






























































































































































It has become apparent that apoptosis, like the cell cycle, is not a simple metabolic
cascade but rather a complex network of pathways that influence one another in a
manner that appears to be either pro-apoptotic or anti-apoptotic. As in the development
of cell cycle control models, the molecular basis of apoptosis control has emerged as a
distinct area of investigation. Similar to the cell cycle, the output of this dynamic and
complex system of molecular interactions seems to be an orderly cascade of events
marked most r;eliably by the appearance of ultrastructural changes in the nucleus.
Although Kerr and his colleagues originally used the term “apoptosis” to refer
to a specific morphologic type of programmed cell death (PCD), the term is now used
by many investigators as a synonym for PCD because apoptosis is probably the most
common morphologic type. Despite this common use of the term, it is important to be
aware that apoptosis is a descriptive term used to define a specific type of cell death
exhibiting a distinct set of morphological features. PCD, on the other hand, is a
functional term, used to describe cell death that is a gene-mediated process. Apoptosis
refers to only a single very specific morphologic pattern (Kerr et al., 1972). The failure
to demonstrate apoptotic morphology in a pathologic condition does not definitively
exclude a possible role for PCD. It remains formally possible that an alternate

morphology of PCD may be present.
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ii. Is Ischemic Neuronal Cell Death Apoptotic?

Apoptotic neuronal death has been described during the development of the
nervous system (Oppenheim, 1991). Withdrawal of growth factors, such as nerve
growth factor (NGF), from developing neurons, such as those of the superior cervical
ganglion, readily induces apoptosis (Martin, 1988). Although the role of apoptosis in
the adult nervous system is less well understood, it clearly occurs under some
conditions. For example, following adrenalectomy and steroid replacement, a sudden
withdrawal of glucocorticoid results in widespread apoptosis of hippocampal dentate
granule cells (Sloviter et al, 1993).

| Neuronal cell death following cerebral ischemia has long been regarded as
necrosis due to the acute cellular swelling resulted from the rapid entry of Na'/H;O.
Recently, compelling evidence indicating that excitotoxicity and intracellular calcium
overload results in delayed neuronal cell death following cerebral ischemia has been
reported (Choi, 1988; Siesjo, 1989). These reports have characterized the delayed
neuronal cell death as distinct from conventional necrosis based on biochemical,
morphological and molecular criteria. Endonuclease digestion producing cleavage of
double stranded DNA as revealed by laddering of DNA fragments characteristic of
apoptosis has been reported following transient cerebral ischemia in animal models
(MacManus et al, 1993; MacManus et al., 1994; Heron et al,, 1993; Tominaga et al,
1993). Evidence of ordered DNA laddering in the hippocampus, striatum in global
ischemia and cortex following transient focal ischemia have also been note, with a time
course that is similar to the delayed evolution of this injury (MacManus et al, 1993;

Heron et al.,, 1993; Du et al,, 1996). An endonuclease inhibitor, aurintricarboxylic
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acid, protects against neuronal cell death following cerebral ischemia, supporting a role
for apoptotic-like cell death that is different from necrosis (Rosenbaum et al., 1994).

Activation of a genetic program is required for PCD. Thus PCD can be
inhibited by either RNA or protein synthesis inhibitors (Oppenheim, 1991). These
same inhibitors have been reported to protect against delayed neuronal cell death
following cerebral ischemia. Inhibition of protein synthesis with anisomycin (Shigeno
et al., 1990) and cyclohexamide (Goto et al., 1990) can achieve a reduction of delayed
or selective ne;uronal death. Studies show that the vast majority of the apoptotic-like
neurons are located along the inner boundary of the ischemic core of the lesion in the
case of focal ischemia (Chopp and Li, 1996). The localization of apoptotic-like cells at
the inner boundary of the ischemic lesion suggests that the apoptotic process
contributes to the expansion of the ischemic lesion. In fact, the reduction in cortical
infarct by the use of continuous cyclohexamide infusion demonstrated that the
expansion of the ischemic lesion could be reduced by protein synthesis inhibitors
(Linnik, et al., 1993). This further argues for a role of gene activation and protein
synthesis in neuronal degeneration following cerebral ischemia.

The criteria of morphological alterations characteristic of delayed neuronal
death showing apoptosis following cerebral ischemia have yet to bc established. Some
reports maintain that the conventional morphologic features of the so-called shrinking
death of apoptosis such as chromatin condensation and segmentation of the nuclei have
not clearly been demonstrated in cerebral ischemia (Desphande, et al., 1992; Colbourne
ct al, 1999). Others point out that characteristics of apoptotic death such as the

appearance of dense chromatin masses and apoptotic bodies have been detected by
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electron microscopy in the nuclei of degenerating CA1 neurons after transient global
ischemia (Nitatori et al., 1995). Therefore, it is essential to establish the molecular
profiles of delayed cell death so that this morphological controversy can be resolved
using molecular criteria. Investigation of the involvement of apoptotic genes in
cerebral ischemia may therefore provide further evidence as to whether this cells death

is actually apoptotic in nature.

1. 13 A Role for Anti-apoptotic Genes in the Ischemic Neuronal Injury

following Transient Cerebral Ischemia

Despite the overall suppression in protein synthesis, cerebral ischemia rapidly
increases neuronal expression for certain genes, such as immediate-early genes (IEGs)
(Estus et al., 1994; Dragunow et al., 1994; Kiessling et al.,, 1993; Jorgensen et al,,
1989; An et al., 1993), and p53 (Li et al, 1994). IEGs encode transcriptional
regulating factors known to participate in gene signalling pathways that mediate PCD
(Colotta et al., 1992; Smeyne et al., 1993). The tumor suppressor gene p53 has been
implicated in growth arrest, DNA repair and PCD resulting from DNA damage (Lowe
et al, 1993). Wild type-p53 can act as a transcription factor that regulates the
expression of p53-dependent genes. It is possible that p53 function is mediated by
downstream effector genes among which are Gadd45 (growth arrest and DNA damage
inducible gene) and Mdm2 (murine double minute), although the respective roles of the
products of these two genes in the regulation of growth control, apoptosis,

amplification, and response to DNA damage remain to be determined (Figure 3).
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KEY EVENTS IN APOPTOSIS

DNA damage

l IEGs

Signals

Survival genes Death genes
Bel2/belXl p33, c-myc
Gadd45, PCNA bax/bad
Mdm2, ?p53 v ?Mdm?2

Effectors and Inhibitors of Apoptosis

Inhibitors Effectors
NATIP ICE/Caspases
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Endonuclease
Degradative Enzymes

Figure 3. Genetic alteration and the cell death cascade (adopted from McManus and
Linnik, 1997).
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Gadd45 has been shown to interact with proliferating cell nuclear antigen
(PCNA), which is a subunit of the polymerase involved in DNA replication and repair
(Smith et al,, 1994), while Mdm?2 is classically considered to be an inhibitor of p53,
that forms an auto-regulatory loop (Momand et al., 1997; Wu et al.,, 1993). p53-
induced apoptosis has been shown to be prevented by Mdm2 (Chen et al., 1996).
Therefore, the ability of gadd45 and mdm?2 to inhibit pS3 suggests that those two genes
mediate damaged DNA repair in cerebral ischemic conditions. In fact, an increased
Gadd45 expression occurs following p53 overexpression (Chin et al., 1997) in tumor
cell lines ML-1 (Zhan et al., 1997). Expression of Mdm?2 is also increased in response
to DNA damage in certain cell lines (Price and Park, 1994; Kondo et al,, 1995).
However, the involvement of gadd45 and mdm2 in neuronal cell death following
cerebral ischemia is still unclear. Recent studies have demonstrated elevated gene
expression of p53 downstream genes, mdm2 and gadd45 following cerebral ischemia
(Hou et al., 1997; Tu et al., 1998), suggesting that p53 may mediate DNA repair
following ischemic neuronal injury.

The proto-oncogene bcl-2 plays a negative role in the process of apoptosis. In
fact, bel-2 inhibits apoptosis in proliferating cell lines (McDonnell et al., 1989; Mah et
al., 1993) and well-differentiated neurons (Allsopp et al., 1993; Garcia et al., 1992;
Kane et al., 1993) induced by various insults. It has also been proved that bcl-2
protects against neuronal cell death following cerebral ischemia. Transgenic mice that
overexpress the anti-apoptotic protein Bcl-2 are more resistant to ischemic brain

damage (Martinou et al., 1994). Similarly, hippocampal and striatal damage induced
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by focal ischemia can be attenuated by overexpression of Bcl-2 using a herpes simplex

viral vector (Lawrence et al., 1996).

1.14 Does NAIP Pose a Protective Effect to Neurons Injured by Cerebral

Ischemia?

Previous exposure to a mild stressor can also alter the susceptibility of neurons
to more severe insults. A typical example of this phenomenon is the observation that
animals which have undergone hippocampal kindling display considerably less brain
injury than controls following kainic acid-induced status epilepticus (SE) (Kelly and
Mcintyre, 1994). Cerebral cortical spreading depression produced by application of a
KClI solution to the cortical surface reduces cortical infarction in a focal model of
transient cerebral ischemia (Yanamoto et al, 1998). In a process called ischemic
preconditioning, a brief, sublethal ischemic insult protects tissue from a subsequent,
more severe injury. Animals exposed to a 2-min preconditioning period of global
ischemia show a protection of CA1 neurons of the hippocampus against subsequent 10-
min periods of forebrain ischemia (Perez-Pinzon et al,, 1997). Similarly, brief middle
cerebral artery occlusion, one to five min preconditioning, given 30 min before MCA
occlusion confers significant protection as assessed by infarct volume (Stagliano et al.,
1999).

Unlike the brief seizures triggered during kindling, kainic acid induces a period
of prolonged seizure activity that can last between six to twelve hours. This prolonged
period of continuous seizure activity results in extensive neuronal damage in several

brain regions including the piriform cortex, hippocampus, midline thalamus and
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substantial nigra (Kelly and MclIntyre, 1994). The severity of the SE-induced
pathology observed in control rats highlights the powerful nature of kindling induced
neuroprotection. Despite experiencing SE that is as severe as that observed in naive
rats as determined by measurements of brain electrical seizure activity, hippocampal
kindled rats show little evidence of cell loss in the piriform cortex or hippocampus
(Kelly and Mclntyre, 1994), while damage similar to controls is evident in the midline
thalamus and endopiriform nuclei. The selective nature of this neuroprotection
provides a po;werful paradigm with which to investigate the molecular basis of this
phenomenon. The protective capacity of kindled seizures illustrates the remarkable
capacity of the brain to protect itself against a metabolic stressor that is normally lethal.

There is little known about the endogenous mechanism(s) responsible for the
ability of kindling to produce a state of increased resistance. Given that kainic-acid
induced neuronal damage is believed to involve both necrotic and apoptotic processes,
there are a number of potential cellular and molecular changes that could influence cell
viability during periods of prolonged seizure activity as well. Although initial
investigations into the mechanisms associated with SE-induced neuronal damage
focused on those related to necrosis, more recent studies have observed morphological
and biochemical changes following SE, that are indicative of ‘programmed cell death’,
or apoptosis.

Kainic acid-induced SE produces selective neuronal injury. Using silver
degeneration techniques, neuronal cell loss is evident in the piriform cortex and certain
subregions of the hippocampus within a few hours following the onset of SE (Kelly

and Mclntyre, 1994). Combined use of genomic DNA gel electrophoresis, light and
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electron microscopy and in situ labeling of DNA-breaks as assessed by TUNEL
provides strong evidence of an apoptotic component to the neuronal death observed
with kainic acid (Simonian et al., 1996; Pollard et al., 1994; Filipkowski et al., 1994).

Alterations in neuronal gene expression have been postulated to be one of the
underlined mechanisms causing the apoptotic neuronal death induced by SE. The
levels of several proteins, known to influence the likelihood of apoptotic cell death,
fluctuate dramatically following the onset of SE (Sakhi et al., 1994; 1996). In a recent
report it was silown that bcl-2, a protein believed to prevent the induction of cell death,
decreased by 45% following SE, whereas bax, a related protein believed to promote
apoptotic cell death, was increased substantially in vulnerable regions of the mouse
forebrain (Zhang et al., 1998).

Based on the premise that kainic acid-induced neuronal damage may be
apoptotic in nature, we became interested in whether the amelioration of damage
observed in previously kindled rats is related to kindling-induced alterations in the
levels of genes known to inhibit apoptosis. Of interest was the potential involvement
of the recently identified gene known to encode neuronal apoptotic inhibitory protein
(naip). Isolated as a candidate gene for spinal muscular atrophy (SMA), naip itself has
shown to be potentially important in preventing cell death induced by a variety of
apoptotic triggers (Liston et al., 1996). Basal levels of Naip-like immunoreactivity
(Naip-Li) are found throughout the rat CNS (Xu et al., 1997a), yet following transient
forebrain ischemia there is a rapid induction of naip expression in neurons known to be
resistant to ischemic injury. This rapid induction of naip is not observed in regions

known to degenerate. Recent observations by Xu and colleagues (Xu et al., 1997b)
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have been consistent with the view that increasing Naip levels may protect neurons
against neuronal apoptosis induced by transient cerebral ischemia. Injection with the
bacterial alkaloid K252a, a treatment leading to a transient elevation of Naip-Li in the
rat hippocampus, significantly reduced the depletion of CAl neurons produced by
global ischemia by about 50%. Similarly, elevations in Naip induced by intracerebral
injection of an adenovirus vector capable of overexpressing naip in vivo, conferred a
similar resistance to hippocampal neurons during ischemia.

There .are many similarities between ischemia and SE induced neuronal cell
damage. Thus, I hypothesize that Naip induction may contribute to the neuroprotection
to kainic acid induced-neurodegeneration posed by kindling. Hippocampal kindling
may decrease the susceptibility of neurons to cerebral ischemia as a result of Naip
induction. Therefore, in the present study, I propose to examine the effects of kindling
on the expression of both naip mRNA and NAIP protein. Furthermore, I will study the
neuroprotective effects by hippocampal kindling on transient focal ischemic model,
and a temporal and spatial correlationship between kindling induced in Naip

overexpression and resistance to ischemic injury will be determined.
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CHAPTER 2

METHODS AND MATERIALS

2.1 Focal Middle Cerebral Artery Occlusion Model

Transient focal ischemia was performed according to Buchan et al (1992).
Adult male spontaneously hypertensive rats (SHR) (225-250 g) were kept on a 12 hr
light-dark cycle with free access to food and water except for the night prior to the
procedure. Aﬁimals were anesthetized with a halothane/nitrogen/oxygen mixture (3%/
70%/27%) during induction, with the halothane reduced to 1-2% for maintenance.

