. Kainic acid increases the expression of AP-1 transcription factor components in the hippocampus
as evidenced by increases in c-Fos and c-Jun immunoreactivity. Cotreatment with PBN suppresses c-Jun
expression globally, however, c-Fos expression is suppressed only in the CA1 and CA3 regions while c-Fos
expression in the dentate gyrus was largely unaffected by PBN. _
Figure 2. Kainic acid increases p38-MAPK activation in the hippocampus as indicated by increased
phosphorylation of the p38-MAPK activation domain. The CA1 subregion is depicted. Immunohistochemistry
was performed using an antibody directed against the phosphorylation domain of the active p38 MAPK enzyme
(pThe'™-Gly'*-pTyr'#?)

Figure 3. Kainic acid increases NF«B activation in the hippocampus. A,B, and C illustrate exposure of the
p65 subunit of the NFkB complex following KA treatment (arrows). D: Electromobility gel shift assay
demonstrating increased NFxB binding activity in nuclear extracts induced by KA treatment and suppressed by
cotreatment with PBN. Specificity of binding was evidenced by competition for the NFkB complex by an
unlabeled (cold) oligonucleotide probe (rightmost lane).

Figure 4. Kainic acid stimulates the transcription of proinflammatory cytokines in the hippocampus as
determined by multiprobe ribonuclease protection assay (RPA).

Figure 5. Kainic acid stimulates transcription of proapoptotic genes in the hippocampus as determined by
multiprobe ribonuclease protection assay (RPA).

Figure 6. Kainic acid induces apoptosis in the hippocampus as indicated by TUNEL staining. Brown

staining (arrows) indicates DNA fragmentation. Tissue was counterstained with methyl green. Boxed areas
indicate magnification of CA1 (insets) and CA3 subregions (rightmost panels).
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admitted and had a CT scan of the brain and carotid doppler which were reportedly normal. There she was found to
have a bradycardia and was transferred to the Cardiology service at Presbyterian Hospital. After a negative cardiac
work up and Neurosurgical consultation she was discharged. On her way home in the parking lot, she had another
episode of numbness of left side of her body involving face, arm and leg lasting approximately 40 minutes and she
returned to the ER and was admitted to Neurology. Her past medical history was significant for Deep Vein Throm-
bosis at age 25, which was treated with warfarin for 6 months. Additional investigations showed Antithrombin 3 to
be 57 (Normal: 70-140%), AT 3 AG (Immuno) to be 62 (Normal: 80-120%), Protein C to be 99 (Normal: 74-151%)
and Protein S to be 49 (Normal: 60-185%). Her Factor V mutation was normal and Anticardiolipin antibody was
negative.

19. F. Alan Stevens

CHANGES IN CEREBRAL PERFUSION AND PIAL CAPILLARY DIAMETER IN RESPONSE TO FLUID
PERCUSSION INJURY. F.A. Stevens, P. Tompkins, S.C. Kim, C.M. Loftus, and P.C. Francel, Department of
Neurosurgery, University of Oklahoma, Health Sciences Center, Oklahoma City, OK 73104.

Traumatic brain injury results in a variety of brain abnormalities, both physiological and biochemical. There is
evidence that the outcome of closed head injury may be dependent on early events such as reduced brain blood flow
and vascular injury. Due to the time required to transport patients to the emergency room, little information is
currently available from the clinical setting on these early vascular events. Because brain blood flow is so important
in long term outcome, current treatment centers are returning brain blood flow to normal levels once it has been
altered. Treatment includes mannitol to increase blood flow by reducing viscosity and resistance and the use of
pressers to increase systemic blood pressure and improve cerebral perfusion pressure. While these attempts are
sometimes successful, a lack of information on early chemical/vascular events following head injury impedes suc-
cessful treatment of a majority of patients in this category. We have been using a closed cranial window model in the
rat to assess both pial artery vessel diameter and laser Doppler perfusion in response to a moderate fluid-percussion
cerebral injury (1.5 atm). The control group shows no change in either vessel diameter (PC based video imaging
system) or laser Doppler perfusion over a two hour period. Fluid-percussion results in a 50% decrease in cerebral
perfusion within 5 minutes of injury and at two hours post injury, perfusion is still reduced by 30% from pre-injury
levels. No significant changes in pial artery diameter were detected over this time frame. Moderate cerebral trauma
gives rise to prolonged alterations in cerebral perfusion that may contribute to long term vascular pathology. Con-
tinuing studies involve the use of pharmacologic agents to atteniuate the vascular consequences of cerebral trauma.

