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“Imagination is more important than knowledge. Knowledge is limited.

Imagination encircles the world.” -Albert Einstein



In loving memory of my grandparents.




ABSTRACT

Cortical spreading depression (CSD) has been shown to infer protection against
ischemia, though the mechanism by which it acts has yet to be determined. It is
hypothesized that the reversal of the glial glutamate transporters are primarily responsible
for the majority of glutamate release in an ischemic situation and that the down regulation
of these glutamate transporters induced by CSDs would lead to a neuroprotective effect.

To determine whether or not the metabotropic glutamate receptors (mGluR) play
a role in the CSD-induced down regulation of the glutamate transporters, we have
pharmacologically antagonized the specific groups of mGluRs prior to the elicitation of
CSD. Neither group I antagonism with AIDA, group I and II antagonism with MCPG
nor group III antagonism with MAP4 prior to CSD induction revealed any effect on the
plasma membrane content of GLT-1. These studies have also revealed that no down
regulation of the GLT-1 transporter was seen three days post-CSD, as was previously
reported (Douen et al., 2000). Though a number of factors may have contributed to these
differing results, our examination of our techniques could find no conclusive evidence to

either support or refute the CSD-induced down regulation of GLT-1.

An examination of the molecular mechanisms that may underlie the
neuroprotective effect of CSD has revealed that immediately after 2 hours of CSD, there
is a significant increase in ERK phosphorylation while at the same time, no MEK, c-raf
or SAPK phosphorylation was observed. These findings may lead to greater insight into
the pathway by which CSD may mediate its neuroprotective effect, especially in light of
the fact that ERK phosphorylation has been seen to be neuroprotective in both in vivo

(Shamloo et al., 1999) and in vitro (Parrizas et al., 1997) models of neuroprotection.
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INTRODUCTION

Stroke is one of the leading causes of death in North America and the leading
cause of adult neurological disability. Coupled with the brain’s susceptibility to ischemic
insult, the impetus to find effective neuroprotective strategies and effective treatment to
restore function post-stroke is increasing dramatically.

Two in vivo animal models are commonly used to emulate stroke in humans. The
global ischemia model mimics the human situation of a heart attack where blood flow to
the entire brain is compromised (Pulsinelli and Brierley, 1979). The focal ischemia
model is accomplished in animals by using a variety of methods, including photothrombic
occlusion (Bidmon et al., 1998; Kim et al., 1998), and two middle cerebral artery
occlusion (MCAO) models. The thread model of MCAO involves the insertion of a
coated thread through the carotid to the middle cerebral artery where the thread blocks
blood flow to brain areas served by the distal middle cerebral artery (Longa et al., 1989).
The distal clip model of MCAO on the other hand involves exposing the distal middle
cerebral artery at the level of the brain and the application of a microaneuryism clip to
occlude blood flow distal to those areas (Tamura et al., 1981).

A number of different strategies have been devised to try and protect the brain
against an ischemic insult, or to reduce the damage of the brain following a stroke.
Numerous pharmacological agents have been tested in the laboratory setting and have
been shown to be neuroprotective in animals, though many still remain controversial.
The spectrum of agents that have been found to be neuroprotective in animal studies

reveals that the molecular mechanisms underlying ischemic damage are not clearly



defined. Efforts to prevent or reduce ischemic damage are contingent upon an
understanding of pathophysiology of this type of injury, as well as an appreciation of

neuroprotective strategies.

Glutamate and Neurotoxicity

Glutamate (Figure 1-1) is one of the primary neurotransmitters in the brain and it
is widely believed that the large amount of glutamate released in an ischemic situation is
responsible for much of the damage incurred as a result of reduced blood flow, though
this remains controversial. One common hypothesis of the underlying cause of excess
glutamate release suggests that the decreased blood flow to an area of the brain causes
that particular area to be energetically compromised. This would cause degradation of the
ionic gradients established by the ATP-dependent Na'/K™ exchanger, leading to a
dissipation of the membrane potential and subsequently, depolarization. This
depolarization would cause release of glutamate into the synapse. Empirical evidence
shows that ischemia causes a dramatic increase in extracellular glutamate levels from
micromolar levels to several hundred micromolar (Bouvier et al., 1992; Hagberg et al,,
1985, Benveniste et al., 1984). Hagberg and colleagues (1985) found that after a period
of ischemia, extracellular glutamate increased to 160 times that of the normal resting
level, while Benveniste et al. (1984) showed that there was an eight-fold increase in
extracellular glutamate levels during the ischemic period, as measured by in vivo

microdialysis.



Several mechanisms by which glutamate may be released during ischemia have
been proposed. One group (Drejer et al., 1985) has proposed that this release of
glutamate is dependent on calcium, suggesting that ischemic glutamate release may be
vesicular. They found that cultured cerebellar granule cells release large amounts of
glutamate when exposed to anoxic conditions and concluded that the glutamate was
released from neurons and not astrocytes. Choi’s (Choi, 1985) discovery that cortical
cultures, briefly exposed to glutamate, undergo neuronal death and that removal of
extracellular calcium attenuates the neuronal loss, provides further support for the
hypothesis that calcium plays an important role in glutamate neurotoxicity.

Others have suggested that the large amount of extracellular glutamate during
ischemia may be the result of the reversal of the glutamate transporters which are
normally responsible for sequestering glutamate from the synapse (Szatkowski et al.,
1990; Attwell et al., 1993). Though the former mechanism may play a role in the initial
minutes of ischemia, a prolonged effect is unlikely since vesicular release is inhibited in
the absence of ATP (Kauppinen et al., 1988). Evidence that the latter proposed
mechanism may be the one in operation is accumulating and is discussed below.

Despite the evidence mentioned above, however, the role of glutamate in
neurotoxicity still remains controversial. Agents believed to protect against glutamate
mediated neurotoxic injury have been shown to have alternative neuroprotective effects
that are unrelated to the blockade of glutamate action. For example, once the
hypothermic effect of the NMDA rsceptor antagonist MK-801 is controlled for, its

neuroprotective effect is eliminated (Li and Buchan, 1993).



Figure 1-1. The structure of glutamate. Glutamate is an amino acid that is one of the

primary excitatory neurotransmitters in the central nervous system.
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Glutamate Transporters

Termination of the post-synaptic action of glutamate is primarily the responsibility
of the high affinity excitatory amino acid transporters (EAATSs) (Rothstein et al., 1995).
Four EAATSs have been identified in the central nervous system. EAAT1 (GLAST) and
EAAT2 (GLT-1) being mainly astrocytic while EAAT3 (EAACI) is found in neurons of
the cortex and EAAT4 in the neurons of the cerebellum (Chaudhry et al., 1995).
Knockout studies have revealed that the astrocytic glutamate transporters are responsible
for the majority of glutamate clearance in the rat cortex (Rothstein et al., 1996). Selective
blocking of GLAST, GLT-1 and EAAT3 synthesis using antisense oligonucleotides has
revealed that GLAST and GLT-1 are more significant than EAAT3 in the clearance of
glutamate from the extracellular space (Rothstein et al., 1996). The same group also
showed that elevated levels of glutamate in the extracellular space are linked to neuronal
degeneration. In addition, Mennerick and colleagues (1998) have shown that in
hippocampal microcultures, GLT-1 is also localized on the dendrites of excitatory
neurons and that GLT-1 inhibition with dihydrokainate causes prolongation of excitatory
currents after elimination of glia, suggesting that the neuronal GLT-1 is at least partially
responsible for glutamate clearance.

The glutamate transporters operate mainly as a result of the sodium gradient that
exists between the intracellular and extracellular compartments (Szatkowski and Attwell,
1994). The glutamate transporter normally transports two sodium ions down its

electrochemical gradient into the cell along with a glutamate anion, while one K™ and one



OH" or one HCO;™ ion are transported out of the cell (Bouvier et al., 1992). In the
ischemic situation, the sodium electrochemical gradient is degraded as a result of the
inhibition of the ATP-dependent Na'/K* pump. This would lead to a rise in the
intracellular sodium concentration, effectively reversing sodium’s electrochemical
gradient, thus causing the glutamate transporter to work in reverse, in effect ejecting any

glutamate that has been sequestered back into the synapse (Figure 1-2).

Neuroprotection From Cerebral Ischemia

A number of different neuroprotective strategies have been devised in animal
models in an attempt to minimize and/or prevent ischemic damage, as well as to promote
recovery following a stroke. Many of these strategies have centered around the role of
glutamate in neurotoxic injury.

Antagonists to the ionotropic glutamate receptors have been shown to
impart acute neuroprotection, though the mechanism through which they act remains
controversial. Numerous pharmacological antagonists of the N-methyl-D-aspartate
(NMDA) receptors have been shown to impart neuroprotection in a number of different
models. In particular, the non-competitive NMDA receptor antagonist MK-801 has been
shown to attenuate the severity of ischemic damage (Grabb and Choi, 1999; Bond et al.,
1999; Gill et al., 1988) in both in vivo and in vitro models. Several groups (Dietrich et
al., 1995; Hayward et al., 1993), however contend that the neuroprotective effect of
NMDA antagonists such as MK-801 is related to its hypothermic action (Li and Buchan,

1993) which has been shown to be neuroprotective (Young et al., 1983; Busto et al.,



Figure 1-2. Glutamate transporters in the normal and ischemic configurations. In the
normal brain, the glutamate transporter is responsible for sequestering glutamate from the
synapse to end its excitatory action. The glutamate transporter derives its energy from the
existing sodium and potassium gradients between the intracellular and extracellular space.
It normally removes one giutamate and two sodium ions from the extracellular space in
exchange for one potassium and one hydroxide or one bicarbonate ion. In the ischemic
situation, energy is compromised and the ATP-dependent Na”/K’ pump normally
responsible for maintaining the ionic gradient fails. As a result, the glutamate transporter

begins to work in reverse, extruding glutamate into the extracellular space.
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1989; Nishio et al., 1999; reviewed in Kataoka and Yanase, 1998) rather than the direct
reduction of glutamate neurotoxicity. In addition, NMDA antagonists have been
ineffective in clinical trials and may indeed have severe neurological consequences if
administered (reviewed in Small and Buchan, 1997). MK-801 has been shown to have
amnesic effects on rodent memory (Hamm et all, 1994) and administration in songbirds
prevents song learning and adaptation (Aamodt et al., 1996). In humans, administration
of MK-801 can cause white matter vacuolation (Olney et al., 1989). In addition, focal
ischemia appears to intensify the side effects of NMDA antagonists. Clinical trials have
shown that stroke patients experience more adverse effects, such as hallucinations and
agitation, than normal volunteers given equivalent doses (Grotta et al., 1995). Likewise,
MK-801 and CGS19755 psychomimetic side effects were enhanced in rodents following
focal ischemia (Loscher et al., 1998).

