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ABSTRACT

Cortical spreading depression (CSD) imparts delayed neuroprotection against
cerebral ischemia. We hypothesized that prior CSD preconditioning attenuates ischemic
excitotoxicity by reducing glutamate synaptic responses. We assessed this hypothesis
by measuring cerebral blood flow (CBF), tissue depolarization and N-methyl-d-
aspartate (NMDA) receptor activation during subsequent ischemic insult. We also
measured cerebral glucose utilization and quantified excitatory amino acid transporters
(EAAT) at various time intervals after CSD. The methodology included
autoradiography and immunoblotting. CSD preconditioning reduced neocortical infarct
volume from 43.3 + 21.9 mm’ (n=18) to 22.2 +25.3 mm’ (n=12) (p<0.01). We found
['Hldizocilpine (MK-801) in vivo distribution increased significantly in the outer
neocortex during recurrent CSD, suggesting increases in extracellular glutamate. During
focal insult on day 3 after CSD, regional CBF outside the ischemic core was higher at
147 = 27 mL 100g" min" (n=6) in CSD preconditioned cortex compared with 73 + 41 mL
100g" min' (n=6) in sham studies (p<0.005). The ratio of [’H]nimodipine
ipsilateral /contralateral volume of distribution (uptake ratio), indicating membrane
depolarization, was attenuated in the ischemic core from 1.91 = 0.26 (n = 7) in sham
studies to 1.30 + 0.27 (n = 9) in CSD preconditioned studies (p<0.02). [’H]Dizocilpine
in vivo distribution, used to map NMDA receptor activation, showed restricted
distribution of [*H]dizocilpine in the ischemic core. The ipsilateral /contralateral ratio of
regional cerebral glucose utilization, measured with [“C]deoxyglucose in the neocortex,
was reduced 10% in CSD preconditioned studies on day 3 (p<0.05) and day 7
(p<0.001) after CSD. Astrocytic, but not neuronal EAAT, were downregulated in
plasma membranes. Semi-quantitative immunoprotein analysis indicated that the ratio
of ipsilateral/contralateral band intensities was reduced up to 80% for EAAT2
(p<0.0001) and 45% for EAAT1 (p<0.001) on day 3 after CSD. We draw three
conclusions from our data: (1) CSD preconditioning improves cerebral blood flow in the
periinfarct region and attenuates ischemic tissue depolarization in the ischemic core; (2)
CSD preconditioning induces a reduction in regional cerebral glucose utilization; (3) CSD
preconditioning downregulates astrocytic glutamate transporters, leading to attenuated
glutamate exposure during subsequent ischemic insult. CSD preconditioning may
therefore include improvement of blood flow and attenuation of glutamate

excitotoxicity.
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CHAPTER 1. INTRODUCTION

A fundamental issue in neurobiology concerns the adaptive
modification of the central nervous system with experience. For instance, the
cerebral cortex may be preconditioned with cortical depolarization to better
tolerate a future ischemic insult. Brief periods of transient sublethal global
ischemia (ischemic preconditioning) induce a delayed protection against
subsequent lethal global (Kato et al., 1991; Kirino et al., 1991) or focal
(Matsushima and Hakim, 1995; Simon et al., 1993) cerebral ischemia. More
recently cortical spreading depression (CSD) has been reported to impart a
delayed protection against global (Kawahara et al., 1995; Kobayashi et al., 1995;
Taga et al., 1997) or focal ischemia (Matsushima et al., 1996; Matsushima et al.,

1998; Yanamoto et al., 1998) (CSD preconditioning).

Both the duration of ischemic preconditioning and the interval
between preconditioning and subsequent lethal ischemia determine the
degree of protection (Kato et al., 1991; Kirino et al., 1991). Global ischemic
preconditioning for a period of 2 minutes induces ischemic preconditioning
in gerbils, whereas 3 minutes of ischemia results in neuronal injury (Kato et
al., 1991) and 1 minute of ischemia does not induce ischemic tolerance (Kato
et al., 1991; Kirino et al., 1991). Neuroprotection can be demonstrated between
day 1 and 7 after preconditioning, and may last up to day 21 (Kato et al., 1991).
[schemic tolerance can be induced repeatedly (Chen et al., 1994) and prevented

by hypothermia during the preconditioning ischemia (Wada et al.,, 1997). Itis



uncertain if the protection is permanent. Preconditioning with 1.5 minutes
of global ischemia produced incomplete behavioural protection within the
first 10 days and failed to halt the progressive loss of CAl neurons over 1
month after a 5 minute ischemic insult (Corbett and Crooks, 1997). CSD is
also a depolarization event (Munoz-Martinez, 1970; Osuga et al.,, 1997) that
produces ischemic tolerance from day 1 to 7 after preconditioning, but not on

day 21 (Kobayashi et al., 1995; Matsushima et al., 1996; Yanamoto et al., 1998).