The ventral surface of the neck region was shaved and the exposed skin surface
cleansed with Betadine solution. A 1.5cm incision was made in the ventral surface of
the neck. The right common carotid artery (CCA) was permanently occluded with #2-
0 silkk and the wound was closed. The area behind the right eye was shaved and
cleansed with Betadine solution and a 1-cm incision was made behind the right eye in
front of the external auditory canal to expose the skull. Using a dissecting microscope,
the right middle cerebral artery (MCA) was exposed through a 2-3 mm burr hole in the
skull 2-3 mm rostral to the fusion of the zygomatic arch with the squamous part of the
temporal bone. Drilling was done under a continuous drip of saline to prevent any hcat
injury to the underlying cortex. The dura was then retracted and animals underwent a
temporary occlusion of the middle cerebral artery for 90 minutes by using a 1-mm
(Codman clip, Johnson and Johnson) micro-aneurysm clip that was applied to the

vessel (Figure4). Following MCA-o the wound was closed with surgical clips.
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Figure 4




Ninety minutes after the initial occlusion of the MCA, the rats were
re-anesthetized and the clip was removed under microscopic observation. Upon
recovery, animals were returned to their home cages for the remainder of the
experiment. Sham-operated control groups underwent the same surgical procedures

except that the middle cerebral artery was not clamped.

Figure 4. Photomicrograph illustrating the middle cerebral artery in a rat before (A) and

after (B) occlusion.
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2.2 Regional Cerebral Blood Flow Monitor

Body temperature was maintained throughout surgery at 37.5°C using a rectal
thermistor probe connected by feedback to a heating lamp. While still under general
anesthesia, regional cerebral blood flow was measured in the core of the ischemic
region using a laser Doppler flow meter. A 1-2 mm diameter burr hole was drilled 3
mm dorsal to the site of middle cerebral artery occlusion (MCA-0) and 3 mm caudal to
the bregma. The dura at the site was left intact. The flow meter probe was then
advanced with a Narishige micromanipulator under microscopic guidance to a site free
of large pial vessels, and positioned to rest on the dura without indenting the cortex.
Cereiaral blood flow was measured prior to CCA/MCA occlusion (to calculate baseline
flow) and then again just after CCA/MCA occlusion. Relative flows could also be
measured before and just after reperfusion. Blood flows were recorded as the mean of
the maximum and minimum recorded flows over a period of 5 min. and expressed as a

percentage of pre-ischemic baseline values.

2.3 Histology

The subjects were decapitated twenty-four hours after the MCA occlusion
under the same anaesthetic condition, and their brain was removed and frozen in dry
ice cooled isopentane (-65°C). Coronal brain sections, 20 micrometers thick cut at a 1
in 25 intcrvals, were stained with cresyl violet. The infarct areas (shown in figures 5
and 17) along the brain's entire anterior-posterior axis were measured by a
microcomputer-based image display system (MCID, Imaging Research Inc., St

Catherines, Ontario) using the method described by Swanson et al (1990). Infarct
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volume was calculated as the integral of the infarct areas for the cortex and expressed

as mm3.

2.4 Hippocampal Kindling

Male Long-Evans hooded rats, weighing 250-300 g at the time of surgery, were
housed individually with food and water available at all times. After one week of daily
handling, anin;als were anaesthetised with sodium pentobarbital (60mg/kg, i.p.) and
implanted bilaterally with bipolar stimulating/recording electrodes in the dorsal
hippocampus (Kelly and Mclntyre, 1994). The stereotaxic coordinates were: 2.5mm
postérior to bregma, 3.7mm lateral to midline and 3.0 mm below the skull. The
electrodes were cut to length, surgically implanted, secured to the skull with six
jeweller's screws and a covering of dental acrylic.

Afterdischarge (AD) thresholds were determined one week after the surgery at
the electrode sites in the group to be kindled. The AD threshold, defined as the
minimum stimulus intensity required to provoke an AD, was determined by
challenging with a 2 s, 60 Hz sin wave stimulus of progressively increasing intensity
(15, 25, 35, 50,75, 100, 150, 200, 250, 300 and 350 pA peak to peak) until an AD

was triggered. Dorsal hippocampal kindling commenced 24 hrs later. Kindling



Figure 5




Figure 5. Photomicrograph showing a rat brain coronal section by MRI. Notice
cortical edema of the right middle cerebral territories after 90min occlusion followed
by 22.5 hrs reperfusion (aquired from previous study in same MCA-0 model with

MRI).
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entailed stimulating the dorsal hippocampus at AD threshold with a 2 s, 60 Hz sin
wave once daily. The kindling procedure continued until six Stage 5 generalized

convulsions were recorded (Racine et al., 1972).

2.5 Oligodeoxynucleotide Probes and In Situ Hybridization

Histochemistry

Expression of p5S3 mRNA was detected by in situ hybridization histochemistry
(ISHH) (Robertson et al., 1992). Briefly, p53 cDNA antisense probe (Soussi et al.,
1988) complementary to bases 13449-13484 of rat p53 (5-
CAGAGACCCAGCAACTACCAACCCATTCCCCAATC-3") was used for the ISHH
studies.  The probe was 3' end-tailed with *°S-labelled dATP using terminal
deoxynucleotidy! transferase to a specific activity of 6 x 10° d.p.m./ug. ISHH was
performed on fresh frozen brain sections. Twelve-um-thick sections were cut with
cryostat from the prefrontal cortex to lateral septal nucleus. The sections were first
immersed into 4% paraformaldehyde for 10 min at 21°C, rinsed 5 min twice in PBS for
5 min and then allowed to dry. Next, the sections were incubated for 1.5 hrs at 42°C in
hybridization buffer containing the following: 4 X standard saline citrate buffer (SSC),
0.6 M NaCl; 0.06 M sodium citrate (pH 7.0); 50% deionized formamide; 1 X
Denbhardt's (0.2% polyvinylpyrrolidone, 0.2% bovine serum albumin); 10% dextran
sulphate; 1% N-lauroylsarcosine; 1 mg/kg salmon sperm DNA; 0.2 M dithiothreitol.
After this step was completed, the sections were hybridized overnight at 42°C with *’S-

labelled probe contained in hybridization buffer (1 x 10° d.p.m./100 pl/slide). After
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hybridization, the sections are washed at 21°C (20 min) and 1 X SSC (4 x 20 min) at
35°C, then at 55°C with 1 X SSC (20 min). Finally, the sections were washed again in
double-distilled water at 30°C (1 min) and 21°C (5 min twice) and allowed to dry at
room temperature. Slides were then dipped in Kodak NTB-2 emulsion (diluted 1:1
with distilled water) at 42°C, dried and exposed for 2-3 weeks at 4°C. The slides were
developed with Kodak D-19 for 4 min at 18°C, rinsed in water, fixed in Kodak fixer
and washed in water. The sections were counterstained with cresyl violet (0.01%,
Sigma), dehydrated through a graded series of alcohol and two changes of xylene, and

coverslipped for microscopic observation.

2.6 Riboprobe and In Situ Hybridization Histochemistry

The template for a rat naip riboprobe was generated by RT-PCR from rat
hippocampal mRNA using primers directed against nucleotide sequences conserved in
mouse and human naip (Roy et al.,, 1995). A 223 bp sequence was ligated into the
EcoR I site of the plasmid pcDNA3 (Invitrogen, Inc.). The automated sequencer starts
sequencing at either the T7 polymerase site (antisense) (ACAAAATGTTCTCCCGCT
ACATGAAGAAATCCCGTGTAGCTTTGAATATACTGGTTAATTTCCTCTGTGG
ATTTCTTACTTTGAAGAAATTCACATTTGGGGAACCACTTGGCATGCTCCTT
CCAGGGATCATCTCCTTCTTCCCAGTTTCCCAAGCATCCACCACAGGAGAA
ACACTGCACAGTGTCCCTTTTACCTGTAAAGACAAAGCCAGCTGCAAGCC)
or the Sp6 site (sense) so that the actual probe sequence doesn't start until it comes to

the EcoRl site and it ends at the next EcoRlI site, even though the sequencer keeps
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going. Both sense and antisense **P-labeled riboprobes were generated from linearized
plasmid templates with the MAXIscript In Vitro Transcription Kit (Ambion, Inc.) using
the Sp6 (sense) and T (antisense) sites. Specific activities ranged from 0.6 - 1.2 x 108
cpm/pl. Tissue sections were immersed in 4% paraformaldehyde for 10 min at 21° C,
rinsed 5 min twice in PBS and then dried. Sections were then incubated in
hybridization buffer (50% Formamide, 600mM NaCl, 1 X Denhardt’s- 0.2%
polyvinylpyrrolidone and 0.2% bovine serum albumin, 10mM Tris, ImM EDTA,
10mM Dtt, 10% Dextran Sulfate and 0.2 pg/ul. tRNA) containing either a sense or an
antisense naip riboprobe (1 x 10° cpm/100 ul/slide) overnight at 56°C. Sections were
treatt;d with ribonuclease A (10 pg/ml) at 35°C for 30 minutes and washed in 2X SSC
for 30 minutes at 21°C. After drying, the slides were dipped in Kodak NTB-2
emulsion (diluted 1:1 with distilled water) at 42°C, dried and exposed for 2-3 weeks at
4°C. The slides were developed with Kodak D-19 for 4 min at 18°C, rinsed in water,
fixed in Kodak fixer and washed in water. The sections were then couaterstained with
cresyl violet (0.01%, Sigma), dehydrated through a graded series of alcohol and two

changes of xylene, and coverslipped for microscopic observation.

2.7 RNA Extraction, Reverse Transcription and Amplification

Total RNA was extracted from fresh frozen tissues dissected from the ischemic
cortex and the corresponding cortical region of sham-operated animals using the
QIAGENE protocol. Samples (30 pg) were homogenized in 350 pl of denaturing

solution with a Polytron set at maximum speed (15 sec twice). RNA pellets were
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washed three times in 70% ethanol, air-dried and redissolved in 25 ul of DEPC-treated
water. From this RNA stock solution, a 1:10 dilution was made and 2 pl (1 pg) of this
dilution was added to the reverse transcription mixture. This mixture consisted of
5mM MgCl,, 1 X PCR buffer I (50mM KCI and 10mM Tris-HCI, pH 8.3), ImM of
dNTPs, 20 units of RNase inhibitor, 50 units of MMLYV reverse transcriptase and
2.5mM oligodT (GeneAmp RNA PCR kit, Perkin Elmer Cetus, Norwalk CT) prepared
as a master mix. Reverse transcription was performed at 42° C for 45 min and then
heated to 95°é for 5 min to terminate the reaction. For amplification, PCR primers
were designed on the basis of the rat p53 sequence (Soussi et al., 1988). The §'
(GTGCAGTTGTGGGTCACCTCC) and 3' (TCCTCTGTCCGACGGTCTCTC)
primers generated a 432bp product. PCR was performed as described by Jasmin et al
(1993). Briefly, S5uL of the reverse transcription mixture was added to the PCR
reaction mixture (0.625 units of AmpliTagDNA polymerase, 0.125 pg of each of the 5'
and 3' primers, MgCl in PCR buffer II at a final concentration of 2mM), respectively.
Each cycle of amplification consisted of denaturation at 94°C for 1 min, primer
annealing at 60°C for 3 min and extension at 72°C for 3 min. Thirty-four cycles were
sufficient to generate a strong p53 band on ethidium bromide-stained gels. Control
reactions consisting of reaction mixtures without templates were run in parallel both
for RT and PCR. Ten pl aliquots of each PCR reaction mixturc were electrophoresed

in 1.5% agarose gels in Tris-borate EDTA buffer containing ethidium bromide.
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2.8 Antisera and Immunohistochemistry for p53

Antisera from two different commercial suppliers were used to detect pS3-like
immunoreactivity. Mouse monoclonal antibodies Ab-5 (Oncogene science) reacted
preferentially with wild type p53. Ab-3 (Oncogene Science) bound specifically to
common mutant p5S3. A mouse monoclonal antibody PAb 240 (Santa Cruz) detected
amino acid residues 212 - 217 of the common mutant p53, while mouse monoclonal
antibody PAb-246 (Santa Cruz) recognized wild type p53 protein.

Immun.ohistochemistry was performed according to Robertson et al (1992).
Sham and the MCA-o animals were perfused with saline followed by phosphate buffer
(pH 7.2) containing 4% paraformaldehyde. Coronal sections (30um) were cut through
the cortex using a vibratome. Sections were washed in 0.01 M phosphate buffeted
saline (PBS) containing 0.3% hydrogen peroxide for 10 min to block endogenous
peroxidase activity. Antigen retrieval was performed by microwave treatment (two
times, 10 sec, 750 W) in 0.01M PBS buffer, sections were then washed three times in
PBS and incubated in PBS containing 0.3% Triton X-100, 0.02% azide and either Ab-3
or AB-5 (PAb-240 or PAb-246) primary antisera (1:1000) for 48 hours at 4°C. The
sections were then washed 3 times with PBS and incubated with purified biotin-labeled
donkey anti-mouse (Jackson laboratories; 1:200) for 12 hours. The sections were
washed 3 times with PBS and incubated for 3 hours with PBS containing 0.3% Triton
X-100 and streptavidin-horseradish peroxidase (Amersham; 1:200). After 3 washes in
PBS, the sections were rinsed in 0.1 M acetate buffer (pH 6.0). The reaction was
visualized using a glucose oxidase-DAB-nickel method described previously.

Washing in acetate buffer terminated the reaction, and the sections were mounted on
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chromalum-coated slides. After drying, the sections were dehydrated through a graded
series of alcohols, and two changes of xylene, and coverslipped for microscopic

observation.