Administration of antagonists to a-amino-3-hydroxy-5-methylisoxazole-4-proprionic acid
(AMPA) receptors may prove to be a more effective neuroprotective strategy. 6-nitro-7-
sulfamoylbenzo(f)quinoxaline-2,3-dione (NBQX), a selective AMPA/kainate receptor
antagonist has been shown to be neuroprotective in culture (McDonald et al., 1998) and
in vivo (Hu et al., 1997). Pre-administration of NBQX has also been shown to
dramatically reduce the peak concentration of glutamate during ischemia and protect
neurons from necrosis in the hippocampus (Gaspary et al., 1994). Administration of
NBQX 90 minutes post-ischemic insult has also been shown to be neuroprotective in
focal ischemia (Graham et al., 1996). Issues of toxicity, particularly nephrotoxicity (Li

and Buchan, 1993) has limited NBQX’s use to animal paradigms. YMB872, another
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AMPA antagonist, may be more promising. Like NBQX, YM872 is capable of reducing
brain injury in the rodent after focal ischemia (Shimizu-Sasamata et al., 1998), however,
unlike NBQX, no drug precipitation in the kidneys is seen in treated mammals (Takahashi

etal., 1998).

Calcium

Glutamate’s neurotoxic effects are believed to be mediated at least in part by
calcium (Choi, 1994). The release of glutamate activates both the ionotropic receptors;
the NMDA and AMPA/kainate channels, and the metabotropic glutamate receptors
(mGluRs), both of which can alter the calcium levels in a cell.

Intracellular calcium may be increased by the release of calcium that is
sequestered in both the endoplasmic reticulum as well as the mitochondria. In the non-
ischemic brain, the mitochondria are responsible for lowering cytosolic calcium levels by
sequestration into the mitochondria in an energy dependent manner. In situations where
cell activity leads to an extensive rise in cytosolic calcium levels, the mitochondria may
accumulate large amounts of calcium as a result of the activity of the calcium uniporter
(Nicholls, 1985). During an ischemic situation, where there may be massive
accumulation of calcium in the mitochondria, there may be the formation of the MPT
pore (Gunter et al., 1990, Duchen, 1993). The formation of this MPT pore on the inner
mitochondrial membrane allows the release of the accumulated calcium into the cytosolic
space, which then leads to the cessation of ATP production which is dependent on a

mitochondrial calcium gradient (Mitchell, 1966).
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During ischemia, as a result of the degradation of the Na" gradient established by
the Na'/K* ATPase, intracellular calcium levels are increased in several different ways.
The resulting depolarization of the cell causes the opening of the voltage sensitive
calcium channel, allowing calcium entry. Cell depolarization would also cause the
release of glutamate, as described above and glutamate induced activation of the NMDA
and AMPA channels further contribute to the rise in intracellular calcium (Siesjo, 1989).
Activation of the mGluRs by glutamate may also contribute to the rise in intracellular
calcium levels. Rather than increasing the influx of calcium from extracellular sources
however, activation of the mGluRs may cause release of intracellular calcium stores
sequestered in the endoplasmic reticulum via a phospholipase C dependent mechanism
(Sugiyama et al., 1987, Murphy and Miller, 1988) (summarized in Fig.1-3).

Increased intracellular calcium levels may be detrimental to the cell for a number
of different reasons, summarized by Siesjo (1994) (Figure 1-4). In brief, increased
calcium levels are capable of activating a number of enzymes such as calpains, which can
lead to cleavage and damage of the cellular cytoskeleton, causing altered membrane
permeability (Orrenius et al., 1988). Rising intracellular calcium levels can also activate
caspases (Takadera and Ohyashiki, 1997), an integral group of enzymes that are believed
to play an important role in the initiation of programmed cell death/ apoptosis (Du et al.,
1997). In addition, as briefly mentioned above, the depletion of calcium from
mitochondrial stores is also detrimental to a cell because ATP production is dependent on

a mitochondrial calcium gradient (Mitchell, 1966).
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Figure 1-3. The rise in intracellular calcium. Intracellular calcium may be increased from
a number of sources. Activation of the NMDA and AMPA receptors by glutamate
encourages influx of extracellular calcium. In addition, glutamate may also activate the
mGluR which act through a phospholipase C mechanism to increase the release of
calcium sequestered in the mitochondria and endoplasmic reticulum. Depolarization also
activates the voltage sensitive calcium channels (VSCC) that also allow the influx of

extracellular calcium.
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Figure 1-4. Summary of the role of calcium in cell death. Calcium may act through a
number of different mechanisms to promote cell death. Increased intracellular calclium
may act to increase lipolysis, protein phosphorylation, proteolysis and encourage
disaggregation of microtubules, all of which may eventually lead to cell death. Adapted

from Siesjo, BK., 1994.
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Metabotropic Glutamate Receptors

Extracellular glutamate also acts on the metabotropic glutamate receptors
(mGluRs), which are found on both presynaptic and postsynaptic membranes of neurons
and astrocytes. The mGluRs are coupled to GTP and contain seven transmembrane
spanning units. mGIluR classification is based on amino acid sequence homology, second
messenger coupling, as well as pharmacological profiles (Camon et al., 1998). The group
[ mGluRs act through a phosphoinositide hydrolysis and calcium second messenger
system. Group [ mGluRs include mGluR1 and mGluRS. mGluR 2 and 3 are in the group
II mGluRs and are negatively coupled to adenylate cyclase and inhibit the increase of
cyclic adenosine monophosphate (cCAMP) (Schoepp and Conn, 1993). Group III
mGluRs, which includes mGluR4, 6, 7, and 8 are also negatively coupled to adenylate
cyclase, but in contrast to the group II mGluRs, are not responsive to ACPD, but rather to
L-AP4 (Conn and Pin, 1997).

Pharmacological profiling for group I mGluRs has identified quisqualate as a
potent agonist, followed by 3,5-dihydroxyphenylglycine (3,5-DHPG) and 1S,3R-1-
amino-1,3-cyclopentanedicarboxylate (ACPD). a-methyl-4-carboxyphenyliglucine
(MCPG) was the first mGIluR group I antagonist to be described and is still widely used
due to its high specificity to the group [ mGluRs.

(2S, I'R, 2'R, 3’R)-2-(2,3-dicarboxycyclopropyl)glycine (DCG-IV), L-CCG-I,
and 2R,4R-4-aminopyrrolidine-2,4-dicarboxylate (APDC) are the most potent group II
agonists in rank order from most to least potent, however only APDC is a specific group

I agonist.  a-methyi-4-phosphonophenylclycine (MPPG) is the most potent
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phenylglycine derivative mGluR group II antagonist known to date, though (2S,1°S, 2’S,
3’R)-2+(2’-carboxy-3’-phenylcyclopropyl) glycine (PCCG-IV) is the most potent
antagonist on mGluR2.

L-amino-4-phosphonobutyrate (L-AP4) is a very specific agonist of group III
mGluRs. Though the pharmacology of group Il mGluRs is poorly characterized, MAP4
appears to be a more selective antagonist than most others described, though it is also a
low potency antagonist on mGluR2. (for a more complete mGluR pharmacology review,
see Conn and Pin, 1997).

The effect of mGluR agonists and antagonists on ischemia has been equivocal.
While pharmacological activation of the group I mgluRs with DHPG has been shown to
be detrimental to CA1 hippocampal neurons (Camon et al., 1998), activation of the group
[ mGluRs using LY354740 has been shown to be neuroprotective in a bilateral artery
occlusion paradigm in the gerbil (Bond et al., 1998). . The neurotoxic effects of
glutamate are believed to be derived from its effect on elevating intraceilular calcium
levels (Choi, 1994). The mGluRs may also function in a neuroprotective or neurotoxic

fashion by regulating the levels of intracellular calcium.

Preconditioning

Neurons and glia can be preconditioned to better withstand subsequent ischemic
episodes both in vivo and in vitro. A hallmark of preconditioning is that there is a delayed
neuroprotective effect that may not occur until several days have passed, in contrast to the

very acute effects of glutamate receptor antagonists.
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Though many of the mechanisms underlying neuronal preconditioning remain
unknown, CNS preconditioning may have mechanisms that are similar to those found in
cardiac preconditioning. Both NO (Giddat et al. 1999, Gonzalez-Zulueta et al., 2000) and
the adenosine A receptors, along with the K4rp channels (Heurteaux et al., 1995) appear
to play roles in both cardiac and neuronal preconditioning. Tauskela et al., (1999)
however, have revealed in a cell culture model of neuronal preconditioning, that oxygen
glucose deprivation (OGD) does not increase MAPK activity in contrast to what is seen
in the heart.

There is increasing evidence that indicates neuronal preconditioning is mediated
largely via NMDA receptor activation, the subsequent increase in intracellular calcium
and new protein synthesis (Grabb and Choi, 1999). In vitro work has also recently
revealed a role for raf MEK/ERK pathway. Gonzalez-Zulueta et al., (2000), have shown
that in OGD preconditioning in culture, ras is necessary for preconditioning and that ras
alone is sufficient to infer protection against a subsequent OGD insult.

Many of the underlying molecular mechanisms of preconditioning are still poorly
understood, however, there is increasing evidence that new gene expression is responsible
for mediating the neuroprotective effect. For example a delayed neuroprotective effect is
typical of preconditioning stimuli and administration of protein synthesis inhibitors is
sufficient to inhibit preconditioning (Barone et al., 1998).

In vitro work has revealed that rodent hippocampi that are exposed to sublethal
levels of oxygen-glucose deprivation one to two days prior to lethal levels of oxygen-

glucose deprivation are 40-60% more resistant to degeneration when compared to
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cultures that were not preconditioned (Khaspekov et al., 1998). Bruer et al. (1997), found
similar results in cultured rat cortical neurons preconditioned with oxygen-glucose
deprivation.