There is evidence to support that increases in extracellular glutamate
and glutamate receptor activation are important events during
preconditioning. It has been demonstrated that ischemic preconditioning can
be prevented by blockade of NMDA receptor channel with dizocilpine (MK-
801), a non-competitive NMDA receptor blocker, during preconditioning
(Kato et al., 1992c). Similarly, if KCl-induced cortical depolarization is blocked
by ketamine, an NMDA antagonist, CSD-induced ischemic tolerance cannot
be established (Taga et al., 1997). Increased extracellular glutamate during
preconditioning may signal the cerebral tissue to enter an ischemic tolerant
state. The delayed onset and eventual disappearance of induced ischemic
tolerance support the notion that intracellular signaling is involved (Kato et
al., 1991; Yanamoto et al., 1998). Following CSD preconditioning, levels of
message and protein for growth factors are upregulated in both neurons and
astrocytes (Kariko et al.,, 1998; Kawahara et al., 1997, Kokaia et al., 1993;
Matsushima et al., 1998). Both ischemic (Belayev et al., 1996) and CSD

(Herdegen et al., 1993; Herrera et al., 1993) preconditioning upregulate the



transcription and translation of immediate early genes. The finding that
ischemic preconditioning requires de novo protein synthesis provides further
evidence (Barone et al., 1998). Improved [“C]leucine incorporation recovery
indicates increased protein synthesis in ischemia (Nakagomi et al., 1993) or

CSD (Kawahara et al., 1994a; b) preconditioned rats.

Preconditioning appears to increase tolerance against excitotoxicity.
Evidence indicates that ischemic preconditioning reduces mRNA editing at
the R/G site, resulting in a decrease in the steady-state currents of AMPA
receptors (Lomeli et al., 1994; Seeburg, 1996; Yamaguchi et al., 1999). This
reduction occurs on day 3 and returns to normal level on day 14 (Yamaguchi
et al,, 1999). Ischemic preconditioning increases release of synaptic adenosine
and activates ATP-sensitive K" channel through adenosine A2 receptor
(Heurteaux et al., 1995; Reshef et al., 2000). Consistent with the notion of
increased tolerance, total glutamate exposure in focal ischemic neocortex,
defined as the integrated extracellular glutamate concentration over time, was
found to be reduced by CSD preconditioning (Douen et al., 2000). However,
glutamate release from the presynaptic terminal during ischemia fails to
account for all the increases in glutamate in the extracellular milieu
(Coorssen et al., 1998; Sudhof, 1995). The bulk of the increases has been
demonstrated to result from the leakage from the astrocytes through
excitatory amino acid transporters (EAAT) (Kimelberg et al, 1995;
Obrenovitch, 1996; Rutledge and Kimelberg, 1996; Seki et al., 1999). Astrocytic

functional transformation occurs after both ischemic (Kato et al., 1994;



Westenbroek et al., 1998) and CSD (Belayev et al., 1996; Bonthius and Steward,
1993) preconditioning, accompanied by upregulation of glial fibrillary acidic
protein (GFAP) message and protein throughout the treated neocortex. CSD-
induced astrocytic activation can be blocked by dizocilpine (Bonthius and

Steward, 1993; Herrera and Cuello, 1992; Herrera and Robertson, 1990).

The changes in membrane channels and transporters may be mediated
by second messenger signaling. CSD preconditioning increased activation of
phospholipase A, through NMDA receptor activation, resulting in increased
cyclooxygenase-2 in the neocortex (Caggiano et al, 1996; Miettinen et al., 1997).
There is evidence that the ability of the mitochondria to modulate
cytoplasmic Ca*" is improved in the ischemic preconditioned gerbil brain
(Ohta et al, 1996), in addition to attenuated cytoplasmic Ca®" responses
(Shimazaki et al, 1998). In hippocampus, 2 minutes of ischemic
preconditioning prevented the loss of membrane receptors and channel
proteins, which would otherwise be reduced on day 7 after ischemia (Kato et
al.,, 1992b). Downregulation of adenylate cyclase, cAMP-dependent kinase,
phosphodiesterase by 3 minutes global ischemia on day 7 can be prevented by

preconditioning with 2 minutes ischemia (Kato et al., 1992b).

The role of regional cerebral blood flow (CBF) in ischemic tolerance has
been controversial. Measured with the H, clearance method, regional CBF
was reported to increase in a region outside the ischemic core during
subsequent severe focal ischemia (Matsushima and Hakim, 1995). Contrary to

this report, regional CBF, measured with the [“Cliodoantipyrine (IAP)



method, was reported unaltered on day 3 after three episodes (10 minutes
each) of middle cerebral artery occlusion (Chen et al., 1996). After CSD
preconditioning, regional CBF was found unaltered with the H, clearance
method and the laser-Doppler method (Matsushima et al., 1996; Yanamoto et
al.,, 1998). Yet, CSD-induced astrocytic transformation also coincides with
increases in the translation of neuronal nitric oxide synthase (NOS) in
astrocytes 6 hours and 72 hours after the preconditioning (Caggiano and
Kraig, 1998). Increased NOS expression can potentially lead to increases in
regional CBF caused by increased NO synthesis upon activation of NMDA

glutamate receptor and Ca®* influx (Zhang and Snyder, 1995).