2.9 Antibodies and Immunohistochemistry for Naip

The antibody against Naip was raised in rabbits against Exons 7-11 of naip
(150 amino acid fragment) and affinity-purified. Immunohistochemical detection of
Naip (diluted .1:1000) was performed on free-floating cryostat sections (12 pm thick)
using a previously described method (Robertson et al., 1992). Sham and the kindled
animals were perfused with saline followed by phosphate buffer (pH 7.2) containing
4% paraformaldehyde. Tissues were then immersed into 10% sucrose for
cryoprotection and frozen coronal sections (12pm) were cut using a cryostat. Sections
were washed in 0.01 M PBS containing 0.3% hydrogen peroxide for 10 min to block
endogenous peroxidase activity. Sections were then washed three times in PBS and
incubated in PBS containing 0.3% Triton X-100, 0.02% azide and Naip primary
antisera (1:1000) for 48 hours at 4°C. The sections were then washed 3 times with
PBS and incubated with purified biotin-labelled donkey anti-rabbit secondary antibody
(Jackson laboratories; 1:200) for 12 hours. The sections were washed 3 times with
PBS and incubated for 3 hours with PBS containing 0.3% Triton X-100 and
streptavidin-horseradish peroxidase (Amersham; 1:200). After 3 washes in PBS, the
sections were rinsed in 0.1 M acetate buffer (pH 6.0). The reaction was visualized
using a glucose oxidase-DAB-nickel method. Washing in acetate buffer terminated the

reaction, and the sections were mounted on chromalum-coated slides. After drying, the
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sections were dehydrated through a graded series of alcohol, and two changes of

xylene, and coverslipped for microscopic observation.

2.10 Western Blotting Analysis

i. Isolation of Cytoplasmic Protein Extracts

Rats were decapitated and the brains were rapidly removed and placed on an
ice-cold glass plate. Frontoparietal cortex, about 40 mg, was dissected from the
kindled and sham-operated animals. Proteins were extracted from the dissected
neocortex according to Doucet et al (1996). Each sample was homogenized in buffer
containing 5S0mM Tris/HCI, 100mM NaCl, 1ImM EDTA, ImM 2-mercaptoethanol and
1mM PMSF, then centrifuged at 12,000 g at 4°C for 10 min (Costar microfuge). Cells
were resuspended in 1 ml of 1% Triton X-100 in the above buffer and after 5 min at
4°C and disrupted by douncing (2 ml-Dounce pestle type B, 20 strokes). The extracts
were then pelleted by centrifugation at 11,000 g for 20 sec. Each pellet was
resuspended in 0.25 ml of high salt buffer containing 0.75 M NaCl, 0.05 M HEPES pH
1.9, 12.5% glyccrol, 0.75 mM MgCl;, 0.5 mM EDTA, 5 mM DTT plus protease
inhibitors and incubated on a rotator for 30 min at 4°C. Cytoplasmic extracts were
collected by centrifugation at 15,000 g in a Beckman 42.2 rotor. Aliquots (10 pl) were
pipetted for protein assay (BioRad) and the extracts were stored at -80°C until further

analysis.

52



il. SDS-PAGE Electroblotting and Immunostaining

Cytoplasmic protein extracts (20-30 pg) were subjected to electrophoresis in a
highly porous SDS-PAGE system (Doucet et al, 1996) which permits rapid and
efficient transfer of proteins to nitrocellulose while maintaining a broad degree of
resolution. The proteins resolved on 15% running gels (length fixed to 5.5 cm) were
transferred to nitrocellulose sheets electrophoretically. The nitrocellulose membranes
were first incubated in Tris-HCl-buffeted saline (TBS) containing 5% skim milk for 1 h
at 42°C, then incubated overnight at 4°C with Naip antibody at 1:2000 concentration.
Blots were then washed in TBS, incubated with a biotin-conjugated anti-rabbit IgG
(1:2000; Amersham) for 1 h, streptavidin- horseradish peroxidase (1:2000; Amersham)
for 1 h and developed by enhanced chemiluminescent (Amersham). A scanning laser

densitometry was used to quantitate the intensity of the bands on the film.

2.11 Experimental Protocol for p53 Studies following Transient Focal
Cerebral Ischemia

Animals underwent 90 min MCA-o and followed by reperfusion 1, 4, 8, 12, 24
and 48 hours. Each timc point comprised four to six animals that were used for
examination of p5S3 mRNA expression by ISHH. The brains were rapidly frozen in
isopentane (-65°C) and coronal sections cut through the fronto-parietal cortical areas
using a cryostat. Some frozen sections were used for immunohistochemistry to detect
the changes of p53-like protein following MCA-o0. Three animals per time point were

used for RT-PCR studies. Fresh tissue was dissected from the ischemic penumbra and
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the sham cortex of MCA-o animal to compare with p53 mRNA expression detected by

RT-PCR.

2.12 Experimental Protocol for Hippocampal Kindling and Naip

Induced Neuroprotection Studies

In an initial experiment, we utilised a variety of molecular techniques to
examine the expression of naip mRNA and protein in the forebrain at several time
points following cessation of hippocampal kindling. Four groups, each comprising of
8 kindled and 8 control rats were killed 3 h, 24 h, 7 d or 21 d after their last kindled
conv;llsion. Three of the animals from each of these groups were used for examination
of naip mRNA expression by ISHH. The brains were rapidly frozen in isopentane (-
65°C) and coronal sections cut through the fronto-parietal cortical areas using a
cryostat. The effects of kindling on Naip protein levels were assessed in these brain
regions by Western blotting using frcsh brain tissues dissected from an additional 3
animals from each of the four groups. The final two animals from each of the groups
were perfused with saline and 4% paraformaldehyde. The brains were then removed
and used for the cellular localization of changes in Naip protein levels by
immunohistochemistry.

Experiment 2 was designed to explore the protective effects of kindling on
transient focal cerebral ischemia. Three weeks following their last kindled convulsion,
kindled (n=8) and associated control (n=6) rats were subjected to 90 min of transient
MCA-o. Ischemic brains were rapidly removed and coronal sections cut throughout

the cortex using a cryostat. Cortical damage was assessed by the measurement of
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infarct volume using the sections stained with cresyl violet using an image analysis

system.

2.13 Data Analysis

Analysis of ISHH labelling was performed by digitized image analysis. This
process entailed the digitization of sampled areas through a microscope at 100X
magnification with a CCD camera to generate a digitized image of 256 X 256 pixel.
Each sample area (660 X 800) (as in Figure 15) was first digitized under bright-field
illumination and then under dark-field illumination. The camera settings and lighting
oonditions were held constant for all of the measurements. The matched set of bright-
field and dark-field images was then analyzed using a redirected analysis routine. With
this routine, neurons in the different regions of the cortex stained with cresyl violet
were selected from the bright-field image using a circular field of constant size (400
um?), and the average optical density (OD) of silver grains over neurons containing
p53 or naip mRNA was measured in the corresponding area under dark-field
illumination. The average optical density value obtained for each cell was subtracted
from 255, which was thc maximum optical density value, to provide an inverse optical
density, because the silver grains were visualized with dark-field optics. The
calculated OD; value was then used as a measure of label per cell, with higher values
indicating greater labelling. A cell was considered to be labeled if its OD; value was
three times greater than background. A total of three measurements, each performed
on a separate section, were done for cvery experimental animal. The cortical areas for

quantitative analysis were the same for all the experimental animals in naip mRNA
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studies. Similar cortical areas were measured for both ischemic and corresponding

regions of the contralateral side (non-ischemic) in p53 studies.

2.14 Statistical Analysis

A one-way analysis of variance was performed on the cell counts, average
optical densities for data collected from ISHH studies and densitometric data from
Western blotting. If the analysis was significant, multiple comparisons were performed
using the Newman-Keuls test. An unpaired student t-test was performed on the infarct

volumes.
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CHAPTER 3

RESULTS

3.1 Transient Focal Cerebral Ischemia Induces p53 mRNA Expression

in the Penumbral Region

Changes in neocortex p53 mRNA were quantified by counting the number of
silver grain lal.)elled neurons in a 0.3 mm x 0.4 mm area in the penumbra of the MCA
territory using an image analysis system. Low basal levels of p53 mRNA were
detected by ISHH in non-ischemic brain tissue (Fig 6A, 7A). There was no significant
difference between p53 mRNA levels in sham operated animals and the contralateral
non-ischemic side of the animals subjected to MCA-o. Transient occlusion of the
middle cerebral artery dramatically increased p53 mRNA expression in the ischemic
cortex (n=4 per group) (Fig 6C, 6D, 7B). As shown in Figures 6D and 7B, dense
labelling for p5S3 mRNA signal was observed throughout the ischemic penumbral
region. This induction was very low at one hour, increased significantly from 4 to 8
hours, peaking at 8-12 hours following reperfusion and was still apparent at 24- 48 h
(Fig 8A, 8B). In cresyl violet counterstained sections, the labelling appeared to be
neuronal under microscopic observation. No clear labelling was observed in the glial
cells. The data demonstrate that neuronal induction of p53 occurs following transient

focal ischemia.
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Figure 6




Figure 6 High magnification photomicrographs p53 mRNA-positive neurons in the
ipsilateral cortex of animals that underwent either a sham operation (A), or 90 min of
MCA-o followed by reperfusion for 1 hr (B), 8 hr (C), 12 hr (D), or 24 hr (E). Notice
the elevation of p53 mRNA 8-12 hrs after reperfusion. Scale bar = 50 pm and is the

same for all panels.
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Figure 7




Figure 7 Dark field photomicrographs of p53 mRNA expression in the ipsilateral
cortex of sham (A) and MCA-o rats 12 hours after reperfusion (B). Notice the large

increasc in p53 mRNA-positive cells in (B). Scale bar = 100 um for both A and B.
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Figure 8 Quantitation of p53 mRNA expression in the cortex of sham and MCA-o
animals. The top panel shows the effects of these treatments on the number of p53
mRNA-positive cells that were detected in the ipsilateral and contralateral cortex (A).
The bottom panel shows the effects of sham and MCA-o on the amount of p53 mRNA
expression per cells (ODi/cell) in the ipsilateral and contralateral cortex (B). Each bar

represents the average of four animals,
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Seven experimental groups, each contained three animals, were used for the
RT-PCR. Fresh frozen tissues were dissected from the penumbral area of the ischemic
cortex or the corresponding region of the sham-operated. Since ISHH did not reveal
any changes of p53 mRNA levels in the core region of the ischemic cortex or in the
contralateral side of the ischemic animals, RT-PCR was not performed on tissue
containing the ischemic core. Figure 9A shows increased p53 mRNA expression as
detected by RT-PCR. The differential intensity of the PCR products stained in the
agarose gel at 432 bp clearly reveals that transient focal cerebral ischemia elevated p53
mRNA expression. Although neurons are lost at later time points, the amount of
mRNA used for each RT-PCR reaction was the same for all of the groups, as
determined by comparing cyclophilin expression in the same tissue extracts (Fig 9B).
The basal level of p53 mRNA was very low and remained almost the same at one hour
following reperfusion. Thus, the ISHH results were therefore confirmed by RT-PCR
which indicated that p5S3 mRNA expression gradually increased from 4 to 8 h and
peaked between 8 to 12 h following reperfusion and was still elevated above basal
levels at 48 hours. The consistency of the results obtained by these techniques clearly
demonstrates that transient middle cerebral artery occlusion elevates p53 mRNA

expression in the ischemic penumbra.
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Figure 9 p53 transcripts detected by RT-PCR (RT-PCR) in ischemic and control
cortices. A. In three experiments, seven time points were sampled for p53 mRNA. A
very low level of p53 expression was observed in sham-operated animals. It remained
stable at 1h post reperfusion, but slightly elevated 4h later. p53 expression reached a
peak between 8 to 12 h following reperfusion and gradually declined 24 h later .
Sham, sham operated control; RP, reperfusion. B. Cyclophilin transcripts expressed in
the same tissue used for p53 studies. Cyclophilin measurements indicated that same
amounts of total RNA were used for the RT-PCR analysis for each of the p53 lanes.

Results shown are representative of the findings from three experiments.
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3.2 Increased p53-like Immunoreactivities in the Ischemic Penumbral
Region

Ischemia-induced changes in p53 protein level were first examined by
immunohistochemistry. All of the experimental animals were examined at the same
time points as those used for ISHH and RT-PCR studies. A secondary antibody that
had been purified against rat antigens was used to minimize the likelihood of cross-
reaction between the secondary antibody and serum proteins that may have leaked
through the damaged blood-brain barrier. Antibody PAb-240 and Ab-3 that recognize
mutant p53 (m-p53), Pab-246 and Ab-5 designed to recognize wild type p53 (wt-p53),
respéctively, gave similar results. Compared to the very low expression of P53-like
immunreactivity (-li) in sham-operated animals, p53-li was elevated by transient focal
ischemia. The induction occurred in the ischemic penumbral region (Fig 10C, 10D).

Following only one to four h of reperfusion, neocortical p53-li was unchanged.
Moderate p53-li was detected 8 h after blood perfusion was restored, but p53-li was
prominent in neurons located at the penumbral region of ischemic cortex 12 h
following reperfusion (Fig 10C, 10D). At 24-48 h after initiating reperfusion
immunoreactivity in cortical neurons had declined to lower levels (Fig 10E). The
positive staining predominantly occurred in cytoplasma. The pattern of p53-li
elevation was consistent the mRNA induction following transient focal cerebral
ischemia. Omission of primary antibody resulted in the complete absence of p53-li in
the ischemic penumbral all time points after reperfusion (10B). Taken together

immunohistochemistry demonstrated that p-53-like protein was induced in cortical
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neurons of the ischemic penumbral regions by transient focal cerebral ischemia and it

was recognized by antibodies raised against both wild and mutant p53.



Figure 10




Figure 10. The induction of p53 - like immunoreactivity in the penumbral region of
ischemic cortex following 90 min. of middle cerebral artery occlusion. A. Basal levels
of p53-Li in sham controls were very low. B. Omission of the primary antibody (PAb-
240 or PAb-246) resulted in complete loss of immunoreactivity, C. 12-h reperfusion,
dramatic elevations in m-pS3-Li were observed in the ischemic penumbra. D. 12-h
reperfusion, significant elevations in w-p53-Li were observed in the ischemic
penumbra. E. wt-p53-li gradually declined to lower level at 24-h post reperfusion.