20. *Xuan Nguyen )

INVOLVEMENT OF OXIDANT-SENSITIVE SIGNAL TRANSDUCTION PATHWAYS IN HIPPOCAM-
PAL EXCITOTOXICITY. Xuan V. Nguyen!, Kenneth Hensley, Charles A. Stewart, Nai-Ying Zheng?, Lei Jin?,
Meili Zhw?, Kelly Williamson?, Robert A. Floyd?, and Guoying Bing?, 'Graduate Student, Oklahoma Center for
Neuroscience, Oklahoma Medical Research Foundation, Oklahoma City, OK 73104,

Numerous neuropathological conditions are associated with stimulation of excitatory amino acid receptors in the
central nervous system. In models of temporal lobe epilepsy, ionotropic glutamate receptor activation by kainic acid
induces seizure activity and activates inflammatory and apoptotic pathways, resulting in hippocampal
neurodegeneration. The nitrone antioxidant phenyl-N-fers-butylnitrone was found to reduce the severity of kainic
acid-induced seizures, attenuate mRNA expression of inflammatory cytokine and apoptotic genes as evidenced by
multiprobe ribonuclease protection assays, and reduce immunoreactivity toward NFB, AP-1, and phosphorylated
p38-MAPK. Recently, we have observed that hippocampal lysate from kainic acid-treated mice exhibit changes in
protein thiol and glutathione levels in a manner similar to that observed in cultured astrocytes exposed to hydrogen
peroxide, further suggesting the involvement of oxidative mechanisms. These observations support a role of reac-
tive oxygen species in mediating neurodegeneration in hippocampal excitotoxicity. Supported by grants from the
Department of Defense, National Institutes of Health [NS35747], and Oklahoma Center for the Advancement of
Science and Technology [HR97-067 and HR98-004]. Xuan is a Howard Hughes Medical Institute Predoctoral
Fellow.
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POTENTIAL CYTOTOXIC ROLE OF EPOXIDE HYDROLASE
(EH) IN ALZHEIMER'S DISEASE (AD).

S. Prasad Gabbita, K. Hensley, R. A. Floyd, R.Nael, W. R. Markesbery, S. Mou, K.
Williamson, N. Zheng, G.Bing. Oklahoma Medical Research Foundation,
Oklahoma City, OK 73104.

EH is generally considered a cytoprotective, phase Il enzyme
converting toxic epoxide metabolites of xenobiotics to non-toxic
trans-dihydro diols. Although, recent evidence has shown that
during certain inflammatory processes, EH converts 9,10 and
12,13 linoleic acid epoxides (Leukotoxin) to the more cytotoxic
trans dihydrodiols. The present study was designed to
investigate the role of EH in the context of neuroinflammatory
processes occurring within the AD brain mediated by lipid
metabolites. A immunohistochemical evaluation of EH,
quantitation of the EH protein by Western blotting and
HPLC-based EH activity assay were performed ori different
brain regions of the AD and age-matched control subjects. A
significant increase in the expression of EH was observed in the
parietal lobe and the hippocampus whereas the cerebellum
showed a very low level of expression of this enzyme. Our
results suggest that activation of EH within astrocytes during a
neuroinflammatory process may play a critical role in causing
neuronal cell death in AD by the formation of highly cytotoxic
lipid mediators. Grant Support: MCMR-AAA-BA-95-1;
USAMRMC 98228627; NIH-NS 35747 & PO1-AG05119;
Oklahoma Center for the Advancement of Science and
Technology and the Abercrombie Foundation.
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Differential Display
Subtractive Cloning
TUNNEL Methods for in situ staining of apoptosis.

Neurobiology:
Light and Electronic Microscope Techniques
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Immunohistochemistry

In situ Hybridization

Animal Models (rat, mouse, and monkey) for Parkinson's Disease
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cultured cells
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Tissue Culture;
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