The level of energy consumption directly correlates with the ability of
cerebral tissue to withstand ischemic insult (Folbergrova et al., 1992; Sokoloff,
1981). Ischemic preconditioned tissue uses less energy as indicated by slower
oxygen depletion in global cerebral ischemic tissue (Li et al., 1997). Secondary
adenosine triphosphate (ATP) depletion on day 3 and day 7 after lethal
ischemic insult is slowed (Katayama et al, 1991). However, the available
reports on the regional energy metabolism remain inadequate (Kawahara et

al., 1994a; b).

In summary, induced ischemic tolerance represents the ability of the
central nervous system to modify its response to subsequent lethal ischemia.
Though the mechanisms are poorly understood, many of the molecular
changes coincide with glutamate signaling during the preconditioning events

and with reduced glutamate excitotoxicity during the subsequent ischemic



insult. Closer association may be found by examining the key components in
synaptic transmission and in ischemic tissue injury. Thus, background
information will be reviewed in the following areas: (1) Key components of
synaptic transmission; (2) Roles of glutamate in energy metabolism and CBF
coupling; (3) Cortical spreading depression; and (4) Ischemic injury and the

excitotoxicity theory.
Key components of synaptic transmission

Both ionotropic and metabotropic glutamate receptors are used for
neural transmission in the central nervous system. Ionotropic glutamate
receptors (iGluR) are heterogeneous or homogenous pentamers of their
genetically diversified subunits (Bettler and Mulle, 1995; McBain and Maver,
1994). Three classes of iGluR have been identified and cloned: AMPA,
kainate and NMDA receptors (Bettler and Mulle, 1995; McBain and Mayer,
1994). AMPA receptors are permeable primarily to Na® influx and K~ efflux.
Receptors containing the iGluR2 subunit are also permeable to Ca™,
depending on the extent of the glutamine/arginine substitution among the
receptor subunits (iGluR2 Q/R switch) (Carriedo et al., 1998; Seeburg, 1996).
Similarly, kainate receptors are permeable predominantly to Na“ influx and
K efflux, and the glycine/arginine switch in kainate iGluR5 and iGluRé
(iGluR5 and iGluR6 Q/R switch) permits Ca® influx (Chittajallu et al., 1999).
AMPA receptors (iGluR2, 3 and 4, but not iGluR1) may also be subject to the
arginine/glycine substitution (iGluR R/G switch) (Lomeli et al., 1994; Seeburg,

1996). The increased editing at the R/G site renders the AMPA receptor more



permeable (Lomeli et al., 1994). These receptors mediate fast membrane
depolarization and desensitize quickly. In contrast, NMDA receptors require
strong membrane depolarization to remove the Mg*" block and show high
Ca™ permeability in addition to Na* influx and K~ efflux. NMDA receptor
activation requires the presence glycine as a modulator (McBain and Mayer,
1994). NMDA receptors are also identified on the presynaptic membrane and
modulate Ca* influx through presynaptic VSCC (Cochilla and Alford, 1999;

Schwartz and Alford, 1998).

In addition, a family of metabotropic glutamate receptors (mGIluR)
linked to G-proteins has been identified and cloned (Conn and Pin, 1997;
Nakanishi, 1994). These metabotropic receptors belong to a superfamily of G-
protein linked membrane receptors with seven transmembrane domains,
located on presynaptic, postsynaptic as well as astrocytic membranes (lkeda,
1996; Miller, 1998). There are eight cloned metabotropic glutamate receptors,
classified into three groups according to the homology of their amino acid
sequence (Conn and Pin, 1997). Group I mGluR are positively coupled with
G, proteins to activate phospholipase C. Group II and III receptors are
negatively coupled with G, /G, proteins to inhibit adenylate cyclase (Conn and

Pin, 1997). In addition to their effects mediated through the dissociated G-

protein a subunit, mGluR can also mediate membrane delimited effects

through G-protein B/y subunits (Conn and Pin, 1997).



Clearance of synaptic glutamate depends on the fast kinetic binding
with high affinity EAAT located on the neuronal and astrocytic membranes
(Rothstein et al., 1994). At least five different high affinity transporters have
been identified in the mammalian central nervous system, designated
EAAT1-5 (Conti et al., 1998). These transporters share up to 50% sequence
homology and are differentially distributed throughout the central nervous
system (Conti et al., 1998). EAAT1 and EAAT2, also known as GLAST and
GLT-1 respectively, are primarily astrocyticc. = EAAT3 and EAAT4 are
predominantly present on neurons of the cerebral and cerebellar cortex,
respectively (Conti et al., 1998; Furuta et al, 1997, Rothstein et al., 1996;
Shashidharan et al.,, 1997). EAATS is exclusively located in the retina (Conti
et al., 1998). EAAT mediate high affinity, electrogenic uptake of extracellular
glutamate. Glutamate is first bound with the EAAT in milliseconds (Bergles
et al., 1997), and then transported with 3 Na“ (or 2 Na” and 1 H" ) ions
intracellularly, in exchange for 1 K" and 1 CI' (or 1 HCOy) ion in the opposite
direction (Bouvier et al, 1992; Zhang et al., 1998). A complete cycle of
glutamate uptake takes 50 - 100 milliseconds (Bergles et al., 1997). The uptake
is modulated by increased extracellular K* (Kimelberg et al.,, 1995; Rutledge
and Kimelberg, 1996). At slightly increased extracellular K*, glutamate uptake
is stimulated (Judd et al., 1996). At higher K’, however, the uptake is
inhibited or even reversed (Billups and Attwell, 1996; Higashida et al., 1974;
Rutledge and Kimelberg, 1996), leaking glutamate into the extracellular space.