A number of in vivo preconditioning models have also been developed and have
been shown to impart a delayed neuroprotection. Matsushima and Hakim (1995) have
shown that preconditioning with a sublethal global ischemic episode, but not a sublethal
focal ischemic insult, afforded protection against a subsequent focal ischemic period.
Glazier et al. (1994), have also demonstrated that focal preconditioning is able to protect
the area of the cortex supplied by the middle cerebral artery (MCA) from subsequent
global ischemia while areas that were not preconditioned (i.e. areas outside of MCA
perfusion) were not protected.

Cortical spreading depression (CSD), first characterized by Leao in 1944, has
been shown to play a dual role in ischemia. CSDs are characterized by depolarizations of
neuronal and glial cells that propagate from the site of initiation outwards at a rate of
approximately 3 mm/min (Leao, 1944). Though CSDs themselves are not associated with
neuronal injury in the normal brain (Nedergaard and Hansen, 1988), peri-infarct
depolarizations following ischemia have been shown to be detrimental in energetically
compromised tissue (Mies et al., 1993).

Administered in advance of ischemia in the normal brain, however, CSDs have
been shown to protect the brain from subsequent ischemic episodes (Kobayashi et al.,
1995; Matsushima et al., 1996; Matsushima et al., 1998). The mechanism underlying the

protective effect of CSDs has yet to be determined, though CSDs have been shown to
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cause a transient rise in the extracellular levels of glutamate (Fabricius et al., 1993).
Preconditioning with CSDs has also been shown to cause an attenuation of glutamate
release in subsequent ischemic episodes (Douen et al., 2000). A number of trophic
factors have also been shown to regulated by CSDs, including brain derived neurotrophic
factor (BDNF), basic fibroblast growth factor (bFGF) and glial fibrillary acidic protein
(GFAP) (Matsushima et al, 1998), though the role these factors may play in
neuroprotection remains unknown and controversial, particularly in light of evidence that
suggests the timing of the expression of these factors are not well correlated with

neuroprotection.

Hypothesis and Rationale

Douen et al. (2000) have demonstrated that CSDs cause a down regulation of the
GLT-1 and GLAST glutamate transporters from the plasma membrane. In accordance
with the neurotoxic hypothesis, this would allow less glutamate to enter the synaptic cleft
during ischemia, thus explaining the neuroprotective effects of CSD.

Though the role of the mGluR in CSD induced neuroprotection has not yet been
explored, we believe that they may play a significant role in the down regulation of the
glutamate transporters. There is increasing evidence that suggests that activation of the
mGluRs is an important step in inducing neuroprotection, though this remains
controversial. In a variety of different models, both in vivo and in vitro, several groups
have demonstrated that the mGluRs play essential roles in neuroprotection. Chiamulera

et al. (1992) have demonstrated that mGluR activation is neuroprotective in focal



ischemia, while Koh et al. (1991) showed that mGluR stimulation is neuroprotective in
culture. Mount et al. (1993) and Siliprandi et al. (1992) have demonstrated similar
findings in various cell culture models. In addition, activation of the mGluRs has been
shown to phosphorylate ERK1/2 via MEK (Peavy and Conn, 1998), which has recently
been revealed to play an essential role in CSD-induced neuroprotection (Kawaguchi et al.,
1999). Thus, we wished to examine the role of the mGluRs, if any, on the down
regulation of the GLT-1 transporter in the plasma membrane fraction and also investigate
the role the mGluRs may have on preconditioning.

In order to determine the underlying molecular events of CSD preconditioning, we
also wish to investigate the role the mitogen activated protein (MAP) kinases may play in
mediating intracellular events. The role the MAP kinases may play in neuroprotection
has been uncertain. In cell culture models, activation of MAP kinases stimulated survival
of cells that were serum deprived, normally a signal for cells to undergo apoptosis
(Parrizas et al., 1997). Shamloo et al. (1999) found that ischemic preconditioning
increases phosphorylation of the ERK proteins and that increased MEK activation was
also seen, particularly in the nuclei of the neuronal cell bodies. Alessandrini et al. (1999)
however discovered that the inhibition of MEK was neuroprotective in a model of focal
ischemia. Investigation of the role of the ERK proteins in a preconditioning paradigm
may therefore lead to a greater understanding of the subcellular events that underlie this
phenomenon.

Thus, we hypothesize that CSD preconditioning acts through stimulation of the

mGluRs to cause intracellular physiological changes via MAP kinase, which results in
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GLT-1 down regulation from the plasma membrane and neuroprotection, in accordance
with the theory that reduced glutamate efflux from glutamate transporters, leading to
delayed neuroprotection.

Our objectives are to:

1) Establish the effect of the mGluRs on CSD waveforms.

2) Determine the role of the mGluRs on CSD-induced plasma membrane down

regulation of the GLT-1 transporter.

3) Further elucidate the pathway by which CSD activates ERK1/2.

In our first study, we attempted to determine the role of the mGluRs on CSD-
induced down regulation of the glutamate transporters. A number of mGluR antagonists
were administered to animals prior to the elicitation of CSDs in order to determine their
effects on GLT-1 down regulation. We also investigated the effect the mGluR
antagonists may have on the CSD waveforms themselves.

Our second study is an attempt to further elucidate the role MAP kinases may play

in a CSD preconditioning paradigm.
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Introduction

Though glutamate is one of the primary neurotransmitters in the central nervous
system, the accumulation of this amino acid in the synapse has been implicated as an
neurotoxin in a variety of neurological diseases, including epileptic brain damage (Collins
and Olney, 1982), Huntington’s disease and several other neurodegenerative disorders
(Plaitkis et al., 1984). Studies have also shown glutamate to be at least partially
responsible for mediating the mechanisms underlying ischemic brain damage (Simon et
al., 1984; Rothman and Olney, 1986; Choi and Rothman, 1990; Kaku et al., 1993;
Rothman and Olney, 1995).

Cortical spreading depression (CSD), first described by Leao in 1944, has been
shown to impart neuroprotection in models of ischemia if administered prior to the
ischemic insult (Kobayashi et al., 1995; Matsushima and Hakim, 1995; Matsushima et al.,
1996; Matsushima et al., 1998). The mechanism by which CSD induces neuroprotection
however, remains unclear.

The metabotropic glutamate receptors (mGluRs) are one group of glutamate
receptors that may be activated as a result of glutamate release into the synapse. The role
of the mGluRs in neuroprotection has so far proven to be ambiguous. Activation of group
I mGluRs protects cultured neurons against neurodegeneration induced by excitotoxic
concentrations of NMDA (Bruno et al., 1994; Bruno et al., 1995; Buisson and Choi,
1995; Buisson et al, 1996) and attenuates oxygen glucose deprivation-induced neuronal
degencration (Buisson and Choi, 1995). The role of the group I mGluRs in

neuroprotection, however, is more uncertain. In cultured neurons, group I mGIuR
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agonists have been shown to aggravate neuronal damage induced by NMDA, and oxygen
glucose deprivation (Buisson and Choi, 1995). On the other hand, conditions such as
glutamate and kainate induced neurotoxicity in primary cultures of rat cerebellar granule
neurons have shown that activation of the group I mGluRs protects against excitotoxic
cell damage (Pizzi et al., 1993). Adamchik and Baskys (2000) suggest that glutamate-
induced preconditioning reduces NMDA toxicity by acting through mGluRS, which
belongs to the group I mGIuR family, possibly through a protein kinase C (PKC)-
mediated mechanism. A number of other groups have also found that activation of the
mGluRs play an important neuroprotective role in both in vivo and in vitro models of
ischemia (Chiamulera et al., 1992; Koh et al., 1991; Siliprandi et al., 1992).

Though no direct connection has yet been made relating CSDs and the mGluRs,
CSDs have been shown to increase glutamate levels during elicitation (Iijima et al., 1998)
while decreasing the levels of extracellular glutamate released three days later during
ischemia (Douen et al., 2000). The mechanism of CSD induced neuroprotection is also
unknown, however, CSDs are known to cause up regulation of a number of biological
markers, including neuronal nitric oxide synthase (nNOS) (Shen and Gunlach, 1999),
calcium-independent protein kinase C (Koponen et al., 1999), brain derived neurotrophic
factor (BDNF), glial fibrillary acidic protein (GFAP) (Matsushima et al., 1998), c-fos,
junB, c-jun, and (mitogen-activated protein kinase phosphatase) MKP-1 mRNA
(Hermann et al., 1999). It is possible that activation of these intracellular markers may be
regulated by the mGluRs particularly in light of the fact that activation of specific

mGluRs can also activate many of the same biological markers. For instance,
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administration of (1S,3R)-1-aminocyclopentane-1,3-dicarboxylic acid (ACPD), a
metabotropic glutamate receptor agonist, in the rat brain increased the mRNA of BDNF,
nerve growth factor, as well as c-fos (Murray et al., 1996). Staton and Bristow (1998)
also revealed that ACPD was capable of inducing cell death in cerebellar granule neurons
in a concentration dependent manner, while mGluR antagonists reduced glutamate
induced cell death.

This study was undertaken to determine the role of the mGluRs in CSD induced
GLT-1 down regulation, as well as to determine the effect the mGluRs may have on
CSDs. Using the mGluR antagonists, (RS)-1-aminoindan—1,5-dicarboxylic acid (AIDA),
a specific group [ antagonist, (RS)-a-methyl-4-carboxyphenylglycine (MCPG) a group II
and III antagonist and (S)-2-amino—2-methyl—4-phosphonobutaoic acid (MAP4) a group
[II antagonist, we attempt to elucidate the role of each type of mGluR in CSD. GFAP and
BDNF immunoblots were used to determine the efficacy of our CSDs since previous
studies have indicated that both may be regulated by CSD stimulation (Matsushima et al,

1998, Kawahara et al., 1999, Kawahara et al., 1997).

Materials and Methods
Reagents

AIDA, MCPG and MAP4 were obtained from Tocris Cookson (Ballwin, MO,
USA). Phenyimethanesulfonyl fluoride (PMSF), Tris-HCl, sodium dodecyl sulfate
(SDS), bromophenol blue and NaHCO; were purchased from Sigma (St. Louis, MO,

USA) and were all of analytical grade. Methanol, glycerol, NaH,PO4, Na;HPO4 and
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NaCl, all of analytical grade, were obtained from BDH (Toronto, ON, Canada). 2-
mercaptoethanol, TEMED, tween 20, acrylamide, bisacrylamide, ethylene diamine
tetramine (EDTA), glycine, ammonium persulfate, nitrocellulose paper and the Bradford
protein assay kit were obtained from Biorad (Mississauga, ON, Canada). Both the
monoclonal Na’/K™ ATPase al subunit (110 KDa) antibody and the polyclonal GLT-1
antibody (75 KDa) antibody were obtained from Affinity Bioreagents (Golden, CO,
USA). Secondary anti-mouse and anti-rabbit horseradish peroxidase conjugated
antibodies were obtained from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA).
Enhanced chemiluminescence (ECL) supplies were obtained from Amersham
(Piscataway, NJ, USA).