Scale bar = 50 mm and is the same for all panels.
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3.3 Hippocampal Kindling Elevates naip Expression in Several Brain
Regions

The specificity of naip probe was examined as demonstrated in figure 16. The
naip sense probe did not show any labelling in neuronal tissue (16 A). Specific naip
mRNA neuronal labelling detected in the adjacent section of the same animal (16 B).
ISHH was used to determine whether naip mRNA could be induced by an
experimental manipulation, known to be neuroprotective, such as hippocampal
kindling. In fact, hippocampal kindling dramatically increased naip expression in
several brain regions. ISHH revealed that the elevation of naip mRNA occurred
maiﬂy in the hippocampus and piriform cortex (Fig 11B, 11F; Fig 12B, 12D).
Hippocampal kindling did not alter naip mRNA expression in the endopiriform cortex
and the medial thalamic nuclei compared to baseline levels (Fig 11D, 11H). Kindled
groups displayed a significant increase in the numbers of cells which expressed naip
mRNA in the piriform cortex and hippocampus (Fig 13A, 13b). In addition, the
intensity of ISHH labelling expressed, as the average inverse optical density, was two
to three folds greater in kindled than control rats (Fig 13E, 13F). Although only one
side of thc hippocampus was electrically stimulated, naip expression was elevated to a
comparable degree on the left and right side of the brain. Enhanced naip mRNA was

detected at 3 h and remained elevated at the 1, 7 and 21 d time points (Fig 13).
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Figure 11. Photomicrographs depicting the effects of hippocampal kindling on
expression of nmaip mRNA in several brain structures by in situ hybridization
histochemistry. Similar baseline levels of naip mRNA was present in neurons of
hippocampus (A), medial thalamic nuclei (C), piriform cortex (E) and endopiriform
cortex (G) in the control animals. naip mRNA levels were significantly elevated in
neurons of the hippocampus (B) and piriform cortex (F) of kindled animals 3d after the
last episode of kindling treatment. The elevation of naip mRNA remained increased
throughout three weeks period. In contrast, naip mRNA was not elevated in the medial

thalamic nuclei (D) and endopiriform cortex (H) by kindling. Scale bar = 35um.
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Figure12. Dark field photographs of naip mRNA expression in the piriform cortex (A)
and hippocampus (C) of control animals, and the piriform cortcx (B), hippocampus (D)
of hippocampal kindled animals three weeks after the last kindling treatment. Note the

large elevation of naip mRNA in these brain structures of kindled animals. Scale bar =

15pum.
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Figure 13 Bar graphs depicting the average number of cells and intensity of labelling in
different brain structures which exhibited naip mRNA after hippocampal kindling
treatment. The average number of positive cells labeled and their optical densities
were significantly greater than controls in piriform cortex and hippocampus of the
kindled animals (13A, 13B, 13E, 13F). Labelling for naip mRNA was similar for each
of the time points. The average number of positive celis labeled and optical densities of
labelled cells were similar in kindled animals and controls in the medial thalamic
nuclei and endopiriform cortex (13C, 13D, 13G, 13H). Histograms and bars represent
mean and standard error of the mean for three to four animals. Asterisk, significant

difference from controls (p < 0.01; Newman-Keuls test).
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Consistent with the ISHH results, Naip-Li was also elevated in animals that
received hippocampal kindling. Enhanced Naip-Li immunoreactivities were observed
bilaterally in the hippocampus and piriform cortices (Fig 14B, 14H). This increase in
Naip-Li appeared to be specific neurons. Basket cells in the hippocampus and
pyramidal cells in layer 3, 4 and 5 of the cortex were among the populations most
heavily labelled with Naip antibody. Naip-Li was most intense at 3 and 24 h, but
appeared to remain elevated 7 and 21 d later. There were no significant changes of
Naip-Li in ne.urons of the endopiriform cortex and the medial thalamic nuclei of
kindled animals at any of the time points relative to controls (Fig 14C, 14D, 14E and

14F);

3.4 The Neuroprotective Effects of Hippocampal Kindling Are

Closely Associated with naip Induction

Hippocampal kindling has been shown to impart neuroprotection in certain
brain structures (Kelly and Mclntyre, 1994). We therefore examined the effects of
kindling on levels of Naip protein as determined by immunohistochemistry. If kindling
increased resistance to excitotoxic brain injury by increasing Naip levels, a strong
correspondence between regions displaying elevated Naip-li and those areas resistant to
excitotoxins would be expected. This section examines anatomical mapping
correlation to provide further evidence that the neuroprotection by hippocampal
kindling is directly related to naip induction. ISHH studies were completed on brain

tissue from rats that were injected with kainic acid following the kindling procedure.
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Figure 14




Figure 14. Effects of hippocampal kindling on Naip-like immunoreactivity (Naip-li) in
several brain structures. Baseline levels of Naip-li were observed in the control
hippocampus (A), endopiriform cortex (C), medial thalamic nuclei (E) and piriform
cortex (G). Significant elevation of Naip-li levels were exhibited in neurons of the
hippocampus (B) and piriform cortex (H) in kindled animals scven days after last
kindling treatment. There was no significant difference between time points. Naip-li
remained unchanged in the endopiriform cortex (D) and medial thalamic nuclei (F) of

the kindled animals. Scale bar= 15 pym.
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Systemic injection of kainic acid has been shown to induce seizures and cause
neuronal cell death in the brain. Kindling prior to kainic acid administration offers a
remarkable degree of protection against kainic acid induced cell death in certain brain
structures (Kelly and Mclntyre, 1994). Levels of naip mRNA in control animals were
compared to those found at four time points following kainic acid injection and to
those found at the same times for kindled rats following kainic acid administration. At
30 and 90 minutes following kainic acid injection alone, there was a large degree of
variability from animal to animal in naip mRNA. However, at 3 hours and 6 hours the
results were consistent. Kainic acid administration alone produced a mild elevation of
naip mRNA (Fig 15D), while kainic acid triggered a tremendous increase in naip
mRNA induction in kindled animals (Fig 15E) compared to sham kindled animals (Fig
15A). naip mRNA levels were especially high in the hippocampus, piriform cortex,
and to a lesser degree in the perirhinal and fronto-parietal cortical areas, which have
been demonstrated to be resistant to kainic acid injury following hippocampal kindling.
naip mRINA expression was unchanged in those regions which faii to dispiay resistance
to excitotoxic injury following kindling such as the endopiriform cortex and medial

thalamic nuclei.

3.5 Hippocampal Kindling Reduces Infarct Volume following Transient

Middle Cerebral Artery Occlusion

The next logical step was to determine if the neuroprotective effects of
hippocampal kindling could bc cxtended to other injurious stimuli such as cercbral

ischemia. Three weeks after the last kindled convulsion, kindled (n=8) and operated

72



control (n=6) animals were subjected to 90 min of middle cerebral artery occlusion and
permitted to survive for 24 h. The total cortical infarct volume in kindled animals
(57.7+4.6 mm®) was drastically smaller than that observed in controls (156.5£12.6
mm?’) (Fig 17, 18). This demonstrates that hippocampal kindling dramatically reduced
the damaging effects of transient neocortical ischemia as well as that induced by

kainate,
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Figure 15




Figure 15 Effects of hippocampal kindling and kainic acid injection on expression of
naip mRNA detected by ISHH in the rat brain. Low levels of naip mRNA were present
in the control animals (A). Hippocampal kindling alone selectively elevated naip
mRNA levels in several brain structures including piriform cortex, hippocampus and
fronto-parietal cortex (B). A moderate increase of naip mRNA in similar structures
was seen six-hour after Kainic acid injection (D). Hippocampal kindled animals
injected with kainic acid produced much greater enhancement of naip mRNA in the
similar regions (E). naip sense probe did not show any specific labelling (C). The

square box illustrates the areas subjected to quantification by image analysis.
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Figure 16




Figure 16 Specific labelling of naip mRNA in the piriform cortex of kindled animals
detected by in situ hybridization histochemistry. The naip sense probe did not show
any specific labelling in the piriform cortex in a kindled animal 3h after the last
kindling seizure (A). Specific naip mRNA neuronal labclling detected in the adjacent

section of the same animal (B). Scale bar =35 pm.
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Figure 17




Figure 17. Protective effects of hippocampal kindling on the infarct volume following
transient focal ischemia. A large area of the infarct can be seen in the control animal
subjected to 90 min of MCA-o (A). Hippocampal kindling dramatically reduced the

area of infarct produced by 90 min of MCA-o (B).
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Figure 18. Bar graphs depicting the average infarct volume in the cerebral cortex 24 hr
following transient MCA-o0. The cortical damage in the control animal was 156.5 +
12.6mm3. Kindling reduced the volume of thc infarction by about 60% to 57.7+
4.6mm3. Histograms and bars represent mean and the standard error of mean for 6 to 8

animals. Asterisk, significantly different from control (p<0.01, t-test).
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Figure 19




Figure 19 Photomicrographs depicting the effects of hippocampal kindling on
expression of naip mRNA in the cortex detected by in situ hybridization
histochemistry. Low lcvels of naip mRNA were present in the control animals (A).
naip mRNA levels were dramatically elevated in cortex 21 d after the last kindled

seizure (B). Scale bar=35 pm.
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3.6 Hippocampal Kindling does not Alter Regional Cerebral Blood Flow

Direct measurement of regional cerebral blood flow (rCBF) revealed that the
baseline levels of blood flow were similar in both control (108 £ 7.8, n=6) and kindled
animals (109.8 + 4.4, n=8). A dramatic fall of the rCBF was detected during the
ischemic period in which the rCBF levels were all below 12% of the baseline in both
groups. This rCBF level remained persistent in the control animals for the 90 min
artery occlusion, while kindled animals showed a slight increase in rCBF that were not
significantly ;lifferent from control values (Table 2). The levels of rCBF fully
recovered after removal of the clip in both control (111 + 6.3) and kindled animals
(108:4 + 3.2). This data suggested that hippocampal kindling did not exert its
protective effects through changes in rCBF, indicating that the reduction of infarct

volume in kindled animals was based on some other factor.

3.7 Hippocampal Kindling Elevates naip mRNA Expression in the
Neocortex

MCA occlusion produces ischemia mainly in the fronto-parietal cortex. In the
previous section I showed that naip mRNA elevation induced by hippocampal kindling
occurred primarily in the piriform cortex and hippocampus, areas protected from kainic
acid induced injury. This section was designed to study the effccts of hippocampal
kindling on areas injured by ischemia, such as the fronto-parietal cortex. Apparently
hippocampal kindling also dramatically increased naip mRNA expression in these

neocortical areas (Fig 19B). ISHH revealed that the kindled groups displayed
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Table 2 Effects of the hippocampal kindling on the regional

cerebral blood flow during focal ischemia

Baseline MCA-o Pre-RP Post-RP  24h

(Mean + SEM) (ml/100g/min)
Control(n=6)  1030+7.8 117417 106+06  111.0£63

Kindled(n=8) 1098+ 4.4 109+06 13.6+09  108.4+32

Data represents the mean and standard error of the mean for 6 to 8 animals.
rCBF, regional cerebral blood flow = ml/100g/min; MCA-o, middle cerebral artery

occlusion; pre-RP, pre-reperfusion; post-RP, post-reperfusion.
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a significant increase in the numbers of cells which expressed naip mRNA, i.e. the
kindled animals had significantly more positive cell counts per field compared to
control animals. The elevation of naip mRNA expression persisted for as long as 21
days after the last kindled treatment (Fig 20A). Also the intensity of ISHH labelling,
expressed as the average inverse optical density, was two fold greater in kindled than
control rats (Fig 20B). Although only one side of the hippocampus was electrically
stimulated, naip expression was elevated to a comparable degree on the left and right
side of the Brain. Enhanced naip mRNA was detected in the neocortex of the
contralateral side of the brain in hippocampal kindled animals at 3 h and remained

elevated at the 1, 7 and 21 d time periods.

3.8 Hippocampal Kindling Elevates Naip-li Expression in the Neocortex

Consistent with the ISHH results, Naip-li was also eclevated in animals that
received hippocampal kindling. Enhanced Naip-li was observed bilaterally in the
frontoparietal cortex. The increase appeared to be in certain neuronal populations (Fig
21B). Some pyramidal cells in the layer 3 and 5 of the cortex were among the
populations most heavily labelled with the Naip antibody. Naip-li was mostly intense
at 3 and 24 h, but appeared to remain elevated at 7 and 21 d relative to nonkindled
controls.