Raised intracellular H® inhibits both forward and reversed glutamate



transport (Billups and Attwell, 1996; Kimelberg et al., 1995). The reversal is
not an electroneutral process indicating other ions are transported at the same

time (Billups and Attwell, 1996).

Knockout studies have shown that the astrocytic transporters EAAT1
and EAAT2, but not the neuronal EAATS3, are responsible for the bulk of
glutamate clearance (Rothstein et al., 1996). Pharmacological studies
demonstrated that blocking EAAT2 exacerbated the increases in glutamate in
the ischemic striatum (Seki et al., 1999). Notably, EAAT1 and EAAT2, but not
EAATS3, appear to be regulated proteins (Ginsberg et al., 1995; Rothstein, 1996).
Downregulation of both EAAT1 and EAAT2 has been observed in a
membrane fraction isolated from the rat cerebral cortex following controlied
impact cortical injury (Raghavendra Rao et al, 1998). Chronic
downregulation of the EAAT2 has been linked to neuronal cell death in other

neural degenerative diseases (Robinson and Dowd, 1997).

Glutamate synaptic transmission is regulated by VSCC. According to
their sensitivity to membrane voltage changes, VSCC are classified into high
voltage-activated, including L-type, N-type, P-type and Q-type, and low
voltage-activated, including R-type and T-type (Dolphin, 1995; Williams et al.,
1999). Functional VSCC are heteromultimers that contain four subunits,

named al, B, y and 02/8 (Dunlap et al., 1995). The al subunit not only

constitutes the Ca**-selective core but also contains the voltage sensor (Snutch
and Reiner, 1992). Four conserved glutamate residues within the pore form

Ca*" selector that facilitates fast selective single-file passage through the pore
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(Yang and Tsien, 1993). N-type VSCC contains alB isomer whereas P-type
VSCC contains 1A isomer. N-type VSCC is specifically antagonized by w-
conotopeptide GVIA (Witcher et al., 1993) whereas P-type VSCC by w-agatoxin
IVA (Dolphin, 1995). Q-type VSCC also contains alA isomer with a similar

single channel conductance with N-type VSCC, but it is insensitive to -

conotopeptide GVIA (Wheeler et al., 1994). These VSCC are not exclusively

localized in the synaptic terminal. Immunocytochemical studies indicated

that «1A isomer can be detected in the neuronal soma (Craig et al., 1998). L-
type VSCC al is composed of either «1C or alD isomers (Dunlap et al., 1995).
Immunocytochemical studies indicated that al1D is located in neuronal cell

bodies and proximal dendritic membranes in clusters while alC is located in

more distal dendrites on the surface membrane (Hell et al., 1993).

VSCC functional diversity is further generated by other subunits with
which al subunit is associated (Jones et al., 1998). The functions of B subunit

are to direct the VSCC complex to the plasma membrane and to regulate its

channel properties (De Waard et al., 1994; Jones et al., 1998; Vance et al., 1998).
[t is known that B subunit interacts with al subunit through a conserved
section in [-II cytoplasmic linker (Garcia et al., 1998; Pragnell et al., 1994). By
contrast, the 2/d subunits convert the channels into molecules responding

more rapidly to voltage (Qin et al., 1998), and increase current density by
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facilitating the translation and the maturation of the channels (Jones et al.,

1998).

The VSCC is subject to G-protein mediated modulation. Presynaptic
VSCC are modulated by G-protein coupled receptors specific to metabotropic

glutamate receptors (lkeda, 1996) and adenosine receptors (Yawo and

Chuhma, 1993). Activated G-protein B/y subunits can inhibit N-type, P-type
and Q-type VSCC activation through VSCC al subunit [-II linker, which also
contains the amino acid residues interacting with the B subunit of VSCC (De

Waard et al., 1997). The G-protein a subunit modulates VSCC through the
second messenger systems. Protein kinase C upregulates channel activity
through a serine residue on VSCC al subunit I[-II linker (Zamponi et al., 1997)
and other sites in the amino terminus (Page et al., 1998). There is cross talk

between the protein kinase C and B/y G-protein. Protein kinase C

phosphorylates one of the B/y subunit interaction sites to antagonize B/y

subunit induced inhibition through the I - II linker (Zamponi et al., 1997).