All drugs were dissolved in IN NaOH and then diluted with saline and IN HCl
was used to ensure the pH was between 7.2 and 7.4. AIDA was administered to the
animals in an intraperitoneal (I.P.) dose of 1 mg/kg (Moroni et al., 1997). MCPG was
given at a dose of 20 pg/rat in SuL intracerebral ventricularly (1.C.V) (Bordi et al., 1996).
5uL of an 80mM solution of MAP4 was also given [.C.V. (Holscher et al., 1996). Doses,
volume and injection rates were selected based on literature that indicated these

parameters were capable of eliciting behavioral effects.

Surgery
Male Sprague Dawley rats were obtained from Charles River (Montreal, Canada)
weighing between 250-275 grams. They were allowed to habituate to their surroundings

for five days before surgical manipulation. At the time of the surgery, rats weighed
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between 290-330 grams. All surgical procedures and decapitations were performed under
inhalation halothane anaesthesia (4% induction, 0.75% maintenance). All procedures
conformed to the guidelines outlined by the Canadian Council of Animal Care. Body
temperature of the animals was monitored at all times and maintained between 36.5 and
37.5°C, using a homeothermic feedback blanket system (Harvard Apparatus, South
Natick, MA, USA).

After anesthetization, the tail artery of every animal was catheterized using
polyethylene tubing to monitor mean arterial blood pressure (MAP), blood gases, and
blood glucose during the experiment. The animals were then mounted in a stereotaxic
apparatus (Stoelting Co., Wood Dale IL, USA). A 2 mm burr hole was drilled in the
skull over the left occipital cortex (Bregma AP —6.8 mm, ML 5.6 mm) without damaging
the dura mater for pledget placement. A 0.5 mm diameter burr hole was placed in the left
frontal cortex (Bregma AP -2.0 mm, ML 5.0 mm) without damaging the dura for
platinum electrode placement. The platinum electrode was inserted 2 mm into the frontal
cortex and then secured to the skull with dental cement. This electrode was used to
record the CSD waves. A copper reference electrode was threaded through the skin on
the back of the animal’s neck. Our follow up studies used silver/silver chloride electrodes
as both the recording and reference electrodes. An additional 0.5 mm burr hole was
drilled in the skull (Bregma AP -0.4 mm, ML 1.3 mm) for placement of the injection
cannula (Alza Corporation, Palo Alto, CA, USA) in those animals where it was required.
After filling the cannula with the drug or the vehicle to be infused and elimination of any

dead space, the cannula was placed at VD -3.8 mm using a stereotaxic injection arm.
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The cannula was secured to the skull by dental cement. S uL of the drug or vehicle were
infused into the animal’s third ventricle over a period of 5 minutes using an injection
pump (Harvard Apparatus, South Natick, MA, USA). Animals receiving [.P. injections
received 0.5 mL of drug or vehicle as a bolus injection. CSDs in the left hemisphere were
induced one hour after I.P. or I.C.V. injection by application of a cotton pledget soaked in
0.5 M KCL. 0.5 M NaCl was placed on the intact dura of the pledget hole for animals
receiving sham treatment. The cotton pledgets were replaced every 15 minutes for two
hours. [n addition, blood pressure and rectal temperature was monitored and recorded
every 15 minutes and blood gases and blood glucose measurements obtained every 60
minutes. Two hours after the first pledget placement, the last pledget is removed, the
dura rinsed with normal saline, and the skin over the skull sutured. The tail cannula was
also removed and the tail sutured. Rectal temperature was monitored and maintained
between 36.5 and 37.5°C until animals recovered from anaesthesia, at which point they
were returned to their cages. Several animals that were not part of the experimental
groups were injected with Evans Blue immediately post-CSD through the implanted
cannula to ensure correct cannula placement. All five animals revealed correct cannula
placement (data not shown). Because Evans blue is an inhibitor of vesicular glutamate
release (Fykse and Fonnum, 1996, Schurmann et al., 1997), and would interfere with our
colorimetric protein assay, cannula placement could not be verified in experimental
animals. Three days post-CSD, experimental animals were deeply anaesthetized with 4%
halothane, decapitated and the brain rapidly removed for plasma membrane extraction.

Subcellular Fractionation
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A subcellular fractionation technique, as previously described (Douen et al., 2000)
was used to purify plasma membrane. Rats were sacrificed 3 days post-CSD and the
brains removed and placed in ice cold saline. Solutions and the brain sample were
maintained at 4 °C for all subsequent steps. The pial vessels were removed from the
cortex and the left and right cerebral cortices dissected and processed individually. The
cortices were weighed and placed in 7 mL of a solution containing 10 mM NaHCO; - 0.1
mM PMSF, pH 7.0 (buffer A). The cortices were homogenized with a teflon pestle and
Wheaton glass homogenizer (VWR, Mississauga, ON, Canada) for 10 strokes at 500 rpm.
The glass homogenizer and pestle were then rinsed with an additional 7 mL of buffer A
and the rinse added to the homogenized sample. 1 mL of this crude homogenate was
removed and stored at —-80 °C until subsequent analysis. The remainder of the crude
homogenate was centrifuged for 30 min. at 30 000 g. This spin yielded a pellet (P,) and a
supernatant (S;). S, was decanted and centrifuged at 200 000gmax) for 1 hour. The pellet
from this spin was re-suspended in 1mL of buffer A and both this pellet as well as the
supernatant were then stored at —80 °C. P, was re-suspended in 5 mL of buffer A, which
was subsequently layered on 5.5 mL of 35% w/v of sucrose made up in buffer A. This
preparation was then centrifuged in a titanium Beckman ultracentrifuge rotor for 2 h at
150 000 geavg The fraction at the interface between the sucrose and the buffer was
carefully removed, washed and re-suspended in 7 mL of buffer A. This fraction was

precipitated by centrifugation at 200 000gmax) for 1 hour. The pellet is re-suspended in
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Figure 2-1. Flowchart of the subcellular fractionation technique. The corticies are
individually homogenized in buffer and then centrifuged at 30 000g for 30 minutes. The
supernatant is extracted and then centrifuged at 200 000g for 1 hour to yield a pellet
containing the internal membranes of the cell and a supernatant containing the cytosol.
The pellet of the first centrifugation is resuspended and placed on a 35% sucrose cushion
and then centrifuged for 150 000g for 2 hours to yield a pellet containing the nuclear
material, a supernatant containing sucrose, the interface containing the plasma membrane
and a top layer of supernatant containing buffer. The interface is carefully removed and
resuspended in buffer and centrifuged at 200 000g for 30 minutes to yield a pellet of

purified plasma membrane and a supernatant containing sucrose and buffer.
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1.2 mL of buffer A, aliquotted and stored at —80 °C until used. A summary of the cell
fractionation technique is shown in Figure 2-1. Protein content was determined through

the Bradford protein assay using the Biorad protein assay kit.

Western Blotting

Equal amounts of protein, as determined by the protein assay, were applied to a
4% polyacrylamide stacking gel, followed by 10% polyacrylamide separating gel.
Proteins were then electrophoretically transferred to nitrocellulose membranes for 2
hours. The nitrocellulose membranes were then rinsed for 30 minutes at room
temperature with phosphate buffered saline (PBS) containing 0.1% tween 20 (TPBS) pH
7.2. Membranes were then blocked with 5% w/v powdered skim milk mixed in TPBS for
3 hours at room temperature. After washing for 10 minutes with TPBS, the nitrocellulose
membranes were incubated overnight at 4°C with the appropriate primary antibody
dilution (Na'/K™ ATPase at 1:250, GLT-1 at 1:8000) in 5% w/v powdered skim milk in
TPBS. The membranes are then rinsed for 10 minutes with TPBS before incubation at
room temperature with 1:5000 dilution of secondary antibody in 1% w/v powdered skim
milk in TPBS. After incubation with the horseradish peroxidase conjugated secondary
antibody for 3 hours, the membranes are rinsed twice with PBS. The membranes are then
exposed to the ECL substrate and either exposed to Amersham Hyperfilm or to the Kodak
Digital Science Imaging Station 440 (VWR, Mississauga, ON, Canada). Immunoblotting
of each sample was conducted in triplicate.

Verification of the plasma membrane fraction was obtained by performing a
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Western Blot using the Na'/K" ATPase antibody as described by Marette et al. (1992).

Immunofluorescence

Sham and CSD animals were anaesthetized three days post-CSD using an L.P.
injection of sodium pentobarbital and then transcardially perfused with a 4%
paraformaldehyde solution buffered at pH 7.4 with PBS and fixed with 10% sucrose
before freezing. Brains were sectioned in 12 um thick sections and mounted on glass
slides. The sections were washed for three times, 10 minutes each, in PBS and then
incubated with 5% normal goat serum in PBS in a humidified box at room temperature
for 60 minutes. The slides were again washed three times, 10 minutes each in PBS. The
primary antibody was appropriately diluted (GFAP 1:500, BDNF 1:200) in 0.1% Triton
X-100 in PBS and placed on the sections and incubated overnight in a humidified box at
4C. The slides were again washed and then incubated with the secondary antibody that is
conjugated with a florescent marker at a 1:1000 dilution at room temperature for 1 hour.
After rinsing once again, the slides were coverslipped with antifade and kept at —-80C

until viewed.

Statistical Analysis

All data are expressed as mean = SD. Two way ANOVAs with repeated
measures were used to determine differences between CSD, sham, vehicle and drug
treated groups for CSD waveform data, plasma membrane GLT-1 levels and

physiological variables. Independent t-tests were used to determine if differences existed
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between CSD and sham-treated animals for GFAP and Na'/K* ATPase levels. Western

data is expressed as a ratio of left treated side compared to contralateral control (right

side).

Experimental Design

Y

2)

3)

4)

3)

6)

8)

Ten different experimental groups were used with an n=3 in each group:

Animals given an L.P. injection of AIDA (1mg/kg) were subjected to CSDs for 2
hours.

Animals given an [.P injection of the AIDA vehicle were subjected to CSDs for 2
hours.