Western blot analysis was used to determine relative Naip levels in the
frontoparietal cortical regions. Consistent with the immunohistochemistry findings,
kindling was found to elevate Naip levels in the cortex (Fig 22A top panel). Some

tissue extracts were used to detect the neuronal marker NeuN that served as a loading
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control marker. Figure 22A bottom panel did not show any significant difference of
the NeuN band between kindled and control animals. A quantitative value was
available by measuring the relative optical density of the positive bands. Naip levels
were elevated at 3 h, 1 and 7 d with an average volume of optical density of 1200 to
1500 compared to an average value of 800 observed in the control group. Naip protein

levels were still elevated 21 d after the last kindled seizure (Fig 22B).
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Figure 20. Bar graphs depicting the average number of cortical neurons which
exhibited naip mRNA after hippocampal kindling. The average number of positive
cells labelled in the kindled animals was two to three fold greater than the controls (A).
The average optical density of cells was two fold greater in kindled than in control
tissue (B). Histograms and bars represent mean and the standard error of the mean for
3-4 animals. Astcrisk, significantly different from control animals (p<0.01; Newman-

Keuls test).
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Figure 21




Figure 21 Effects of hippocampal kindling on Naip-like immunoreactivity (Naip-li) in
cortical neurons. Moderate levels of Naip-li were present in the control animal (A).
High levels of Naip-li were exhibited by large pyramidal neurons primarily in layers 3

and 5 of the cortex of hippocampal kindled animal (B). Scale bars = 100 pm.
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Figure 22 Effects of hippocampal kindling on Naip levels in cortical areas. A.
Immunoblotting analysis of Naip levels in the fronto-parietal cortex after hippocampal
kindling (until five stage-six seizures). Kindling elevated Naip levels at all time points,
with the highest occurring at 3h after the last episode of seizure, and remains high 21d
later (A top panel). The same membrane was immunoblotted for NeuN. NeuN levels
were similar in control and treated conditions (A bottom panel), indicating that each of
these lanes was loaded with an equivalent amount of protein. B. Measurements of
Naip levels following hippocampal kindling. Densitometric analysis of Naip
immunoblots demoustrated that hippocampal kindling increased Naip levels by
approximately 60 to 95 %. Histograms and bars represent mean and the standard error
of the mean for 3 animals. Asterisk, significantly different from control animals

(p<0.01; Newman-Keuls test).
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CHAPTER 4

DISCUSSION

Various studies have shown that cerebral ischemia modifies the expression of
genetic information in the brain (An et al., 1993; Dragunow et al., 1994; 1995; Guegan
and Sola, 2000; Jordan et al., 1996; Kiessling et al., 1993; Hou et al., 1997; Tu et al.,
1998). The .alterations are proposed to represent selective synthesis of proteins
specialized to either augment or to overcome post-ischemic processes because these
specific proteins are produced when overall protein synthesis in the brain is severely
depressed (Araki, et al., 1990; Krause and Tiffany, 1993). Induction of some genes
may be associated with cell death (Benchoua et al., 2001; Colotta et al., 1992; Jordan et
al., 1996; Kiessling et al., 1993; Li et al., 1994; Morgan and Curran, 1991; Smeyne et
al., 1993; Velier et al, 1999). Others believe that induction of certain genes may
participate in the process for ncuronal survival (Akins et al., 1996; Herzog and
Morgan, 1996; Hou et al., 1997; Hughes and Dragunow, 1995; Tseng et al., 1997; Tu
et al., 1998).

Immediate early genes (IEGs) are well-studied gene products that are elcvated
following a variety of cellular challenges including cerebral ischemic events. Most
prominent among the IEGs are the FOS and JUN families (Morgan and Curran, 1991;
Hughes and Dragunow, 1995). The expression of IEGs, such as c-fos and c-jun in both
neuronal and non-neuronal cells is elicited by a variety of stimuli, both in vivo and in

vitro. Glutamate receptor activation can induce c-fos/jun expression (Gorman et al.,
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1995; Herrera et al., 1993). Global (Kiessling et al., 1993) and focal cerebral ischemia
(An et al., 1993) rapidly increases neuronal expression of IEGs. Increased intracellular
calcium is believed to activate their transcription (Morgan and Curran, 1986). It is
possible that calcium/calmodulin kinase phosphorylates one or more proteins that
directly interact with the transcription regulatory elements of c-fos/jun, resulting in an
induction of these genes. A DNA sequence located upstream of the transcription
initiation site of c-fos is essential for induction by a calcium dependent agent (Sheng et
al., 1988).

The immediate early genes (IEGs) may modify the outcome following cerebral
ischemia because they encode transcription factors that couple early cytoplasmic events
to long-term changes by regulating gene expression and cellular phenotype. The
induction of the IEGs and other stress proteins is thought to be essential for converting
short-term stimuli into long lasting intracellular changes in neurons that require protein
synthesis (Morgan and Curran, 1986; Yee et al., 1993). The protein products of IEGs,
known as transcription factors, can influence the expression of various target genes, by
binding specific DNA sites. Activator protein-1 (AP-1) is a transcription factor formed
by members of the JUN and FOS families of proteins (Dragunow and Preston, 1995).
JUN family members can form either homo- or heterodimers, whereas FOS members
can only form heterodimers with JUN family members (Angel and Karin, 1991). This
dimeric protein complex subsequently binds to the AP-1 site (Morgan and Curran,
1989) influencing basal and elevated expression of various target-genes (Vendrell et

al., 1993).
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Specificity of IEG response is dictated by the stoichiometry of the various
members and the available target genes. Cell type- and stimulus-dependent post-
translational modification of IEG products may contribute to their biological activity as
well as adding a further level of specificity to their response (Herzog and Morgan,
1996). In the normal CNS, these proteins are present at relatively low levels but
correlations have been made between increased expression of FOS and JUN, and the
subsequent delayed neuronal death induced by ischemia or a variety of disease states.
A causal link 6f IEG expression to subsequent cell death was made in cultured neurons
by using blocking antibodies against JUN or dominant-negative JUN transfections that
prevented the ultimate demise of treated cells (Herzog and Morgan, 1996).

Despite suggestive evidence for a role in cell death for the IEGs, an alternate
view maintains that FOS and JUN may be components of an adaptive or
repair/regeneration process, because many cells that have increased expression actually
survive insults such as excitotoxicity (Akins et al., 1996; Herzog and Morgan, 1996;
Hughes and Dragunow, 1995). This idea is supported by the finding of normal cell
death in FOS-null mice, and the lack of effect on neuronal cell death in the spinal cord
after sciatic nerve resection in FOS knockout animals (Roffler-Tarlov et al., 1996). A
prolonged and enhanced expression of FOS after focal ischemia in hypoglycemic
animals is correlated with diminished damage to cortical neurons (Lin et al., 1997).
Further support comes from studies showing increased FOS and JUN D mRNA in
hippocampal dentate neurons that arc resistant to global ischemia (Tseng et al., 1997).
Thus, FOS and JUN may variously activate genes in a positive, negative or neutral

manner. The increased expression of IEGs following ischemia could be influencing
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pathways that mediate apoptosis directly (Colotta et al., 1992; Smeyne et al., 1993)

and/or via DNA repair (Bruccoleri et al., 1997; Dosch and Kaina, 1996).

4.1 p53 Induction following Cerebral Ischemia May Promote Growth

Arrest and DNA Repair via Activating the Downstream Genes

i. Induction.of p53 following Cerebra Ischemia

The present study demonstrated an elevation of p53 mRNA expression in
cortical tissue of rats subjected to transient focal ischemia using in situ hybridization
histochemistry and RT-PCR. Increased p53 mRNA was present at the inner boundary
of the ischemic region. The induction occurred gradually and peaked at 8-12 h, but
persisted for as long as 48 h. p53 positive immunoreactive neurons were also detected
in the same cortical areas. p53-like positive staining was induced at 8 h reperfusion,
peaked at 12 hs and then gradually declined to basal levels 24 h later. In the previous
reports (Chopp et al., 1992; Li et al., 1994), only mutant p53 was induced following
transient cerebral ischemia. The induction was scaticred throughout the ischemic
cortex including the core and penumbral regions. In contrast, a recent study
demonstrated  an increased wild type p53 induction correlated with DNA
fragmentation in the penumbral region following MCA-o (Watanabe et al.,1999).
Interestingly, our study showed that there was no difference in the levels of induction

detected between wild and mutant type p53 immunoreactivity following transient focal
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cerebral ischemia. Consistent with later reports, the induction of p53 occurred
predominantly at the ischemic penumbra.

p53 is a transcriptional factor predominantly located in the nucleus.
Interestingly, p53 positivity is primarily localized within the cytosol of the cortical
neurons in this study, which is consistent with the findings of other reports following
cerebral ischemia (Li et al., 1994; Watanabe et al., 1999). p53 ftranslocation also
occurs in other conditions. In about 37% of the breast cancer tissue, p53 is also found
in the cytopla§m as opposed to the nucleus (Moll et al., 1992). The mechanism of p53
accumulation in the cytoplasm is far from clear. Subsequent studies have shown that a
dysfunctional nuclear trasport system, such as importin o, was the main reason for the
translocation (Kim et al., 2000). The prototype of the nuclear transport signal is the
classical nuclear localization signal (Koand Prives, 1996), and nuclear import of
proteins bearing a signal is dependent on two cellular factors termed importin o and
importin B (Gorlich et al., 1995; Nigg, 1997; Mattaj and Englmeier, 1998). Importin a
provides the signal-biding site and then interacts with importin B, which in turn
interacts with the nuclear pore complex (Weis et al., 1996; Kutay et al., 1997). It is
postulated that p53 cytoplasmic accumulation may secondary to the impaired nuclear
transport system following ccrebral ischemia. Moreover, Sansome and colleagues
(2001) discovered that a fraction of induced p53 protein rapidly translocates to the
mitochondria during hypoxia-induced apoptosis. Importantly, mitochondrially
localized p53 reproducibly induced apoptosis at least as efficiently as nuclear p53,
indicating that p53 is sufficient to launch an apoptotic pathway from mitochondrial

level (Merchenko et al., 2000).
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p53 is normally expressed at low levels and has a short half-life in most, if not
all, normal cells (Levin et al, 1991). Furthermore, transgenic mice bearing
nonfunctional p53 alleles develop normally but have a higher incidence of certain
cancer (Donehower, 1992). Low- level p53 expression per se must not be detrimental
under most circumstances, nor is p53 essential for development. Wild-type p53 is,
however, a potent inhibitor of cell proliferation. Reintroduction of wild-type p53 into
transformed cells that have lost it suppresses cell growth, as does up-regulation of
endogenous p53 levels in normal cells (Diller, 1990; Mercer et al, 1990; Martinez et al,
1991). Exactly how p53 suppresses cell growth is not clear, although the protein is
capable of modulating transcription, both positively and negatively (Fields and Jung,
1990; Ginsberg et al, 1991; Farmer et al, 1992; Zambetti et al, 1992), and also of
regulating DNA synthesis (Bargonetti et al, 1991)

Normal cells respond to DNA damage by cell-cycle arrest concomitant with
transient p53 accumulation, followed by repair and re-entry into the cell cycle (Kastan
et al, 1992; Kuerbitz et al, 1992). Transformed cells with either mutant p53 or which is
P53 null do not arrest after DNA damage but, instead, continue cycling (Kastan et al,
1992; Kuerbitz et al, 1992). Thus, p53 could function as an SOS-like response, similar
to the rad9 cell cycle control checkpoint gene of yeast, to sense DNA damage, prevent
entry into S phase or mitosis until repairs have been affected, and thercby minimize
transmission of genetic alteration (Kastan et al, 1992; Kuerbitz et al, 1992).

One mechanism by which the transcriptional factor p53 may function involves
the ability of p53 to induce G1 cell cycle arrest that is largely mediated by

P21WAF1/CIP1 (cyclin-dependent kinase interacting protein 1), and some other

91



transcription target genes of p53 (El-Deiry et al,, 1993) (see later discussion). P21
WAF1/CIP1 inhibits G1 cyclin-dependent kinase (cyclin/cdk) activity and prevents
cells from entering into S phase (Harper et al., 1993; Gu et al., 1993; Xiong et al.,
1993). This would allow the cell to repair genetic damage and thereby reduce the
likelihood of propagation of a cell with DNA damage (Jacks and Weinberg, 1996).

Consistent with this line of reasoning, the pattern of p53 induction observed in
this study is consistent with the expression of its downstream genes, Gadd45 and
Mdm2 that se.rve as anti-apoptotic function in the same ischemic model (Shen et al.,
1997; Tu et al., 1998). The data argues for a role for p53 in growth arrest and DNA
repair following transient ischemia (Figure 24).

p53 may function differently in cells which DNA damage is so severe as to be
irreparable. This alternative pathway may involve activation of cell suicide programs
to permit selective elimination of irreparably damaged cells. Thus, p53 may represent
a control point either for cell cycle arrest, followed by repair, or for induction of cell
death in cells that have sustained substantial genetic damage (Lowe et al., 1993).
(Figure 23).

The first indication of a role for p53 in apoptosis came from a study in which
myeloid leukemic cells overexpressing a temperature-sensitive p5S3 mutant underwent
apoptosis when they were shifted to the permissive temperature in the absence of IL-6
(Yonish-Rousch et al., 1991; Yonish-Rousch et al,, 1993). It was subsequently
demonstrated that pS3-dependent apoptosis can be triggered by a variety of signals,

such as DNA damage (Lowe et al., 1993), inappropriate oncogene activation (Lowe et

92



al., 1993; Wagner et al., 1994), cytokine deprivation (Caman et al., 1995), and hypoxia
(Graeber et al., 1996; Schmaltz et al., 1998). p53-induced apoptosis can be triggered in
different types of cells, including thymocytes, peripheral lymphocytes, and neurons

(Bellamy, 1997; Schimke and Mihich, 1994). p53 expression has been shown to be
elevated in damaged neurons that display fragmented DNA following systemic
administration of the excitotoxic kainic acid (Sakhi et al., 1994). Recent studies show
that glutamate and kainate elevate p53 DNA binding activity, and blockade of p53
induction by é specific p53 antisense oligonucleotide, produced a complete inhibition
of EAA induced apoptosis (Uberti et al., 1998). Consistent with this line of reasoning,
p53 may also play a role during cerebral ischemia. p53 expression has been shown to
be elevated in the injured neocortex in a focal ischemic model (Li et al., 1994,
Watanabe et al., 1999) and in hippocampal pyramidal culture neurons hypoxia (Jordan
et al, 1997). Moreover, mice null for p53 arc more resistant to ischemic injury. p53

knockout mice display a significant reduction in infarct volume in a permanent middle
cerebral ischemic model (Crumrine et al, 1994). Taken together, these findings

suggest that pS3 induction play a role in apoptosis following cerebral ischemia.
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Figure 23

Gadd45, Mdm2 induction
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Figure 23. Possible mechanisms by which the p53 gene induces growth arrest or

apoptosis.
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Wild-type p53 is usually considered to be associated with apoptosis (Lowe et
al., 1993; Aldridge et al., 1998). The positive staining in mutant p53 certainly raised a
question about the apoptotic role of p53 following cerebral ischemia. However, studies
showed that apoptosis was mediated by p53 mutant lacking transcriptional activities
(Haupt et al., 1995). Importantly, the pS3 mutation in human colon carcinoma cell
SW480 has lost its ability to bind non-specific DNA while retaining the ability to bind
specific DNA (Liu and Kulesz-Martin, 2001). A positive mutant p53
immunoreactix.'ity colocalized with TUNEL labeling neurons following focal cerebral
ischemia (Li et al., 1994), indicating certain mutant p53 may also pose an apoptotic
function. Identifying specific mutations in p53 and associated apoptotic potential
following cerebral ischemia would certainly be very helpful to address this issue.

p53 induced apoptosis is thought to be associated the activation of caspase-3
and related caspases (Lotem and Sachs, 1996; Chandler et al., 1997; Fuchs et al., 1997)
(see below discussion for caspases). Although far from clear, recent studies shed
substantial light on how apoptotic signals might be transduced from p53 to caspases.
p53 is also involved in regulating bel-2 and bax expression. The first clue that bax may
be a p53 target gene came from studies showing that induction of bax depends on the
presence of functional p53 (Selvakumaran et al., 1994: Miyashita et al., 1994; Zhan ct
al., 1994). Subsequently, it was found that the bax promoter contains p53-responsive
elements that can direct p53-dependent transcription from a heterologous promoter
(Miyashita and Reed, 1995). Induction of p53 reduces expression of the anti-apoptosis
gene bcl-2, while simultaneously increasing expression of bax, whose protein product

inhibits Bcl-2 function (Selvaknmaran et al., 1994; Miyashita et al., 1994). Consistent
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with this finding, mice deficient in p53 exhibit increased levels of Bcl-2 and decreased
amounts of Bax in a variety of brain structures (Miyashita et al., 1994). The
mechanism by which Bax promotes apoptosis remains obscure. Bax heterodimerizes
with Bcl-2, suggesting that Bax may function by inactivating Bcl-2 and related
antiapoptotic proteins (see below discussion).