The role of N-type, P-type and Q-type VSCC in synaptic transmitter
release has been firmly established. Ca* influx through N-type, P-type and Q-
type VSCC is predominantly localized in the presynaptic terminal,
particularly in the presynaptic active zone (Dolphin, 1995; Dunlap et al., 1995;
Elliott et al., 1995; Luebke et al., 1993). These VSCC subtypes may modulate

diverse characteristics of vesicle release with different activation pattern (Reid
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et al., 1998; Sheng et al., 1998). An influx of Ca* through presynaptic VSCC is
both necessary and sufficient to trigger fusion of the preconditioned vesicle
with presynaptic membrane (Coorssen et al., 1998; Sudhof, 1995). L-type
VSCC allow localized Ca®* entry (Gallin and Greenberg, 1995). The
localization of L-type VSCC on the neuronal cell membrane suggests that they
participate in the integration of neuronal membrane activities (Hell et al.,

1993). Ca* influxes mainly through L-type VSCC in the neuronal dendrites
(a1C), the soma and the base of the neurites (a1D) (Hell et al., 1993) and, to a

lesser degree, through P-type and Q-type VSCC in the neuronal soma (Craig et

al., 1998).

Ca® can be released into the cytoplasm from internal stores. Activation
of group I mGIuR and trk receptors activate phospholipase C, which in turn
catalyzes the turnover of membrane lipids and produce 2 active derivatives,
diacylglycerol and inositol triphosphate (Conn and Pin, 1997; Lewin and
Barde, 1996). Diacylglycerol binds and activates protein kinase C which
functions to modify membrane proteins. Inositol triphosphate releases Ca*
from the internal stores by activating inositol triphosphate receptors located
on the endoplasmic reticulum (Ramos-Franco et al., 1998). Glutamate also
induces Ca’* release from the endoplasmic reticulum through nitric oxide
(NO). Increased cytoplasmic Ca* activates calmodulin, which tightly binds
with NOS and increases the synthesis of NO (Moncada, 1992; Zhang and
Snyder, 1995). NO then diffuses freely into adjacent cells and binds the iron

in the heme moiety in guanylate cyclase to convert guanosine triphosphate



13

(GTP) to cyclic guanosine monophosphate (¢cGMP). In neurons and astrocytes,
increased cGMP activates adenosine diphosphate-ribosyl (ADP-ribosyl)
cyclase, which converts oxidated nicotinamide adenine dinucleotide (NAD")
into cyclic ADP ribose. Cyclic ADP ribose has long been hypothesized to be the
natural ligand of ryanodine receptors located on the endoplasmic reticulum
(Berridge, 1993; Simpson et al., 1998). In blood vessels, increased ¢cGMP
activates cGMP-dependent kinase to mediate smooth muscle relaxation.
Three nitric oxide synthase (NOS) isoenzymes have been characterized and
cloned, including neuronal NOS, epithelial NOS and inducible NOS
(Moncada, 1992). NO synthesis is induced by NMDA receptor mainly in

neurons (Zhang and Snyder, 1995), and by mGIuR in astrocytes (Agullo and

Garcia, 1992).
Glutamate in energy metabolism and cerebral blood flow coupling

More than a century has passed since Sherrington first established the
concept of cerebral energy metabolism and functional activity coupling (Roy
and Sherrington, 1890). Regional CBF is normally distributed among the
cerebral structures in almost exact proportion to their rates of energy
consumption and fluctuates in synchronization with regional energy
consumption in response to changes in functional activity (Akgoren et al.,
1994; Sokoloff, 1981). The link between the synaptic activity and the local rate
of energy metabolism has been hypothesized to be EAAT, more likely EAAT1
(Pellerin and Magistretti, 1994; Pellerin and Magistretti, 1997). However,

uncoupling between CBF and the rate of cerebral energy metabolism does
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occur under physiological (Cruz et al., 1999; Fox and Raichle, 1986) and
ischemic conditions (Baron et al, 1984), indicating uncoupling may be a

compensatory mechanism.

Both neurons and astrocytes use glucose directly as their source of
energy at basal levels (Pellerin and Magistretti, 1994; Schurr et al., 1999).
However, under conditions of increased synaptic activity, coupling between
cerebral activity and energy metabolism hinges on the molecular function of
EAAT and Na’,K*-ATPase (Magistretti et al., 1999). Glucose is first transported
across the cerebral endothelium by the glucose transporter (Pardridge, 1991).
Astrocytic capillary end-feet, concentrated in glucose transporter, cover
virtually all capillary walls in the brain whereas their neuronal end-feet,
concentrated in EAAT, are located in close proximity of the synaptic
terminals. Glutamate released from the synaptic terminal is quickly bound by
high affinity EAAT and ferried across the astrocytic membrane (Bergles and
Jahr, 1997). Glucose first undergoes glycolysis to produce 2 ATP in astrocytes.
One ATP is used by the Na’",K*-ATPase for the extrusion of 3 Na~ ions from
astrocytes; the other ATP is used for the synthesis of glutamine from
glutamate (Pellerin and Magistretti, 1994; Pellerin et al., 1997). Nuclear
magnetic resonance studies with “C have provided evidence of this
molecular coupling in the functioning cortex and have established the
stoichiometry of glucose consumption and glutamate/glutamine cycling. The

rate of glutamate to glutamine conversion, indicating synaptic activity, is
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almost the same as the rate of tricarboxylic acid cycle in the neuron with small

corrections (Sibson et al., 1998b).