Animals given an LP. injection of AIDA (Img/kg) were given sham CSD
surgeries (NaCl pledget rather than KCl pledget).

Animals given an I.P. injection of the AIDA vehicle were subjected to sham
surgery.

Animals given an [.C.V injection of MAP4 (SuL of 80mM) were subjected to
CSD.

Animals given an [.C.V injection of MCPG (20pug/rat in S5uL) were subjected to
CSD.

Animals given an I.C.V injection of the MCPG/MAP4 vehicle were subjected to
CSD.

Animals given an I.C.V. injection of MAP4 (S5uL. of 80mM) were subjected to

sham surgery.
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9) Animals given an [.C.V. injection of MCPG (20ug/rat in S5ul) were subjected to
sham surgery.
10) Animals given an [.C.V. injection of the MCPG/MAP4 vehicle were subjected to

sham surgery.

All animals were sacrificed three days after the surgery date, since this time point
was when Douen et al., 2000, observed maximal down regulation of GLT-1. The
corticies rapidly extracted and then differentially centrifuged. The samples were then
subjected to Western Blot.

For the immunohistochemistry, the animals were grouped into three experimental
groups with n=3 in each group:
1) Animals receiving an [.C.V. injection of MCPG (20ug/rat in SuL) and subjected
to CSD.
2) Animals receiving an [.C.V. injection of the MCPG vehicle and subjected to CSD.

3) Animals receiving an I.C.V. injection of the MCPG vehicle and subjected to sham

surgery.

Results

The physiological variables of MAP, arterial blood pH, pCO», pO,, blood glucose
and rectal temperature did not vary significantly between the groups or treatments (Table
2-1). The duration of the CSD waves between AIDA and the I.P. vehicle injected

treatment group did not vary significantly, nor did the duration of the waves between the
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MAP4 and I.C.V. injected groups. CSD wave duration was on average, approximately 75
seconds in duration. There was, however, a significant difference in the duration of the
CSD waves between the MCPG treated group and the I.C.V. vehicle controls (p<0.0S),
with the MCPG treated animals having shortened CSD wave duration (vehicle:
1.24+0.007, MCPG: 1.0740.11). The amplitude of the CSD waves was also considerably
reduced in the MCPG animals with a significant difference between the treated group and
control animals (p<0.01) (vehicle: 4.08+0.17, MCPG: 1.6610.50) (Table 2-2).
Representative waveforms recorded in an animal receiving CSD and vehicle, as well as
those in an animal receiving CSD and MCPG are shown in Figure 2-2. To further
investigate this phenomenon, silver/silver chloride (Ag/AgCl) recording and reference
electrodes were used to measure CSD waves instead of the platinum (Pt) recording and
copper reference electrodes. In an ideal situation, a standard hydrogen electrode (SHE)
would be used since it has a potential difference of 0V. In biological systems, however,
the hydrogen of the electrode can alter the pH of cells and the platinum may act as a
catalyst to the many substances in the cell. At least one group has also discovered that
long term measurements using platinum electrodes may not be accurate for measuring
amplitudes. Carter and Kehr (1997) found that while using platinum electrodes to
measure acetyl choline levels, that over time, there is a decrease in peak amplitude,
similar to what we observe with CSDs. The accumulation of an unknown brown
substance on the platinum electrode and that removal of this brown substance returned the

amplitude to its original parameters. In light of these findings, we have elected to use
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Table 2-1. Physiological Data. All data shown are mean £ SD with n=3 per group.
Using ANOVA for statistical analysis, no significant differences were observed. Mean
arterial pressure (MAP) and rectal temperature (Temp.) were recorded every 15 minutes
during the surgery period while blood glucose (Blood Glu.), pH, pCO2, pO2 and

hematocrit (Hct) were recorded every 60 minutes.
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Table 2-2. CSD waveform data measured using platinum electrodes. Data shown are
mean + SD with n=3 in each group. Data are analyzed using ANOVA. Lateicy is the
period of time between the placement of the 0.5M KCI pledget on the dura and the first
CSD measured in minutes. Amplitude is the average amplitude of the CSDs observed
over the 2 hour period of CSD elicitation measured in mV. Duration indicates the
average length of time it takes for one CSD wave to be completed, measured in minutes.

Significant differences are observed for both the amplitude and duration of the MCPG

CSDs.
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Table 2-3. CSD waveform data using Ag/AgCl electrodes. Data shown are mean + SD
with n=3 in each group. Stsatistics are calculated using ANOVA. Latency is the period
of time between the initial placement of the 0.5M KClI pledget onto the dura and the first
CSD wave measured in minutes. Amplitude is the average amplitude of all of the waves
observed in the 2 hour period when CSDs are elicited, measured in mV. Duration is the

average length of the CSD wave measured in minutes. No significant differences are

observed.
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Figure 2-2. CSD waveforms measured using platinum electrodes. Amplitude is measured
on the Y-axis with each light line indicating ImV. Time is measured on the X-axis with
each dark line indicating one minute. Note the significant reduction in the amplitude of
CSDs in animals treated with MCPG one hour before CSD elicitation when compared to

animals who were given vehicle.
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Figure 2-3. CSD waveforms measured using Ag/AgCl electrodes. . Amplitude is
measured on the Y-axis with each light line indicating ImV. Time is measured on the X-
axis with each dark line indicating one minute. There is no difference between the
animals given vehicle and MCPG one hour prior to elicitation of CSDs, in contrast to

what is observed with the platinum electrodes.
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a silver/silver chloride electrode which is relatively inert in biological systems, and
despite the fact that this electrode carries a potential difference of 0.222V, its relationship
with the SHE is well characterized. Representative CSD waveforms are shown in Figure
2-3. No significant differences in the waveforms were observed between the MCPG-
treated group and the vehicle-treated group (Table 2-3).

Western blot analysis of homogenate and plasma membrane fractions with Na"/K"
ATPase plasma membrane protein, confirmed that the fraction dubbed the plasma
membrane fraction did indeed show enrichment of this protein. There is approximately a
ten-fold increase in concentration of the Na”/K™ ATPase in the plasma membrane fraction
when compared to the homogenate. No significant differences were seen in the
concentration of Na'/K* ATPase between CSD and sham-treated animals (Figure 2-4).
Efficacy of CSDs in effecting molecular changes was evaluated by Western blot analysis
of the homogenate with GFAP, as well as immunohistochemical analysis. CSD-treated
hemispheres show a significant up regulation of the GFAP protein, an indication of
reactive astrogliosis, typical of CSD (1.97 + 0.56), when compared to the contralateral
hemisphere and to sham animals (1.12 + 0.28) (p=0.013) (Figure 2-5).

Immunodetection for the GLT-1 protein was performed on the plasma membrane
fraction extracted from the rat cerebral corticies as previously described (Douen et al.,
2000). No significant difference was found between the GLT-1 levels in sham and CSD
animals. Repeated measure ANOVA revealed no significant differences between the
GLT-1 levels in the AIDA-treated animals and their controls (CSD and AIDA: 1.30 =

0.34; CSD and vehicle: 0.96 + 0.11; sham and AIDA: 1.28 + 0.94; sham and vehicle:
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Figure 2-4. Comparison of plasma membrane enrichment in CSD and sham treated
animals. Data shown are mean + SD with n=3 in each group. Semi-quantitative Western
Blot analysis reveals that there is approximately a 10 fold increase in the Na+/K+ ATPase
levels in the plasma membrane fraction when compared to homogenate (p<0.01). No
significant differences, based on ANOVA analysis, are observed in enrichment of the
Na+/K+ ATPase between CSD-treated animals and sham controls, or between the left
and right corticies. A representative Western blot specifically probing for the 110kDa

Na+/K+ ATPase is shown.
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Figure 2-5. Comparison of GFAP levels as detected by Western blot in CSD and sham
treated animals. Data shown are mean + SD with n=3 in each group. Semi-quantitative
Western Blot analysis reveals that there is a significantly higher level of GFAP on the
CSD treated cortex (left side) when compared to the contralateral control, as well as with
sham-operated animals (p=0.013) as determined by ANOVA. Values are plotted as a

ratio of the left side compared to the right side. A representative Western Blot is shown.
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Figure 2-6. GLT-1 Western blot measurements for sham or CSD surgically treated and
AIDA or vehicle treated animals. Data shown are mean + SD with n=3 in each group.
Semi-quantitative Western blot analysis was performed on the plasma membrane
fractions of animals treated with either AIDA or vehicle one hour prior to elicitation of
CSDs. In each case, the left cortex is the side that is exposed to either 0.5M KCl in the
case of CSD animals or to 0.5M NaCl in the case of sham animals. A left to right ratio
comparison revealed that there are no significant differences between the CSD-treated
animal and sham controls, or between the CSD-treated cortex and the contralateral
control as evaluated by ANOVA. In addition, no significant drug effect was seen.

Representative blots of each group are shown.
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Figure 2-7. GLT-1 Western blot measurements for sham and CSD surgically treated and
MAP4, MCPG or vehicle treated animals. Data shown are mean + SD with n=3 in each
group. No significant differences. Semi-quantitative Western blot analysis was
performed on the plasma membrane fractions of animals treated with MCPG, MAP4 or
vehicle one hour prior to elicitation of CSDs. In each case, the left cortex is the side that
is exposed to either 0.5M KCl in the case of CSD animals or to 0.5M NaCl in the case of
sham animals. A left to right ratio comparison revealed that there are no significant
differences between the CSD-treated animal and sham controls, or between the CSD-
treated cortex and the contralateral control as evaluated by ANOVA. No drug treatment

effects were seen. Representative blots of each group are shown.
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Figure 2-8. GFAP immunohistochemistry sections on CSD treated animals. Animals
subjected to a vehicle injection one hour prior to the elicitation of 2 hours of CSD on the
left cortex were perfused and their brains sectioned. Antibodies specific to GFAP were
used to probe these sections. Animal #6280 and 6365 show increased immunoreactivity
on the CSD treated cortex when compared to the contralateral control. Few conclusions

can be made about animal # 6279 since there is high background on the contralateral

control.
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Figure 2-9. GFAP immunohistochemistry sections on CSD and MCPG treated animals.
Animals subjected to an MCPG injection one hour prior to the elicitation of 2 hours of
CSD on the left cortex were perfused and their brains sectioned. Antibodies specific to
GFAP were used to probe these sections. Animal #6278 and 6290 show increased
immunoreactivity on the CSD treated cortex when compared to the contralateral control.
Few conclusions can be made about animal # 6277 since there is no apparent