Taken together, elevation of p53 at the ischemic penumbra may indicate that
neurons undergo growth armrest and/or DNA repair following cerebral ischemia.
However, the .induction of p53 may also be the trigger for neuronal apoptosis, which

contributes to the exaggeration of the ischemic infarct if ischemic insult is too severe.
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Figure 24. Genetic alterations following cerebral ischemia involved in neuronal death

or survival.
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ii p2IWAF1/CIP]1 and Gadd45 Induction following Cerebral Ischemia

as an Indicator for Growth Arrest and/or DNA Repair

As a transcriptional factor, pS3 is likely to activate the transcription of target
genes. p53 target genes with potential roles in cell cycle control, DNA repair and
apoptosis induction include: p21WAFI1/CIP]1, gadd45, mdm2, cyclin G and bax
(MacManus and Linnik, 1997). The p21 protein was identified as an inhibitor of the
cyclin dependent kinases which control cell cycle progression by preventing
phosphorylation of proteins such as the retinoblastoma tumour suppressor protein p
(Rb) (Hartwell and Kastan, 1994). It is also now well recognized that p21 is able to
inter;ct directly with proliferative cell nuclear antigen (PCNA) that is a subunit of a
polymerase involved in DNA replication and repair (Waga et al., 1994). Thus
increases in p21 induced by p53 may lead to growth arrest and DNA repair (Reinke et
al.,, 1997). A recent study has demonstrated that elevated p21 WAF1/CIP1 expression
is evident in ncurons that have survived an cpisode of transicnt a cercbral ischemia
(Van Lookeren Campagne and Gill, 1998).

Another p53 target gene, which may be involved in growth arrest and DNA
repair, is gadd45, originally found tc be induced by DNA-damaging agents and
radiation (Smith and Fornace, 1996; Yoshida et al., 1996). Similar to p21, gadd45 is
capable of binding directly to PCNA (Smith and Fornace, 1996) and has been shown to
be decreased in vulnerable neurons compared to those resistant to cerebral ischemic
injury (Tomasevic et al., 1996). A study performed in collaboration with Dr. John
MacManus (Hou et al 1997) demonstrated that an elevated gadd45 mRNA in the

neocortical tissue following transient focal cerebral ischemia as detected by RT-PCR.
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Furthermore, in situ hybridization histochemistry revealed that increased gadd45
mRNA occurred principally within the ischemic penumbra. The presence of gadd45
protein was confirmed by immunohistochemical detection of this protein. When
gadd45 immunoreactivity was combined with in situ detection of DNA breaks
(TUNEL), the protein was absent from frankly damaged cells in the ischemic core, but
was increased in TUNEL-negative cells in the penumbra (Hou et al, 1997). The
induction of gadd45 appears greatest at earlier time points compared to later time
points when ﬁlassive neuronal death occurs. These data suggest that a DNA repair
process have been initiated as evidenced by the upregulation of gadd45 following
cerebral ischemia. Growth arrest and DNA repair appear concentrated at the ischemic
penumbra, while massive neuronal destruction occurs predominantly at the ischemic

core region.

iii Induction of Anti-apoptotic Gene Mdm2 following Transient Focal
Cerebral Ischemia

The mdm?2 proto-oncogene was originally discovered as onc of three genes that
are amplified in a tumorigenic cell line derived from non-transformed Balb/c cells
(Cahilly-Snyder et al., 1987). Consistent with the expression pattern of mdm?2 in these
cells, it was later shown that the transforming potential of mdm2 can be activated by
experimental overexpression (Perry et al., 1993; Price and Park, 1994; Kondo et al,
1995). Overexpression of mdm?2 protein has been detected in a number of diverse
malignancies, indicating that this oncogene may play a key role in carcinogenesis. The

mdm2 gene is also the transcriptional target of p53. DNA damage-induced p53
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expression leads to increases in mdm2 mRNA and protein (Levin, 1997). Mdm2 in
turn binds the transcriptional activation domain of p53 and blocks its ability to regulate
target genes and to exert antiproliferative effects (Chen et al.,, 1993; Momand and
Zambetti, 1997). Thus, it appears that an auto-regulatory feedback loop exists between
these two proteins which keeps the growth suppressive function of p53 in check during
normal cell cycling. Apparently, p53 regulates mdm?2 at the transcriptional level, while
mdm?2 regulates p53 at the functional level. Pathological changes leading to elevated
levels of mdnﬁ likely impair the ability of p53 to orchestrate the expression of genes
controlling cell cycle progression during cellular insults. Mdm2 may also promote the
rapid degradation of p53 under conditions in which p53 is otherwise stabilized (Haupt
et al., 1997).

Expression of mdm? is increased in response to many DNA damaging agents,
e.g., ultraviolet light (Perry et al., 1993), gamma-radiation (Price and Park, 1994), and
cisplatin treatment (Kondo et al., 1995). Cerebral ischemia induced DNA damage has
been discussed in the introduction, along with injury promoting agents such as
increased glutamate, intracellular calcium overload and free radical formation. Tu et
al, (collaboration, 1998) demonstrated increased mdm2 expression following transient
focal cerebral ischemia. The expression of mdm2 mRNA was increased in the
ischemic ipsilateral cortex between 6 to 8 hr, and remained increased at 18 to 24 hr in
animals subjected to 90 min MCA-o followed by reperfusion, with no evidence of
preferential expression in either the core or penumbra. Immunohistochemistry and
Western blotting confirmed elevated mdm2 protein following transient focal cerebral

1schemia.
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One of the mechanisms by which the caspases induce apoptosis is via
modifying mdm2. Caspase-3 cleaves the COOH-terminal RING finger domain of
mdm?2, results in the loss of RNA binding activity of mdm2 and possible apoptosis
(Chen et al., 1997). Treatment with an antisense oligonucleotide targeted against
mdm2 increased the susceptibility of tumor cells to apoptosis (Kondo et al., 1995). In
contrast, overexpression of mdm2 confers resistance of tumor cell to cytoxin induced
apoptosis. Taken together, these data suggest that the upregulation of mdm2 may have
the potential .to inhibit apoptotic processes following cerebral ischemia. But the
occurrence of the mdm2 in the ischemic core region is somewhat in disagreement with

an anti-apoptotic function in ischemic neuronal death.

4.2 Caspases Play a Role in Ischemic Cell Death by Inducing Apoptosis

The genetic control of apoptosis has been partially clucidated by work on PCD
in the nematode Cuenorhabditis elegans. During normal development, 131 of 1090
somatic cells undergo PCD in C elegans. The ced-3 (c elegans death gene) and ced-4
are required for cell death in C. elegans (Yuan and Horvitz 1990, 1992), whereas the
overexpression of ced-9 prevents cell death (Garrieli et al., 1992). The product of ced-
3 has sequence and functional similarities to the mammalian cysteine proteases ICE
(Yuan et al., 1993), and the cysteine protease nedd-2 in mousc (Kumar et al., 1994) or
ich-1 in human (Wang et al., 1994). Some functional data in mammalian cells support
a role for these molecules, or perhaps unknown members of the same family. For
example, expression of ced-3, ICE, ich-1 and nedd-2 induces apoptosis in several cell

types (Miura et al., 1993; Kumar et al., 1994; Wang et al., 1994). In addition, a known
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inhibitor of ICE, the cowpox protein crmA, reduces apoptosis caused by ICE and ich-1
(Miura et al., 1993; Wang et al., 1994), more importantly, crmA inhibits PCD in cells
after growth factor withdrawal (Gagliardini et al., 1994).

Elevated caspase activity is also associated with increased apoptotic cell death
in neurons. Exposure to 6-hydroxydopamine induces apoptosis of cerebellar granule
neurons in cell culture. The rate of apoptosis induction was paralleled by an activation
of caspase-3 (Dodel et al., 1999). Intrastriatal administration of the excitotoxin
quinolinic aci-d results in the death of medium-sized neurons in the striatum.
Intrastriatal administration of 6-hydroxy dopamin results in the death of dopamine
neurons in the substantia nigra pars compacta. It has been shown that apoptotic
profiles occurs in neurons injured in both of these and that the cell death was apoptotic.
Natural developmental neuron death and induced developmental death following either
striatal target injury with quinolinic acid or dopamine terminal lesion with intrastiatal
injection of 6-hydroxydopamine. Using an antibody to the large (p17) subunit of
activated caspase-3, experiments were able to demonstrate that apoptotic profiles in all
models were associated with an increased caspase activity (Jeon et al., 1999).
Inhibition of the caspase activities was capable of preventing ncuronal death against
various stimuli (Dodecl et al., 1999; Schierle et al., 1999; Tenneti et al., 1998). Caspase
inhibitors Ac-DEVD-CHO and zVAD-FMK can attenuate neuronal death induced by
6-hydroxydopamine in cerebellar granule neurons (Dodel et al., 1999). Treatment of
the embryonic nigral cell suspension with caspase inhibitor, Ac-YVAD-cmk mitigated
DNA fragmentation and reduced apoptosis in nigral transplants (Schierle et al., 1999).

Recent data indicate increased caspase activity within vulnerable neurons following
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cerebral ischemia. Immunoblot and immunohistochemical analyses using antibodies
against caspase substrates such as spectrin and actin have provided evidence that
caspases are activated in neurons in the ischemic penumbra prior to their death.
Caspase-8 is activated within 6 h of focal isch-emia induced by permanent MCA-o in
rats (Velier et al., 1999). Active caspase-8 was located mainly in pyramidal neurons of
layer V of cerebral cortex. Active caspase-3 was observed in neurons in layers II and
III, beginning 24 h after the onset of ischemia, and in microglia. Intraventricular
administration. of caspase inhibitors prior to or 6 h postreperfusion, resulted in a
significant decrease in cerebral infarct size (Hara et al., 1997; Endres et al., 1998). The
caspases that may mediate ischemic neuronal death probably include caspase-1 and
caspase-3. Indeed, ischemic brain injury was decreased in mice lacking caspase-1
(Schielke et al., 1998).

Chen and coworkers (Chen et al., 1998) showed that caspase-3 activation
precedes death of CA1 neurons, and studies demonstrated that administration of the
broad-spectrum caspase inhibitor zZVAD-fmk protects neurons agaist ischemic injury
(Chen et al, 1998; Noshita et al,, 2001; Schulz et al, 1999). Intraventricular
administration of the pseudosubstrate caspase inhibitor N-tosyl-L-phenylalanyl
chloromethyl ketone reduced damage to CAl ncurons following transient global
ischemia in rats (Hara et al., 1998). Caspase-9 is released from isolated mitochondria
on treatment with calcium or Bax, stimuli implicated in ischemic conditions that are
known to induce cytochrome c release from mitochondria (Cao et al,, 2001). In
neuronal cell culture models, apoptosis-inducing agents trigger translocation of

caspase-9 from mitochondria to the nucleus. Similarly, in an animal model of transient
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forebrain ischemia, caspase-9 release from mitochondria and accumulation in nuclei
was observed in vulnerable neurons such as hippocampal CA1 neurons exhibiting early
postischemic changes preceding apoptosis (Krajewski et al., 1999). Caspase-3 mRNA
and protein are induced in the hippocampus in an animal model of transient forebrain
ischemia. The caspase-3 activity is increased predominantly in degenerating CAl
pyramidal neurons (Chen et al., 1998). Caspase-3 protein is also induced in neuronal
perikarya within the middle cerebral artery territory at the time of reperfusion and 1-12
hr after focal .cerebral ischemia (Namura et al., 1998). DNA laddering is correlated
with increased caspase activity in the ischemic region (Chen et al, 1998; Namura et al.,
1998).

Caspases, a family of cytoplasmic proteases, have a cysteine residue at their
active site and cleave their substrates after aspartate residues (Alnemri et al., 1996). At
least ten family members are now known in mammals and all of them are present in the
cytoplasm as inactive zymogens called-pro-caspases. Activation of pro-caspases
requires cleavage adjacent to aspartate to generate one large (p17) and one small
subunit (p12), which in turn associate into a fetramer (two large and two small
subunits) to form the active caspase. Once activated, caspases can autocatalytically
cleave and activate themselves as well as other members of the caspase family, leading
to an amplifying of the proteolytic cascade (Nicholson and Thornberry, 1997).

Activation of the caspase cascade occurs via a two-stage process in which the
so-called “initiator” caspases are first activated. Initiator caspases are activated by
autoproteolysis, which is induced by binding to specific activators. Each initiator

caspase is activated in response to a subset of cytotoxic stimuli. For example, caspase-
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8 is activated by binding to DISC, a protein complex, which is formed after stimulation
of the death receptors such as Fas and TNFR (Ashkenazi and Dixit 1998). Caspase-9
is activated by binding to a complex containing APAF-1 and cytochrome ¢, which is
formed after a number of stimuli, including DNA damage. Importantly, cytochrome ¢
has to be released from mitochondria to participate in caspase-9 activation. The
activated initiator caspases activate effector caspases by proteolytic processing. While
initiator caspases are specific for each pathway of apoptosis, the effector caspases are
shared.