The fate of astrocytic glucose is determined by the constitution of lactate
dehydrogenase. Subtypes of lactate dehydrogenase that favor the formation of
lactate or pyruvate are located in astrocytes, whereas only the subtype that
favors the formation of pyruvate is located in neurons (Bittar et al., 1996).
Thus, neurons utilize glucose as well as lactate as their sources of energy
(Bittar et al., 1996; Kauppinen and Nicholls, 1986). Uptake of glutamate is
powered by cross membrane Na™ and K" concentration gradient, maintained
by activation of the Na*,K*-ATPase (Robinson and Dowd, 1997). Independent
of any other signaling mechanism, increases in intracellular Na" generated by
glutamate uptake activates Na®,K*-ATPase, which restores the intracellular
ionic homeostasis of astrocytes (Pellerin and Magistretti, 1994). Retrieved
glutamate is converted into glutamine by astrocytic glutamine synthase
(Robinson and Dowd, 1997). Glutamine subsequently diffuses to the
presynaptic terminal and gets reconverted into glutamate which is actively
taken up by recycling glutamate vesicles (Betz and Angleson, 1998; Sudhof,

1995).

The coupling mechanism between blood flow and cerebral activity
seems diverse. Both NO and adenosine modulate CBF (Dirnagl et al., 1994;
ladecola and Xu, 1994; Iadecola and Zhang, 1994; Stamler et al., 1997). Studies
of regional (Faraci and Heistad, 1992) and systemic (Tanaka et al., 1991)

administration of NOS inhibitors have shown that NOS is constantly active
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at low levels, suggesting that NO participates in the maintenance of cerebral
vasculature tone (ladecola et al.,, 1994). Whether NO mediates increases in
CBF elicited by functional activation appears controversial (ladecola et al.,
1994). Morphological studies have shown that the acetylcholine and
vasoactive intestinal peptide (VIP) nerve terminals, originating from distinct
neuronal populations, are localized in closer proximity of astrocytes than of
microvessels (Chedotal et al., 1994). This observation led to the suggestion of
a neuronal/glial/vascular pathway in the neurogenic control of the
intracortical microcirculation (Chedotal et al.,, 1994). Extrinsic perivascular
nerves originating from cranial autonomic ganglia give rise to a perivascular
plexus and innervate cerebral arteries and veins up to vessels 50 - 100 ym in
diameter. Intrinsic pathways originating from neurons located within the
central nervous system and their activation can modify CBF substantially
(Branston, 1995; Iadecola et al., 1994). Stimulation of these fibers elicits
vasodilatation independent of the endothelium (Branston, 1995). Cerebral
vasculature is also subject to the effect of trigeminovascular neurons located

outside of the cranium (Markowitz and Moskowitz, 1986; Moskowitz, 1984).
Cortical spreading depression and astrocytes

CSD is a negative direct current (DC) potential shift accompanied by the
flattening of the electroencephalogram recording (Leao, 1944; Leao, 1986). All
components of the cerebral tissue are affected by CSD, including the neurons,
the glia and the vasculature. Simultaneous recording of the extracellular and

intracellular potentials from a single glial cell has shown that the change in
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extracellular DC potential is of opposite polarity to the glial intracellular
potential (Sugaya et al., 1975). Neuronal depolarization has an early rapid
depolarization phase with burst discharges and a later gradual phase with no
spike (Higashida et al., 1974; Munoz-Martinez, 1970; Sugaya et al., 1975). Both
changes in DC shift and neuronal firing are more pronounced in the outer
cortical layers but much attenuated in the deeper layers (Munoz-Martinez,
1970). The influx of Na*, CI, Ca> and H,0O causes swelling resulting in
shrinkage of the extracellular space (Hansen and Olsen, 1980). Reduction in
the extracellular space in turn increases the tissue opacity and impedance,
which is more significant in the outer cortex than in the inner cortex
(Hoffman et al., 1973). Predominantly due to the ionic exchange across the
astrocytic plasma membrane (Na’, CI'and Ca* influx in exchange for K™ and
H"), neuronal cytoplasm and interstitial fluid become acidotic, whereas glial
cytoplasm becomes alkaline (Cruz et al., 1999; Somjen et al., 1992). The
response of the cortex to recurrent CSD is not static; CSD wave forms as well
as the extracellular K profile undergo gradual alterations in magnitude and

duration over time (Richter and Lehmenkuhler, 1993).

It has been postulated that influx of extracellular K* underlies the DC
potential shift (Grafstein, 1956). Consistent with this hypothesis self-
sustaining waves of increased extracellular K™ can be recorded to pass through
the cortical glial cells and the extracellular space (Gardner-Medwin and

Nicholson, 1983; Obrenovitch et al., 1996; Reid et al., 1987). The propagation
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of CSD has also been reported to require gap junction conductance

accompanied by increases in intracellular Ca** (Nedergaard et al., 1995).