immunoreactivity on either the CSD-treated side or the contralateral cortex.
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Figure 2-10. GFAP immunohistochemistry sections on sham treated animals. Animals
subjected to a vehicle injection one hour prior to the placement of a cotton pledget with
0.5M NaCl for 2 hours on the left cortex were perfused and their brains sectioned.
Antibodies specific to GFAP were used to probe these sections. No differences in

immunoreactivity are observed between the left and right corticies in any of the animals.
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Figure 2-11. BDNF immunohistochemistry sections on CSD treated animals. Animals
subjected to a vehicle injection one hour prior to the elicitation of 2 hours of CSD on the
left cortex were perfused and their brains sectioned. Antibodies specific to BDNF were
used to probe these sections. No obvious left versus right differences were seen in any of

the animals.
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Figure 2-12. BDNF immunohistochemistry sections on CSD and MCPG treated animals.
Animals subjected to an MCPG injection one hour prior to the elicitation of 2 hours of
CSD on the left cortex were perfused and their brains sectioned. Antibodies specific to
BDNF were used to probe these sections. No obvious left versus right differences were

seen in any of the animals.
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Figure 2-13. BDNF immunohistochemistry sections on sham treated animals. Animals
subjected to a vehicle injection one hour prior to the placement of a 0.5M pledget of NaCl
on the left cortex were perfused and their brains sectioned. Antibodies specific to BDNF
were used to probe these sections. No obvious left versus right differences were seen in

any of the animals.
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0.90+ 0.14) (Figure2-6), as well as in the MAP4 or MCPG-treated animals and their
controls (CSD and MAP4: 0.98 + 0.11; CSD and MCPG: 0.92 £+ 0.10; CSD and vehicle:
0.85 + 0.12; sham and MAP4: 1.00 + 0.08; sham and MCPG: 1.03 + 0.09; sham and
vehicle: 0.97 + 0.22) (Figure 2-7). No significant changes were seen in GLT-1 protein
expression levels in the plasma membrane fractions between the treated cortex and
contralateral controls.

Qualitative examination of the immunohistochemistry results showed that there
was increased GFAP reactivity in the CSD treated cortex compared to the contralateral
control as well as to the sham treated controls. There is no apparent effect of the MCPG
on GFAP reactivity (Figures 2-8, 2-9, 2-10). There is no apparent difference between the
CSD treated cortex and the contralateral control, as well as between the CSD and sham

treated animals in terms of BDNF reactivity (Figures 2-11, 2-12, 2-13).

Discussion

The purpose of these experiments was to determine the role of the mGluRs in the
down regulation of the GLT-1 transporters in the rat cortical plasma membranes three
days post-CSD, as well as attempt to find a pharmacological intervention that could
eliminate CSD-induced neuroprotection without affecting the CSDs themselves. Maki et
al. (1994) provided a possible link between the glutamate transporters and the mGluRs.
In their experiments, they found that L-glutamate mimicked many of the effects of L-
trans-PDC, a glutamate transporter inhibitor and that MCPG blocked the decrease in both

the NMDA and non-NMDA mediated excitatory postsynaptic currents induced by L-
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trans-PDC. Since regulation of the mGluRs has also been shown to regulate
glutaminergic synaptic transmission (Dube and Marshall, 1997), it was feasible that we
examine the role of the mGluRs in the down regulation of the GLT-1 transporters in the
plasma membrane fraction, as previously reported (Douen et al., 2000), and investigate
the role the mGluRs may have on CSD preconditioning.

The results obtained here indicate that KCl-elicited CSD in the rat does not affect
the plasma membrane levels of GLT-1 found in the rat cortex three days post-CSD. This
is in contrast to the studies previously conducted by Douen et al., (2000) where the time
course of GLT-1 down regulation in the CSD-treated hemisphere showed maximal down
regulation three days post-CSD.

In attempts to replicate the results obtained previously, we have carefully
examined our surgical and molecular techniques. Due to refinement of the surgical
methodology, no injury to the brain was seen where the cotton pledget was placed, though
CSDs were observed, as recorded by the platinum electrode. This is in contrast to the
animals with GLT-1 down regulation, where a small area of damage was seen on the
brain directly where the pledget was placed. This damage may have led to initiation of
CSDs during the three-day recovery period, which may have been a factor in down
regulating the GLT-1 protein. In order to replicate this damage, 3M KCl was placed on
the dura for two hours, rather than 0.5M KCl. Damage was seen after removal of the
brain three days later and was photographed. Areas anterior to the area of damage, but
not including the damaged area, were removed and fractionated according to the same

subcellular fractionation protocol as used previously. No down regulation of the GLT-1
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was seen in the CSD-treated cortex (data not shown). In one study, the area damaged
with 3M KCl was included in the subcellular fractionation but again, no change in the
levels of GLT-1 plasma membrane protein was observed (data not shown).

To investigate the effectiveness of our subcellular fractionation technique, the
fraction that was dubbed the plasma membrane was probed with Na'/K" ATPase to
ensure that enrichment of the plasma membrane proteins had occurred. Results indicate
that there was significantly more Na'/K™ ATPase found in the plasma membrane fraction
when compared to the crude homogenate, suggesting that plasma membrane protein
enrichment had indeed occurred.

[n order to further purify the plasma membrane fraction and eliminate any possible
contaminants, several of the samples which demonstrated no GLT-1 down regulation on
the CSD treated cortex were selected and re-homogenized and then centrifuged again
according to the subcellular fractionation technique previously established (Douen et al.,
2000). Western blot analysis following re-spinning showed no differences in GLT-1
levels between the CSD treated cortex and the internal contralateral control.

The up regulation of glial acidic fibrillary protein (GFAP) is a hallmark of CSD
(Kawahara et al., 1999; Matsushima et al., 1998; Bonthius et al., 1994). To ensure the
efficacy of the CSDs, the crude homogenate in several samples was subjected to Western
blots with the GFAP antibody. Results indicate that up regulation of GFAP did occur.
Immunohistochemical results with other samples supported this observation. It is
interesting to note, however, that the increase of GFAP in these samples does not appear

to be as dramatic as those previously observed. The number, duration and amplitude of
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the CSDs in these studies were not different from those previously obtained (Douen et al.,
2000, Matsushima et al., 1996).

The immunohistochemical results illustrating a lack of BDNF reactivity is also
puzzling, especially since several groups have reported that CSDs are capable of up
regulating both BDNF mRNA (Kawahara et al., 1997, Kariko et al., 1998, Matsushima et
al., 1998) and BDNF protein (Kawahara et al. 1997, Yanamoto et al., 2000), though we
may not have detected an effect due to the time dependent nature of BDNF protein
expression.

The lack of GLT-1 down regulation is particularly bewildering, especially in light
of evidence that suggests glutamate transporters are indeed regulatable proteins. For
example, Ginsberg et al., (1995) showed that GLT-1 and GLAST, both glial transporters,
can be down regulated in vivo following regional deafferentation, while the neuronal
transporter, EAAC1 was not affected, mirroring the results obtained by Douen et al.,
(2000). Likewise, Rao et al. (1998) demonstrated in a model of percussion injury, which
is known to cause spreading depression like depolarizations (Sunami et al., 1989;
Rogatsky et al., 1996; Kubota et al., 1989), that GLT-1 and GLAST are down regulated
in the cortex exposed to percussion injury.

The effect of the mGluR antagonist MCPG on the amplitude of the CSDs, as
recorded by the platinum electrode can be explained by the results obtained by Contractor
et al,, (1998). They found that commercially available preparations of mGluR agonists
and antagonists, including MCPG, had direct effects on native and recombinant NMDA

receptors. MCPG, as well as AIDA was found to significantly inhibit NMDA/glycine
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induced currents in HEK cells (Contractor et al., 1998). The effect of MCPG on synaptic
NMDA receptors however, is highly dependent on the concentrations of NMDA and
glycine applied. At saturating concentrations of glycine and NMDA, native NMDA
receptors were not affected by MCPG. In addition, Pisani et al. (1997) found that MCPG
is capable of preventing NMDA induced membrane depolarization in striatal neurons.
Likewise, a number of other groups have discovered that NMDA potentiation is greatly
reduced by mGluR antagonists (O’Connor et al., 1994; Colwell and Levine, 1994). This
may explain the variability found between animals in our study.

Our sample size of three animals per group was initially selected based on the
robust findings of Douen et al., (2000) which demonstrated an 80% down regulation of
the GLT-1 transporter three days post CSD. In our current study, however, this GLT-1
down regulation was not seen, though there is a suggestions that AIDA may have an
effect on GLT-1 levels. The power of our analysis, however, was not high enough to
conclusively determine if this is the case and our small sample size may have led to a type
[T error. Coupled with Carter and Kehr’s (1997) discovery that platinum electrodes may
not accurately measure amplitude over prolonged periods of time, no conclusive evidence
was found to either prove or disprove the role of mGIuR in CSD induced GLT-1 down

regulation.
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Introduction

CSD induced preconditioning has been shown to affect the levels of glutamate in
the brain both during CSD as well as during subsequent ischemia. Fabricius et al. (1993)
have demonstrated that CSD causes a transient rise in extracellular glutamate levels,
while Douen et al. (2000) have demonstrated that preconditioning with CSD three days
prior to ischemia lowers the extracellular glutamate levels during ischemia, as determined
by microdialysis. This released glutamate can have a number of different targets,
including NMDA and AMPA channels; the ionotropic glutamate receptors, and the
metabotropic glutamate receptors.

Though it is not yet known which of these receptors is responsible for mediating
neuroprotection, up regulation of a number of biological markers by CSD is seen,
including neuronal nitric oxide synthase (nNOS) (Shen and Gundlach, 1999), calcium-
independent protein kinase C (Koponen et al., 1999), brain derived neurotrophic factor
(BDNF), glial fibrillary acidic protein (GFAP) (Matsushima et al., 1998), c-fos, junB, c-
Jjun, and MKP-1 mRNA (Hermann et al., 1999).

Several studies have also indicated that mitogen-activated protein (MAP) kinases
may play a significant role in the induction of neuroprotection. The MAP kinase cascades
are composed of three kinases that are sequentially phosphorylated for activation
(Widmann et al., 1999). Four types of MAP kinase pathways have been identified in
mammalian cells to date, with extracellular signal regulated kinase (ERK) pathway being
the most described (Figure 3-1).