The “executioner” caspases are responsible for the proteolytic cleavage of
many intracellular proteins, leading to the morphological and biochemical changes
associated with apoptosis (Salvesen and Dixit, 1997). This model is best exemplified
by apoptosis induced by the cell-death receptor Fas. Binding of Fas ligand (FasL) to
Fas induces conformational changes of the Fas receptor, which recruits pro-caspase-8
via an adapter, FADD/MORT]. The oligomerization of pro-caspase-8 induces
autoproteolytic generation of active caspase-8 (Yang et al., 1998), which then directly
or indirectly activates caspase-3. Similarly, cytochrome ¢ can form a complex with
apoptotic protease activating factor-1 (Apaf-1) and pro-caspase-9. This leads to the
cleavage of pro-caspase-9, converting it to an active protease which in turn cleaves and
activates caspase-3 (Liu et al., 1996; Zou et al., 1997; Li et al., 1997).

An extensive review by McManus and Linnik (1997) outlines in detail the roles
of caspases in apoptosis. Caspase-mediated cleavage of poly (ADP-ribose) polymerase
(PARP) blocks DNA repair and prcvents the reduction in the cellular pool of

nicotinamide adenine dinucleotide associated with PARP activity (Schwartz and

105



Milligan, 1996; Ashkens and Werb, 1996). A caspase-mediated loss of DNA-
dependent protein kinase activity would also inhibit the cells ability to repair DNA
damage (Casciola-Rosen et al., 1996; Song et al.,, 1996). Caspase mediated-cleavage
of the structural protein actin, contributes to cellular and nuclear collapse and leads to
the activation of DNase I (Kayalar et al., 1996). Caspase also mediates the cleavage of
cytoskeleton lamin which can trigger the progression to nuclear shrinkage and
fragmentation into apoptotic bodies (Rao et al., 1996; Takahashi et al, 1996).
Caspase-medi.ated degradation of hnRNA may compromise the ability of cells to
recover from an apoptotic-initiating event by altering protein synthesis (Waterhouse et
al., 1996). Although it is not clear how the processing of caspase substrates leads to
cell death, it appears that caspases target key components of cell structures and
signaling pathways. For example, during apoptosis, DNA is degraded by CAD, a
DNAse, which is constitutively expressed but is bound to its inhibitor ICAD/DFF45 in
live cells (Liu et al, 1997; Enari et al.,, 1998). Caspase-3 releases active CAD by
cleaving ICAD/DFF45 at only two sites (Sakahira et al.,, 1998). In another example,
caspases disassemble the nuclear lamina, which is formed by polymers of lamins, by
cleaving these proteins at a single site (Lazebnik et al., 1995; Orth et al., 1996;
Takahashi et al., 1996). Finally, caspases cleave mdm2 thus inhibits the apoptotic

action by mdm2 (Chen et al., 1997).
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4.3 Alteration of Bcl-2 Family Expression Contributes Neuronal Cell

Death following Cerebral Ischemia

The overexpression of the DNA repairing gene gadd45 and the negative p53
regulator mdm2 suggests that neuronal cells struggle for survival under stress insults
such as cerebral ischemia. This indicates a role of the anti-apoptotic genes in the
ischemic setting. The prototypical and most well studied gene is bcl-2, originally
identified as an oncogene in B cell lymphoma. Examination of the primary structure of
Bcl-2 reveals several interesting features (Alnemri et al., 1992). There are 239 amino
acids in human Bcl-2; the predicted relative molecular mass is 26.3kD. Although there
is a ilydrophobic carboxyl terminus, no other regions are likely membrane-spanning
domains. Deletion of this hydrophobic carboxyl terminus at amino acid 189 results in
a loss of apoptosis inhibition in nonneuronal cells (Alnemri et al., 1992).

Bcl-2 inhibits apoptosis in a variety of cell types in response to diverse insults,
including several which induce oxidative stress (Buttke and Sandstrom, 1994;
Hockenbery et al., 1990; Hockenbery et al., 1993; Zhong et al., 1993). Specifically,
Bcl-2 protects cells against death from ionizing radiation, heat shock, inhibition of
glutathione (GSH) synthesis and GSH depletion, and treatment with tumor necrosis
factor (TNF), hydrogen peroxide, or t-butylhydroperoxide (Hennet et al., 1993;
Hockenbery et al., 1990; Hockenbery et al., 1993; Kane et al., 1993; Zhong et al.,
1993). Bcl-2 also inhibits neuronal cells from death induced by the calcium ionophore
A23187 (Mah et al., 1993; Zhong et al., 1993), an agent which increases intracellular
calcium to a cytotoxic level. Overexpression of the proto-oncogene bcl-2 can protect

against cell death resulting from exposure to reactive oxygen species (Kane et al,
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1993), glutamate (Behl et al., 1993), and withdrawal of serum or growth factors
(Allsopp et al., 1993). Bcl-2 also prevents PCD of sympathetic neurons deprived of
NGF (Garcia et al., 1992). Therefore, cells may undergo apoptosis if synthesis protein
of key antiapoptotic proteins, such as bcl-2, has been hindered.  Isenmann and
colleagues (1998) demonstrated that DNA damage and nuclear fragmentation seen in
cells located in the lesion core in focal cerebral ischemia were often associated with
increased levels of Bax, but not with elevated Bcl-2 or Bel-x protein levels, suggesting
a role for Bax. in the induction of apoptotic death in these cells. The upregulation of
Bcl-2 and Bel-x expression in surviving neurons close to the penumbra might reflect an
active survival mechanism that protects these neurons from cell death following focal
cerebral ischemia. Moreover, expression of Bcl-2 from a defective herpes simplex
virus-1 vector reduces cortical infarct following focal cerebral ischemia (Lawrance et
al., 1996; Linnik et al., 1995). Transgenic mice overexpressing bcl-2 demonstrate a
dramatic attenuation in neuronal damage together with DNA fragmentation in the
hippocampus of a transient forebrain ischemia (Kitagawa ct al., 1998) and cortex
following focal ischemia (Martinou et al., 1994).

The mechanism of action for bcl-2 is unclear. Accumulating evidences indicate
that bel-2 protects cell death through antioxidant activity (Hockenbery et al., 1993;
Kane et al., 1993). Kane et al (1993) demonstrated that the neuronal cell line, GT1-7,
is protected by bcl-2 expression from death induced by GSH depletion.

Bcl-2 overexpressing cells demonstrate lower levels of reactive oxygen species
(ROS) and lipid peroxides, suggesting that bcl-2 decrease the generation of free

radicals. Hockenbery et al (1993) have provided evidence that lymphocytes expressing
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bel-2 are protected from the damaging results of hydrogen peroxide and menadione (an
agent that generates 02.). Dexamethasone treated cells overexpressing bcl-2
demonstrated lower levels of lipid peroxides, suggesting that bcl-2 also operate by
detoxifying free radical species. It was also determined that hypothalamic neurons
expressing bcl-2 had a 2.5 to 5-fold higher level of reduced GSH. However, when
GSH levels were reduced by treatment with diethylmaleate or ethacrynic acid, both the
control and bcl-2-expressing cells had similar very low levels of GSH as measured by
the monochlo.robimane method, yet the inhibition of cell death associated with bcl-2
expression remained. Dichlorofluorescein diacetate studies indicated a rapid rise of
reactive oxygen species in the control cells, and this was associated with rapid onset of
cell death. Cells expressing bcl-2 did not show an increase in reactive oxygen species
or in cell death, suggesting that the mechanism by which bcl-2 inhibits neuronal cell
death is not by increasing GSH directly (Sarafian et al., 1994).

The Bcl-2 protein is known to be membrane-bound, but its primary localization
is somewhat controversial. Studies have found it localized mainly to the inner
mitochondrial membrane (Hockenbery et al., 1990), or the endoplasmic reticulum
(ER), nuclear envelope, and outer mitochondrial membrane (Chen-Levy et al., 1989;
Jacobson et al., 1993; Krajewski et al., 1993). However, bcl-2 can still rescue cells
from apoptotic death in cells lacking a nucleus (Jacobson et al., 1994), or lacking
functional mitochondrial DNA (Jacobson et al,, 1993). The latter study does not
preclude a mitochondrial function of bel-2, because such cells may still produce
functional respiratory chain complexes and may produces O2". Therefore, the

intracellular location of bcl-2 protein is consistent with an antioxidant mechanism, as it
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is localized to membranes, which contain electron-transporting systems, which as a
result have a capacity for O2.” generation.

Other mechanisms for the Bcl-2 families have also been suggested in recent
years. The dimerization of Bcl-2 families determines the functional action. The
formation of Bax homodimers is dominant for cell death, and Bcl-2/Bcl-xL negatively
regulates cell death by inhibiting the formation of the toxic Bax homodimer.
Alternatively, Bcl-2/Bcl-xL. dimers may be dominant repressors of cell death (Yang
and Korsmeye;r, 1996). Furthermore, studies have demonstrated that when Bcl-2 is
expressed in the outer mitochondrial membrane, it inhibits the PT pore in response to
several apoptosis inducers (Zamzami et al.,, 1996; Marchetti et al, 1996), such as
cytochrome ¢ which is a known to induce caspase activation (Liu et al., 1996). Bax has
been implicated as a key member of the PT pore as discussed previously. In addition,
Bcl-2 also enhances the calcium uptake capacity of the mitochondria, thereby reducing
intracellular free calcium that poses toxic effect to the cells (Murphy et al., 1996).
Recent evidence links anti-apoptotic activity of Bcl-2 to caspases inhibition as well.
Bcl-2 has been shown to directly interact with Ced-4 and inhibit the cell killing effect

of Ced-4 (Chinnaiyan et al., 1997, Wu et al., 1997).

4.4 The Neuroprotective Effects of Hippocampal Kindling Correlates

with Increased Expression of Neuronal naip

The observation that Bcl-2 levels are very low in the adult central nervous

system coupled with the finding that Bcl-2 concentrations do not change appreciably
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after transient cerebral ischemia suggests that the protein may not be a key determinant
of susceptibility to neuronal death following ischemia (Krajewski et al., 1995).

A candidate gene for spinal muscular atrophy (SMA) was isolated (Roy et al.,
1995). This gene, encoding naip, is homologous to two baculovirus inhibitor of
apoptosis proteins (Cp-lap and Op-lap) and is partly deleted in individuals with type 1
SMA. A clear link between an hereditary neurodegenerative disorder and failed
caspase inhibition has recently been proposed for spinal muscular atrophy (SMA). In
severe SMA, ;laip is often dysfunctional due to missense and truncation mutations.
Iaps such as naip potently block the enzymatic activity of caspases 3 and 7 suggesting
that naip mutations may permit unopposed developmental apoptosis to occur in CNS
resulting in lethal muscular atrophy. Consistent with this line of reasoning,
overexpression of naip protects several different cell lines from death induced by a
variety of apoptotic triggers (Liston et al., 1996). A role for naip in SMA is also
supported by the close correspondence between the distribution of naip-like
immunoreactivity (naip-li) in the central nervous system and the pattern of neuronal
degeneration observed in acute SMA (Xu et al., 1997b). Recent studies suggest that
naip may be relevant for neurodegenerative disorders other than SMA. For instance,
upregulation of naip expression following transient global ccrebral ischemia is
associated with increased resistance to damage in certain neuronal populations such as
CA3 pyramidal neurons in the hippocampus, ventral/lateral thalamic neurons, and
cholinergic neurons in the striatum (Xu et al., 1997b). That naip induction actually

mediates resistance to ischemic damage is supported by the ability of adenovirally-
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mediated naip overexpression to reduce CA1 neuronal loss following a brief period of

global cerebral ischemia (Xu et al., 1997a).

i Hippocampal Kindling Elevates Neuronal naip mRNA Overexpression

in Several Brain Structures

Naip protects hippocampal CA1 neurons against brief ischemia. Does the
neuroprotection applies to all the neuronal populations injured by various insults? A
very first step in this study was to anatomically correlate naip expression with
neuroprotection. Kelly and Mclntyre (1994) have demonstrated that hippocampal
kindiing is capable of protecting brain structural damage resulting from kainate acid
induced-status epilepticus.  The present study clearly demonstrated that the
neuroprotective effects of hippocampal kindling were closely associated with naip
induction. Abundant naip mRNA overexpression occurred in the brain regions
demonstrating resistance to ischemic injury, such as the piriform coriex and
hippocampus (Kelly and Mclntyre, 1994). Hippocampal kindling failed to induce naip
mRNA expression in those areas that lack neuroprotection such as midline thalamic
nuclei and endopiriform cortex (Kclly and Mclntyre, 1994). A more striking finding of
the current study was that the induction of both naip mRNA and protein remains
consistently high three weeks after kindling treatment. The sustained elevation of naip
expression following hippocampal kindling is also found in other brain structures, such

as frontoparietal cortex.
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ii Hippocampal Kindling Elevates NAIP Expression, Which May Protect

against Focal Cerebral Ischemia

Hippocampal kindling may produce more widespread neuroprotection than
adenoviral vector, which only induces local naip expression due to the limited
penetration of virus within the brain. This allows us to assess whether naip
upregulation is associated with protections against a more severe, prolonged duration
of cerebral ischemia, such as focal cerebral ischemia. The neuroprotective effects of
hippocampal kindling was demonstrated in the transient focal ischemic model. A
nearly 60% reduction of cortical infarction in hippocampal kindled animals was
obsex;ved, and the greatest protection was within the ischemic penumbra, suggested a
reduction in lesion expansion (Chopp and Li, 1996). The reduction of cortical infarct
in the MCA-O model by hippocampal kindling was independent of rCBF changes.
Since hippocampal kindling has no effect on cerebral blood flow during subsequent
ischemia, the neuroprotective effect of kindling is thought to occur via a long-tcrm up-
regulation of the ability of brain cells to resist ischemic injury. Thus, the close
anatomical relationship between naip overexpression and the reduction of cortical
infarction following hippocampal kindling strongly suggests that the neuroprotective

effects of hippocampal kindling may be related to the induction of naip.

iii Neuroprotection by NAIP May Be Mediated by Caspase Inhibition

The anti-apoptotic action of naip is thought to be similar to the inhibitor of

apoptosis proteins (Iaps) (Clem and Miller, 1993). Naip shows significant homology
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with two-baculoviral gene products, Cplap and orgyia pseudotsugata nuclear
polyhedrosis virus (Oplap). There are three additional human complementary DNAs
and a Drosophila melanogaster sequence that are homologous to the baculovirus Iaps.
The four open reading frames (ORFs) possess three baculoviral inhibition of apoptosis
protein repeat domains (BIR) and a carboxyl-terminal RING zinc-finger (Liston et al.,
1996). The BIR motif is a conserved sequence of approximately seventy amino acids
that was identified originally in the lap family. BIR-containing protein (BIRPs) are
found in virus., yeast and metazoans. Recent genetic analysis of a nematode BIRP
demonstrated an essential role in cytokinesis (Fraser et al., 1999). It is likely that BIRs
originated in eukaryotes to serve a role in cytokinesis and/or mitotic spindle function
during cell division and that, with gene duplication, the more recent adaptation of some
BIRPs to the regulation of apoptosis was possible (Clem and Miller, 1993; Duckett et
al., 1996).