During CSD there are large increases in extracellular glutamate
(Marrannes et al., 1988; Nedergaard et al., 1995), which result from both
increased vesicle release and reduced uptake by the glial cells and the neurons
(Kimelberg et al., 1995; Rutledge and Kimelberg, 1996). Although increased
extracellular K" initiates CSD and increased extracellular glutamate seems
secondary (Obrenovitch and Zilkha, 1995; Obrenovitch et al., 1996), their roles
are still very much intertwined. For instance, CSD can be attenuated with
non-competitive or competitive NMDA antagonists (Lauritzern and Hansen,
1992; McLachlan, 1992; Nellgard and Wieloch, 1992; Willette et al., 1994), but
not AMPA antagonists (Nellgard and Wieloch, 1992). Although it was noted
that intracellular Ca® oscillations, spreading through the glial syncytium
during CSD, bear similarities with CSD waves (Giaume and Venance, 1998),

they are not necessary for the initiation of CSD (Basarsky et al., 1998).

There is a marked increase in glucose utilization during and shortly
after CSD (Cruz et al.,, 1999; Gjedde et al., 1981; Shinohara et al., 1979), far in
excess of the increase in O, consumption (Mayevsky and Weiss, 1991;
Rosenthal and Somjen, 1973). The marked increase of local cerebral glucose
utilization (CGU) in the neocortex shows no obvious difference among the
cortical layers during CSD (Shinohara et al., 1979) and contributes little to the
acidosis during CSD for the regional increases in lactate is quickly transferred

into the blood stream (Cruz et al., 1999; Somjen et al., 1992). The increase in
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oxidative metabolism is proportional with the increases in DC potential and
extracellular K” (Rosenthal and Somjen, 1973). Intracellular ATP is decreased
(Mies and Paschen, 1984), suggesting increased consumption of intracellular
high phosphate energy. There is a slow-down in protein synthesis, as

indicated by ["*C]leucine incorporation (Krivanek, 1970; Mies, 1993).

CSD associated CBF changes can be divided into three phases, a brief
hypoperfusion preceding the DC potential shift, a marked hyperperfusion
that out-lasts the DC potential shift, followed by a prolonged hypoperfusion
(Fabricius et al., 1995). Autoregulation is only transiently affected in the brief
hypoperfusion phase (Florence et al., 1994). The prolonged hypoperfusion
lasts up to 3 hours (Duckrow, 1991; Lauritzen et al., 1982), but the CBF increase
in response to CO, is impaired for up to 10 hours (Piper et al.,, 1991). The
initial brief hypoperfusion is mediated by the autonomic nerve supply
(Fabricius et al., 1995; Markowitz and Moskowitz, 1986; Moskowitz, 1984). The
mediation of the hyperperfusion may involve increases in production of NO
(Colonna et al.,, 1994; Colonna et al.,, 1997) and autonomic nerve controls
(Fabricius et al.,, 1995; Goadsby et al., 1992; Zhang et al., 1994). Interestingly, the
prolonged hypoperfusion seems to be mediated by both autonomic
innervation and, to a lesser degree, by NO synthesis (Fabricius et al., 1995;
Gault et al., 1994). The CBF increase as visualized with [“C]IAP distribution
revealed a relatively homogenous band that ran across the thickness of the
cortex (Hansen and Olsen, 1980; Mies and Paschen, 1984). However CBF

measured with laser-Doppler flowometry demonstrated that CBF in the outer
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cortical layer up to 500 ym is less elevated than that in the inner layer

(Fabricius et al., 1997).

Although not universally confirmed, there is evidence to indicate that
about 40% of CSD elicited from the neocortex penetrate through the
entorhinal cortex and amygdala into the striatum. The majority of these
waves return to the neocortex (Vinogradova et al, 1991). On the contrary
[*H]nimodipine mapping of tissue depolarization during CSD was consistent
with the idea that CSD is limited to the ipsilateral cortex (Osuga et al., 1997). It
has been reported that subcortical structures may also be affected in terms of
regional CBF and CGU 90 minutes after CSD (Mraovitch et al., 1992). CSD
triggers antidromic burst activity of locus coeruleus neurons, which has been
hypothesized to release noradrenaline in the extensive terminal field of locus

coeruleus resulting in functional changes (Arakawa et al., 1997).

Periinfarct depolarizations have been observed during cerebral
ischemia. The characteristics of the small depolarizations seem to be similar
to typical CSD in amplitude and duration (K- buffering, Ca*" signaling)
(Dietrich et al, 1994; Nedergaard and Hansen, 1993), but the large
depolarizations of both higher amplitude and longer duration also exist
(Wolf et al., 1997). These periinfarct depolarizations may result from
ischemic injury. They increase energy consumption in the stressed tissue and
exacerbate the ischemic tissue injury (Back et al., 1994; Els et al, 1997;

Hossmann, 1996; Mies et al., 1993a). Blocking the periinfarct CSD with
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dizocilpine has been reported to reduce focal ischemic injury (Andine et al.,

1992).