The ERK1 and ERK?2 (p44 and p42, respectively) are directly activated by MEK1
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Figure 3-1. The MAP kinase cascades. Four main pathways have been identified in
mammalian cells to date with the ERK 1/2 pathway being the most described. Each
MAP kinase pathway is characterized by a series of three kinases that are sequentially
phosphorylated for activation. The MAP kinase cascades can be activated by a variety of
factors including G protein coupled receptor activation, receptor tyrosine kinase

activation, stress and various growth factors.



79

sisoydode sisoydode ‘jeajans |90 UONBIUIIPIP |99
uoissaidxa unl-H ‘uononpoid sunjoIf)  ‘uoneNUIJIP [199 ‘Ymoid §|2) ‘Yimor8 []2)

AdVIN

DIN

s10ydadas

10)doooy

ﬁ

$10198j YIM0I3 ‘SI0198) UONIBUIIAYIP ‘SSaNS

suiydos |, pue suaSon



80

and MEK2, which are in turn activated by a variety of MAP kinase kinase kinases,
including c-raf. MEKI1 phosphorylates ERK1 and ERK2 on threonine and tyrosine
residues, thus activating these MAP kinases (Seger and Krebs, 1995). The main
physiological stimuli for activation of the ERK pathway include activation of G-protein
coupled receptors, such as the metabotropic glutamate receptors (mGluRs) (Peavy and
Conn, 1998) and receptor tyrosine kinases (RTK) (Grosse et al., 2000) by growth factors
(Egea et al., 2000) and various cellular stresses (Komneyev, 1998).

Calcium influx through the NMDA channels following stimulation with glutamate
has been shown to induce immediate early gene expression that is dependent on the
activation of the ERK proteins (Xia et al., 1996). The propagation of CSD has been
shown to be dependent on the NMDA channels (Obrenovitch and Zilkha, 1996) and
blocking these channels eliminates CSD neuroprotection (Busch et al., 1996).

The role of the MAP kinases in neuroprotection, however, has been equivocal.
Activation of the MAP kinases have been shown to promote the survival of PC12 cells
that were stimulated to undergo apoptosis by serum withdrawal (Parrizas et al., 1997),
though the pathways by which it acts is not yet known. MAP kinases are hypothesized to
mediate their neuroprotective effect by mediating down stream signals. MAP kinases
have been shown to enhance c-fos expression (Wang and Prywes, 2000) and increased c-
fos expression has been linked with cell survival in models of focal and global ischemia
(Uemura et al., 1991; Uemura et al., 1991a). Shamloo et al. (1999) found that ischemic
preconditioning increases phosphorylation of the ERK proteins and that increased MEK

activation was also seen, particularly in the nuclei of the neuronal cell bodies. A number
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of neuroprotective agents have also been shown to stimulate ERK phosphorylation,
including brain derived neurotrophic factor (BDNF) (Hetman et al., 1999) and estrogen
(Singer et al.,, 1999). In contrast, Alessandrini et al., (1999) have discovered that the
prevention of activation of the ERK proteins is neuroprotective in an in vive model of
ischemia. Inhibition of the p44/42 MAP kinase pathway has also been shown to be
neuroprotective in hippocampal cell culture models of seizure (Murray et al., 1998). This
may indicate that the timing of ERK phosphorylation with relation to the noxious stimuli
may play a significant role in whether it is neuroprotective or neurotoxic. Kawaguchi et
al. (1999) have described the interaction between CSD and the p44/42 MAP kinase
pathways. They discovered that CSD is capable of causing phosphorylation of p44/42
MAP kinases and that blockage of this phosphorylation using the MEK inhibitor
PD98059 eliminates the neuroprotective effect of CSD, suggesting that ERK
phosphorylation is an essential component in CSD induced neuroprotection.

These preliminary experiments were designed to explore the role of the MAP
kinases as down stream regulators in CSD in an attempt to elucidate possible mechanisms

of neuroprotection.

Materials and Methods
Reagents

Monoclonal antibodies to the phosphorylated form of ERK1/ERK2 were obtained
from New England Biolabs (Beverly, MA, USA). Secondary antibodies conjugated with

horseradish peroxidase were purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
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USA). Enhanced chemiluminescence reagents were obtained from Amersham
(Piscataway, NJ, USA). Phenylmethanesulfonyl fluoride (PMSF), Tris-HCl, sodium
dodecyl sulfate (SDS), bromophenol blue and NaHCO; were purchased from Sigma (St.
Louis, MO, USA) and were all of analytical grade. Methanol, glycerol, NaH,POj,
Na;HPO,, KCl and NaCl, all of analytical grade, were obtained from BDH (Toronto, ON,
Canada). 2-mercaptoethanol, TEMED, tween 20, acrylamide, bisacrylamide, ethylene
diamine tetramine (EDTA), glycine, ammonium persuifate, nitrocellulose paper and the
Biorad DC protein assay kit (based on the method of Lowry et al., (1951)) were obtained

from Biorad (Mississauga, ON, Canada).

Surgery
CSD were performed as previously described. Sham-operated animals were

treated as CSD animals but received 0.5M NaCl in lieu of 0.5M KCI.

Homogenization

The homogenization protocol was adapted from Berman et al., 1998. Rats were
decapitated and the brains rapidly removed and placed immediately in ice cold saline. All
of the remaining steps were conducted at 4°C. The visible pial vessels were removed
from the surface of the brain. The cortex of the brain was carefully removed from the
underlying structures and the left and right cortices separated and processed individually.
The cortices were then weighed just prior to homogenization with a Teflon pestle and

Wheaton glass homogenizer (VWR, Mississauga, ON, Canada) for 10 strokes at 500 rpm



83

in 7 mL of SDS sample buffer containing 10% glycerol, 5% 2-mercaptoethanol, 2.3 %
SDS and 62.5mM Tris-HCI, pH 6.8. The samples were boiled for 5 minutes and

immediately frozen in -80°C until used.

Western Blot Analysis

Protein content was determined using the Biorad DC protein assay kit that is
based on Lowry’s method (Lowry et al., 1951). Equal amounts of protein (50 ug) applied
to a 10% polyacrylamide gel according to the method of Laemmli (1970) and underwent
electrophoresis for 2 hours. The proteins were then electrophoretically transferred to a
nitrocellulose membrane for an additional 2 hours. Membranes were rinsed for 10
minutes with phosphate buffered saline (PBS) with 0.1% tween-20 pH 7.2(TPBS) prior to
blocking. Non-specific proteins were blocked with 5% w/v powdered skim milk in TPBS
for 3 hours. The nitrocellulose membrane is then rinsed with TPBS for 10 minutes. The
phospho-specific antibody to ERK1/ERK2 was diluted 1:1000 in 1% w/v milk TPBS and
incubated with the membranes overnight at 4°C. The membranes were again rinsed with
TPBS for 10 minutes prior to a 3 hour incubation with the horseradish peroxidase
conjugated secondary antibody. After rinsing twice with PBS, membranes were exposed
to the ECL substrate and quantified using the Kodak Digital Science Imaging Station 440

(VWR, Mississauga, ON, Canada). All samples were run in triplicate to ensure accurate

and even loading.



Results

Animals with a NaCl soaked pledget applied to the dura over the occipital lobe
showed no CSD waves while those animals with KCI pledgets showed recurrent CSD
waves, with an average of 1242 waves over the two hour period. CSD duration averaged
68+7 seconds, which is consistent with previous reports of CSD (Douen et al., 2000).

Western blot analysis of the homogenized cortex using an antibody specific for
the phosphorylated form of ERK showed significantly higher levels in the hemisphere
receiving CSDs when compared to animals receiving sham treatment (p<0.01), as well as
the contralateral hemisphere (p<0.01). No significant differences were seen between the
hemispheres in animals receiving sham treatment (Figure 3-2). To determine the
upstream activators of the p42/p44 MAP kinase system, we then probed specifically for
the phosphorylated form of c-Raf, a classical upstream regulator of ERK phosphorylation.
Western blot comparisons of the band at ~77 kDa showed that there are no significant
differences between sham-operated and CSD-treated animals, as well as no differences
between the CSD-treated hemisphere and the contralateral hemisphere (Figure 3-3). We
then investigated the phosphorylation state of MEK1/2, the classical immediate upstream
activator of ERK1 and ERK2. Western blots for the phosphorylated form of MEK1/2
showed no difference between the hemisphere receiving CSDs and the contralateral
hemisphere. There were also no differences between sham and CSD treated animals
(Figure 3-4). No differences were seen between CSD and sham treated animals in

Western blots probing for the phosphorylated form of SAPK/INK (Figure 3-5).
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Figure 3-2. Phosphorylated ERK1/2 Western blot measurements for CSD and sham
treated animals. Data shown are mean  SD with n=3 in each group. After 2 hours of
KCl elicited CSD on the left cortex, or 2 hours of exposure to 0.5M NaCl, in the case of
sham animals, the corticies were rapidly removed, homogenized and were run in Western
Blots probing specifically for the phosphorylated form of ERK1/2. Using semi-
quantitative Western Blot analysis, left verses right comparisons were plotted, showing
that CSD treated animals showed significantly higher levels of phosphorylated ERK

when compared to the contralateral cortex, as well as to sham animals (p<0.01).
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Figure 3-3. Phosphorylated c-Raf Western blot measurements for CSD and sham animals.
Data shown are mean + SD with n=3 in each group. After 2 hours of KCl elicited CSD
on the left cortex, or 2 hours of exposure to 0.5M NaCl, in the case of sham animals, the
corticies were rapidly removed, homogenized and were run in Western Blots probing
specifically for the phosphorylated form of c-Raf. Using semi-quantitative Western Blot
analysis, left verses right comparisons were plotted, showing that no significant
differences are seen in the amount of phosphorylated c-Raf between the CSD-treated
cortex and the contralateral control, as well as between the CSD-treated animals and sham

controls..
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Figure 3-4. Phosphorylated MEK1/2 Western blot measurements for CSD and sham
treated animals. Data shown are mean + SD with n=3 in each group. After 2 hours of
KCl elicited CSD on the left cortex, or 2 hours of exposure to 0.5M NaCl, in the case of
sham animals, the corticies were rapidly removed, homogenized and were run in Western
Blots probing specifically for the phosphorylated form of MEKI1/2. Using semi-
quantitative Western Blot analysis, left verses right comparisons were plotted, showing
that no significant differences are seen in the amount of phosphorylated MEK 1/2 between
the CSD-treated cortex and the contralateral control, as well as between the CSD-treated

animals and sham controls..
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Figure 3-5. Phosphorylated SAPK Western Blot measurements for CSD and sham
treated animals. Data shown are mean + SD with n=3 in each group. . After 2 hours of
KCl elicited CSD on the left cortex, or 2 hours of exposure to 0.5M NaCl, in the case of
sham animals, the corticies were rapidly removed, homogenized and were run in Western
Blots probing specifically for the phosphorylated form of SAPK. Using semi-quantitative
Western Blot analysis, left verses right comparisons were plotted, showing that no
significant differences are seen in the amount of phosphorylated SAPK between the CSD-
treated cortex and the contralateral control, as well as between the CSD-treated animals

and sham controls.
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Discussion