The BIR domain is essential for the anti-apoptotic activity of the Iaps
(Takahashi et al., 1998). In vivo binding studies demonstrated that both baculovirus
and Drosophila Taps physically intcract with an apoptosis-inducing protein of
Drosophila, Reaper (RPR), through their BIR region (Vucic etal,, 1997). By analyzing
the effects of various fragments of the laps on caspases activity in vitro and on
apoptosis suppression in cells, Takahashi et al (1998) demonstrated that only the
second of the three BIR domains was capable of binding and inhibiting caspases.
Expression of the BIR2 domain in cells also partially suppressed Fas-induced

apoptosis.
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Cplap and Oplap are capable of inhibiting insect cell apoptosis (Clem and
Miller, 1993). Iaps can also prevent cell death in mammalian cells (Duckett et al.,
1996). Transiently expressed Oplap strongly inhibited ICE-induced cell death
(Deveraux et al., 1997, Hawkins et al, 1996). A similar inhibition was observed in
Drosophila (Kaiser et al., 1998). Human malignant glioma cell lines expressing laps
are resistant to CD95 ligand-induced apoptosis (Wagenknecht et al., 1999). Ectopic
expression of laps impared neuronal survival after potassium withdrawal and glutamate
exposure (Sin{ons et al,, 1999). Recent study showed that loss of CA1 neurons induced
by transient global forebrain ischemia is preceded by caspase-3 activation, and
overexpression of X chromosome-linked inhibitor of apoptosis protein (Xiap) via
virus-mediated transfection prevented caspase-3 activation, death of CA1 neurons, and
spatial memory deficits (Xu et al., 1999).

It has been documented that Iaps and their homologs are able to bind to tumor
necrosis factor receptor-associated factors TRAF1 and TRAF2 in yeast two-hybrid
assays, suggesting that lap proteins that inhibit apoptosis may do so by regulating
signals required for activation of ICE-like proteases (Uren et al., 1996).

Caspases are the principal effectors of apoptosis. They are also involved in the
final common pathway for neuronal cell death following cerebral ischemia (Chen et al,
1998; Endres et al, 1998). Caspase-3 activity is increased predominantly in
degenerating CA1 pyramidal neurons in global ischemia (Chen et al., 1998; Nuwa et
al., 2001), and in neuronal perikarya within thc middle cerebral artery territory in a
focal ischemic model (Namura et al., 1998; Harrison et al., 2001; Benchoua et al,

2001). DNA laddering is correlated with increased caspase activity in the ischemic
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region (Chen et al, 1998; Namura et al., 1998). More importantly, caspase inhibitors
have been proved to be neuroprotective against hypoxia (Cheng et al., 1998), global
(Chen et al., 1998; Zhan et al., 2001; Hayashi et al., 2001) and focal cerebral ischemia
(Endres et al., 1998) accompanied with decreased DNA laddering. Thus, new
strategies that inhibit caspase activity can be explored to block cell death in
experimental models of cerebral ischemia and preserve neurological function.

Studies found that the Iaps are able to bind specifically to the caspases that
function in the distal portions of the proteolytic cascades involved in apoptosis
(Lacasse et al., 1998; Vucic et al,, 1997). Accumulating evidences demonstrated that
the a{poptotic inhibition of laps is associated with inhibiting the activity of caspases
(mainly caspases 3, 7 and 8) in vitro (Roy et al, 1997; Simons et al., 1999;
Wagenknecht et al., 1999), in Drosophila (Kaiser et al., 1998; McCarthy and Dixit,
1998) and in vivo studies (Hara, 1999). The data suggest that one of the mechanisms
by which naip inhibits apoptosis is similar as Iaps via regulating caspases (Figure 24),
since naip shows significant homology with Iaps with the conserved BIR domains. A
recent report confirmed that naip protected neuronal death against cerebral ischemia by

inhibiting the elevated caspase activity (Hara, 1999).

iv other neuroprotective mechanisms by kindling

It is far from clear what accounts for the neuroprotective mechanism in
hippocampal kindling A close anatomical, spatial corrclation of sustained naip
overexpression induced by kindling and reduction of cortical infarct is highly

suggestive that naip is at least partially attributed to neuroprotection following
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hippocampal kindling. There may be other mechanisms involved. An increased SOD
activity that is long lasting in whole brain has been reported in kindled animals (Mori
et al., 1991; Itoh et al., 1992; Mori et al.,, 1993). Cumulative evidence supports the
notion that induceable SOD protects against neuronal injury. A delayed
neuroprotective effect of low doses of lipopolysaccharide-induced brain ischemic
tolerance is mediated by an increased synthesis of brain SOD (Bordet et al., 2000).
Reactive oxygen superoxide or free radicals are thought to be one major
contributor to-the neuronal cell death following cerebral ischemia. In experimental
studies, an increased free radical generation during cerebral ischemia/reperfusion injury
has been shown in vivo using several techniques such as microdialysis, salicylate spin
trapping, and electron paramagnetic resonance (Zini et al., 1992; Globus et al, 1995;
Dugan et al., 1995; Kil et al., 1996). An increase of lipid peroxidation products
(Sakamoto et al., 1991; White et al., 1993) and a decrease in tissue antioxidant levels
in the brain during ischemia (Kinuta et al., 1989) have been reported as indirect
evidence of oxidative stress. One of the mechanisms that living cell exists in spite of
the occurrence of the free radical is that free radical scavenging, such as SOD in the
mitochondria, is capable of clearing free radicals. Pharmacological studies in animals
showed that antioxidant molecules able to cross the blood-brain barrier, such as
polyethylene glycol-conjugated SOD and catalase (Liu et al., 1989) and lazaroids (hall
et al., 1994), reduce ischemic cerebral damage. Experimental study demonstrates that
SOD overexpression markedly attenuates free radical generation and prevents cell
death in culture. Membrane lipid peroxidation, protein nitration and neuronal cell

death after focal cerebral ischemia are significantly reduced in transgenic mice
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overexpression SOD (Keller et al., 1998; Kinouchi et al., 1991). Conversely, SOD
mutant animals have greater cerebral infarction following focal cerebral ischemia
(Kondo et al., 1997; Murakami et al., 1998).

One may postulate that the kindling phenomenon is similar to cortical
spreading depression (CSD). CSD is classically characterized as a slowly propagating
wave of neuronal and astrocytic depolarization that results in a transient depression of
synaptic transmission (Leao, 1944; Somjen et al., 1992). CSD propagates radially
from its initiat'ion site and is associated with a redistribution of jons (K+ and Ca 2+)
and an increase in local blood flow and energy metabolism (Dietrich et al., 1994;
Hansen et al., 1980; Shinohara et al., 1979), most of which are rapidly reversed
(Martins-Ferreira et al., 1966). Despite these marked changes, which are similar to
those found during ischemia, experimental CSD does not result in irreversible neuronal
damage, even when elicited repetitively for 4- 5 h (Kraig et al., 1991; Nedergaard and
Hansen, 1988) whereas a prior episode of CSD can reduce the lesion area produced by
subsequent ischemia in rats (Kobayashi et al., 1995; Matsushima et al., 1998; Taga et
al., 1997; Yanamoto et al., 1998). Since CSD has no effect on cerebral blood flow
during subsequent ischemia, the neuroprotective effect of CSD is thought to occur viaa
long-term up-regulation of the ability of brain cells to resist ischemic injury
(Matsushima ct al., 1995). In this regard, CSD has been reported to induce a range of
short- and long-term neurochemical changes, including up-regulation of transcription
and trophic factors (c-fos, brain-derived neurotrophic factor), neuropeptides

(neuropeptide Y, cholecystokinin, enkephalin), transmitter receptors (adrenoreceptors),
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and synaptic proteins (chromogranins) (Arabia et al., 1998; Jacobs et al., 1994; Kokaia
et al., 1993; Rangel etal., 2001; Shen et al., 1998; Shen and Gundlach, 1998).

A recent study demonstrated that ischemic preconditioning attenuated both the
early and late phases of cytochrome c redistribution (Zhan et al., 2001). Examination
of neuronal survival revealed that ischemic preconditioning prevents ischemic
hippocampal CA1 neuronal death. DNA fragmentation detected by TUNEL in situ
was largely attenuated by ischemic preconditioning (Zhan et al., 2001). These results
indicate that th.e loss of cytochrome ¢ from mitochondria correlates with hippocampal
CA1 neuronal death after transient cerebral ischemia and neuroprotective effects of
ischemic preconditioning occur at the level of cytochrome c release.

Hippocampal kindling leads to a marked and transient increase in mRNA for
NGF and BDNF in the dentate gyrus, the parietal cortex, and the piriform cortex
(Ernfors et al., 1991). These neurotrophic factors are believed to be involved in
modulating synaptic efficacy (Morimoto et al., 1998). The overexpression of these
neurotrophic factors in the brain regions of kindled animals may also offer
neuroprotective effects. Exogenous NGF has been reported to rescue injured neurons
(Altar et al., 1992) and the atrophy of certain neuronal population such as basal
forebrain cholinergic neurons can be rescued by NGF (Fisher et al, 1987). The
majority of brain neurons do not respond to NGF. The newly discovered neurotrophic
factors, BDNF, NT-3, NT4/5 affect a wider trophic activity for neurons. In vitro,
BDNF enhances the survival and differentiation of mesencephalic dopaminergic
ncurons (Hyman et al., 1991; Knusel et al., 1991). In vivo, BDNF and NT4/5 have

been shown to be able to prevent motorneuronal cell death following axotomy
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(Koliatsos et al., 1993). NGF, BDNF and NT4/5 have also been used to prevent
damage caused by excitotoxicity. NGF protects hippocampal neurons against
glutamate toxicity (Cheng and Mattson, 1991) in vitro. In vivo, NGF reduces the size
of the infarct caused by quinolinic acid striatum (Frim et al.,, 1993). NGF-transgenic
mice are more resistant to focal cerebral ischemia by reducing cortical infarct and
impairment of apoptosis (Guegan et al, 1998). Moreover, BDNF rescues cultured
neurons exposed to 6-hydroxydopamine (Spina et al,, 1992). Intracranial infusion of
BDNF has been proven to reduce cortical infarction following focal ischemic insult.
However, to date, there is no reports supporting a long lasting induction of the
neurotrophic factors (more than a week) following hippocampal kindling, and there is
no data suggesting that this transient induction of the neurotrophic factors can provide
a long lasting protective effect.

Downregulation of glutamate receptors has also been reported in kindling
studies. Wong et al (1993) examined the levels of GluR1 mRNA in hippocampal
sections from kindled animals using in situ hybridization histochemistry. A transient
downregulation of GluR1 in the brain was noticed 24 h after the last kindled seizure.
GluR2 was also found to be reduced in limbic cortex and piriform cortex in kindled
animals. The decrease in GluR2 that was observed 24 h after the last kindled seizure,
but was not present one week and one month later (Prince et al., 1995). A similar
study also found a 22-58% decreases in AMPA/kainate receptor mRNA in the
hippocampus, amygdala, entorhinal cortex and in frontoparietal cortex 24 h but not 30
days after the last kindled seizure (Lec et al., 1994). The NMDA receptor has also

been demonstrated to undergo transient downregulation in the brain of kindled
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animals, and this decrease no longer present 7 days later (Akiyama et al., 1992). Down
regulation of the glutamate receptor resulted in decreased calcium influx, prevent the
intracellular calcium overload and eventually prevent neuronal damage against
excitotoxicity.  Again the studies reviewed above only reveal a transient
downregulation of the glutamate receptors, which may hardly explain the protective
effects lasting month after the last kindled seizure activity.

Although hippocampal kindling induces transient growth factor expression
(Morimoto et al., 1998) and promotes free radical scavenger generation (Itoh et al,,
1992; Mori et al., 1993), which might partially contribute to neuroprotection as well.
Howéver, the close correlation between the naip overexpression in the frontoparietal
cortex and the reduction of cortical infarct in the kindled animals, strongly suggests
that naip at least might partially contribute to the protective effects against cerebral
ischemia by inhibiting neuronal apoptosis at the ischemic penumbra and limiting
infarct expansion. Further studies in transgenic animals that overexpressing naip shall
provide more direct evidences for the role of naip protecting against ischemic neuronal

cell death.
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CHAPTER S

CONCLUSION

Altered gene expression may be associated with apoptosis following cerebral
ischemia , which might contribute to the expansion of cortical infarction. This thesis
provides further evidence to support the notion of apoptotic elements involving in
ischemic neurqnal injury from molecular basis. An increased expression of p53 and its
downstream DNA genes gadd45, and mdm?2 indicate that a growth arrest, DNA
repairing or/and apoptosis process has occurred following transient cerebral ischemia.
Futhermore, overexpression in anti-apoptotic gene naip by hippocampal kindling is
evident in several selective brain regions, which correlate with a significant infarct
volume reduction following transient focal cerebral ischemia. These data suggest that
naip might be capable of inhibiting some apoptotic components and limiting the infarct
expansion following focal cerebral ischemia. This study provides a basis for

strategies of design of possible genetic therapies for cerebral vascular disease.
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75:383-392,
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