The role of MAP kinases has been explored in a number of different systems and
the ERK pathway has been associated with neuroprotection (Alessandrini et al., 1999;
Xia et al, 1995). In an in vivo system, Alessandrini et al., (1999) have previously shown
that inhibition of MEK 1 using PD98059 protected the brain from a subsequent episode of
focal ischemia. Though, little is known about the role of the ERK pathway in ischemic
preconditioning in vivo, recent in vitro studies have demonstrated that activation of the
p2l(ras))ERK system is required for oxygen-glucose deprivation-induced
preconditioning. In their study, Gonzalez-Zulueta et al., (2000) used a constitutively
activated ras which conferred neuroprotection while inhibiting the intracellular functions
of ras in a dominant negative fashion. Supporting a central role of ras in preconditioning
in this model, a dominant negative ras mutant was shown to eliminate the neuroprotective
effects of preconditioning induced by oxygen-glucose deprivation (Gonzalez-Zulueta et
al., 2000).

Interestingly, an investigation into the differences between cardiac and neuronal
ischemic preconditioning revealed that activation of MAPK is an important component of
cardiac neuroprotection (Maulik et al., 1996), MAPK activity does not influence neuronal
ischemic preconditioning in culture (Tauskela et al., 1999). In contrast, Kawaguchi et al.
(1999) have demonstrated that inhibition of MEK1 during CSD using PD98059 is
sufficient to eliminate CSD-induced neuroprotection from MCAOQ-induced ischemic

damage.



Our results show that CSDs are capable of up regulating the phosphorylated form
of ERK! and ERK2 on the CSD-exposed cortex when compared to the contralateral
control and to sham operated rats. Rosen et al. (1994) have demonstrated that PC12 cells
that undergo membrane depolarization show an activation of MEK and ERK via a ras
mediated pathway. Several other groups have subsequently demonstrated that activation
of ERK promotes survival in PC12 cells (Parrizas et al., 1997; Yan et al., 1998; Xia et al.,
1995).

Little else is known, however, about the molecular mechanisms that underlie
preconditioning. ERK has been shown to phosphorylate a synaptic vesicle protein,
synapsin [ that is responsible for synaptic vesicular contact with actin filaments
(Jovanovic et al., 1996). Phosphorylation of this protein leads to vesicular dissociation
from actin filaments, leading to increased amino acid release (Greengard et al., 1993),
thus possibly explaining the increase of glutamate levels seen during CSD
preconditioning (Fabricius et al., 1993). This would also explain why inhibition of MEK
and therefore ERK activation during ischemia, would be neuroprotective (Alessandrini et
al., 1999).

The neuroprotective properties of CSD phosphorylation of ERK may also be
related to ERK dependent inhibition of pro-apoptotic proteins. Bergmann et al. (1998)
have shown that ERK phosphorylation of the Drosophola gene hid is critical for
inhibiting hid’s pro-apoptotic abilities. ERK may also mediate CSD preconditioning by
directly translocating to the nucleus (Brunet et al., 1999) and affecting transcription

factors such as CREB (Xing et al., 1996), thereby regulating gene expression of various
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genes, which may be neuroprotective. CSDs have been known to trigger the expression
of a number of immediate early genes such as c-fos (Herrera and Robertson, 1990;
Kobayashi et al., 1995). Both in vivo and in vitro, c-fos expression is closely related to
induction of tolerance. Otsuki et al. (1994) have demonstrated that in cultured
hippocampal neurons, induction of hypoxic tolerance was correlated with the expression
of c-fos proteins. Likewise, in an in vivo rat model, ischemic preconditioning stimulated
expression of c-fos mRNA, which is correlated with neuroprotection (Belayev et al.,
1996). Sgambato et al. (1998) have demonstrated that electrical stimulation of the
glutamatergic corticostriatal pathway leads to induction of several immediate early genes,
including c-fos and that this induction was dependent on ERK activation.

Another substrate of activated ERK is phospholipase A2 (PLA2). Lin et al.
(1993) have demonstrated that ERK is capable of phosphorylating PLA2 on Ser-505 and
increasing its enzymatic activity, while mutations at this site rendered cPLA2 an
inadequate substrate of ERK. Estevez and Phillis (1997) have demonstrated that
quinacrine, a cPLA2 inhibitor, when given upon reperfusion after MCAOQO, infers
neuroprotection on both histological and functional levels.

Our results however, do not indicate a change in the phosphorylation state of
MEK, the traditional up stream activator of ERK. In addition, inhibition of MEK1 with
PD98059 yielded ambiguous results with CSD inducing phosphorylation of ERK1 and
ERK?2 in some animals, while not in others. Our results also suggest that the activation of
ERK1 and ERK2 by CSD is not induced by rafl. Though the closely related homolog of

rafl, B-raf, is highly localized to neuronal and neuroendocrine cells, antibodies to the



activated form were not available. The putative pathway of this protein, however,
nevertheless involves the downstream involvement of the MEK protein, which was not
observed in this study.

Investigation into whether cross talk between the different MAPK pathways may
have phosphorylated the ERK proteins revealed that SAPK/JNK is not phosphorylated by
CSD. Interestingly, Sugino et al. (2000) demonstrated that chemical preconditioning was
dependent on JNK activation and not on p38 or ERK activation. In contrast, Tsuji et al.,
(2000) demonstrate that the neuroprotective effect of alpha-phenyl-N-tert-butylnitrone in
the gerbil hippocampus acts by suppressing SAPK/INK and p38 while enhancing the
activation of ERK.

It is now obvious that different neuroprotective agents may act through several
different routes to mediate their neuroprotective effects. The activation of the ERK
pathway we have observed in our in vivo model of neuroprotection appears to be
consistent with a number of reports that indicate that ERK activation is neuroprotective as
a preconditioning paradigm (Kawaguchi et al., 1999), while inhibition of ERK during
ischemia reduces infarct volume (Alessandrini et al., 1999). Our resuits, however, do not
demonstrate MEK activation, which is a common element in all of the studies cited here.

To the best of our knowledge, MEK is the only known activator immediately upstream of

ERK.



GENERAL DI SSION

The objectives of these studies were to define the contributions of the mGluRs
and the MAP kinases in CSD-induced preconditioning, and to attempt to discover a
surrogate marker for neuroprotection.

Preconditioning with CSDs has been shown to be maximally neuroprotective if
given three days prior to an ischemic insult (Matsushima et al., 1996). Though no direct
connection has yet been made relating CSDs and the mGluRs, CSDs have been shown to
increase glutamate levels during elicitation (Iijima et al., 1998) while decreasing the
levels of extracellular glutamate released three days later during ischemia (Douen et al.,
2000). The mechanism of CSD-induced neuroprotection is also unknown, however,
CSDs are known to cause up regulation of a number of biological markers, including
neuronal nitric oxide synthase (nNOS) (Shen and Gundlach, 1999), calcium-independent
protein kinase C (Koponen et al., 1999), brain derived neurotrophic factor (BDNF), glial
fibrillary acidic protein (GFAP) (Matsushima et al., 1998), c-fos, junB, c-jun, and MKP-1
mRNA (Hermann et al., 1999). It is possible that activation of these intracellular markers
may be regulated by the mGluRs particularly in light of the fact that activation of specific
mGluRs can also activate many of the same biological markers. For instance,
administration of (1S,3R)-1-amino-cyclopentane-1,3-dicarboxylic acid in the rat brain
increased the mRNA of BDNF, nerve growth factor, as well as c-fos (Murray et al.,
1996).

Stimulation of mGluRs may also be an up stream regulator of CSD induced ERK

phosphorylation. Peavy and Conn (1998) found that stimulation of the mGluRs in
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cortical glia was able to phosphorylate a number of cellular proteins, including ERK2.
Blocking mGluRs pharmacologically blocked the phosphorylation of ERK.

We have demonstrated that induction of CSD in vivo was capable of
phosphorylating the ERK proteins. In recent in vitro studies, activation of the p21
(ras)/ERK system is essential for oxygen glucose deprivation-induced preconditioning
and that constitutively activated ras infers neuroprotection while inhibition of ras or
dominant negative mutant ras eliminates neuroprotection (Gonzalez-Zulueta et al., 2000),
suggesting that preconditioning may be dependent on the activation of the ERK system.
In further support of this hypothesis, Kawaguchi et al. (1999) have demonstrated that
inhibition of MEK1 during CSD using PD98059 is sufficient to eliminate CSD induced

neuroprotection from MCAO induced ischemic damage.

Future Experiments

Though these studies have revealed a possible role for the ERK system in
neuroprotection, a number of other experiments must be performed in order to determine
its role in preconditioning. One such study would be to examine the role of the mGluRs
in CSD induced phosphorylation of the ERK proteins. Administration of mGluR
antagonists prior to the elicitation of CSDs and then examining the phosphorylation state
of the MAP kinases would provide insight into the role of the mGluRs in preconditioning.
Using the same paradigm, animals could then be subjected to focal ischemia to examine
the role of both the mGIluR and the MAP kinases in neuroprotection.

Examination into our discovery that the ERK proteins were phosphorylated



without change in the phosphorylation state of MEK is also necessary. Inhibition of
MEK using specific inhibitors, and then examining the phosphorylation state of ERK in
animals subjected to CSD may also aid in the elucidation of the preconditioning pathway.
If our observation holds true, MEK inhibition should have no effect on the
phosphorylation state of ERK, indicating that another pathway may be involved. Our
preliminary results were ambiguous, showing that PD98059 dramatically affected CSD-
induced ERK phosphorylation in some animals while not affecting it at all in others. The
indefinite results may be a consequence of the extreme toxicity of the drug, which caused
respiratory and cardiac arrest in a number of animals within seconds of intravenous

administration.
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