There is accumulating evidence to indicate that astrocytes provide
protective and compensatory mechanisms during physiological and
pathological conditions. Astrocytic resting membrane potential is
predominantly mediated by inward rectifying K° current (Barres, 1991;
Sontheimer et al., 1996). This potential is sensitive to increases in
extracellular K° (Mennerick and Zorumski, 1994; Sontheimer et al., 1996),
since it is more negative than the neuronal resting potential under
physiological conditions (Higashida et al., 1974). Astrocytes are also equipped
with other voltage-gated K*, Na, CI' and Ca*" channels found on the neuronal
membranes, although the density of Na® and Ca** channels are much lower
and more localized (Mennerick and Zorumski, 1994; Ritchie, 1992).
Astrocytes may modulate local K* by spatial buffering and local sequestering
(Barres, 1991). Consistent with this understanding it has been demonstrated
that CSD becomes lethal when glial function fails under normal perfusion

(Largo et al., 1996).
Excitotoxicity theories and ischemic injury

It is widely accepted that excitotoxicity mediated by increased
extracellular glutamate is an important mechanism leading to ischemic tissue
injury. The extracellular glutamate is clearly higher in ischemic cerebral
tissue (Baker et al., 1991) and glutamate neurotoxicity seems to have two

distinct but overlapping components (Olney, 1986). The first component,
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characterized by acute neuronal swelling and necrosis, depends on
extracellular Na” and CI' and can be mimicked by other depolarizing agents
(Choi, 1987; Rothman, 1985). Opening of membrane channels and energy
failure leads to a Na’ influx, membrane depolarization, a secondary influx of
Cl' and H,O and excitotoxic cell swelling. The second component,
characterized by delayed neuronal degeneration, depends on extracellular Ca*
and may thus be mediated by the toxic effects of excessive cytoplasmic Ca*

triggered by glutamate toxicity (Choi et al., 1988).

Of the three classes of ionotropic glutamate receptors, AMPA receptors
are of greater significance in the mediation of excitotoxicity. If rapid
desensitization of the AMPA receptor is blocked, both AMPA and NMDA
antagonists are required to reduce the neurotoxicity of glutamate (Choi et al,,
1988; Michaels and Rothman, 1990). Abolishing rapid desensitization of
AMPA renders it the properties of NMDA receptor since AMPA receptor and
kainate receptor are often permeable to Ca** (Chittajallu et al., 1999; Paschen et
al., 1996; Seeburg, 1996). It has even been argued that the opening of Ca™
permeable AMPA and kainate receptors is more significant than increases in
Ca*" permeability through potentiated NMDA receptor channels in delayed
tissue injury (Paschen, 1996). Not only are AMPA receptors permeable to Ca*™
but AMPA receptor activation is required to abolish the Mg* block of the
ionic channel of the NMDA receptor (McBain et al, 1994). These
characteristics of glutamate ionotropic receptors explains why NMDA

antagonists enjoyed only limited success in reducing in vivo ischemic injury
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(Buchan et al., 1991a; Buchan and Pulsinelli, 1990; Rothman and Olney, 1995).

AMPA antagonism may be more useful (Buchan et al., 1991c; Li and Buchan,

1993).

The cycling of synaptic vesicles is energy-dependent. Energy reserve in
the synaptic terminal can only sustain a short period of synaptic release. In
addition, not all vesicles in the synaptic terminal are capable of being released.
Only those vesicles docked at the active zone of the presynaptic membrane
and fully primed for exocytosis are capable of energy-independent release
(Coorssen et al., 1998; Sudhof, 1995). Therefore, during acute ischemic insult,
increases in extracellular glutamate do not result from unlimited synaptic
release. A brief early increase of extracellular glutamate, recorded with
microdialysis probably corresponds to the release of these vesicles (Asai et al.,
1996). However, increased extracellular K* can trigger instant reversal of the
EAAT, leading to leakage of glutamate from astrocytes (Kimelberg et al., 1995;
Obrenovitch, 1996; Rutledge and Kimelberg, 1996; Seki et al., 1999). The
leakage is limited by eventual high H" in the extracellular space (Billups and
Attwell, 1996). Conversion of glutamate to glutamine in the astrocytes is also
an energy-dependent process. The glutamine synthesis, as part of the synaptic
vesicle regeneration cycle, is interrupted by restricted glucose supply during
ischemia (Pellerin and Magistretti, 1994; Szatkowski and Attwell, 1994). The
adjacency of the end-feet of astrocyte to the synapses enables synaptic
glutamate in the synaptic cleft to increase instantaneously (Chaudhry et al,,

1995).
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[t is uncertain if increases in glutamate are the direct culprit of delayed
ischemic neuronal death (Obrenovitch, 1996; Szatkowski and Attwell, 1994).
Except for acute injury caused by energy failure and increases in extracellular
glutamate, ischemic cell injury typically undergoes a delayed process,
associated with increased neuronal response to glutamate ionotropic receptor
activation (Mitani et al., 1998). Early antagonism of glutamate receptors has
been reported to be useful in reducing tissue injury (Buchan et al., 1993;
Buchan et al., 1991b; Ozyurt et al., 1988). However, delayed antagonism of the
glutamate ionotropic receptors has been reported more successful in reducing
delayed neuronal loss (Buchan et al., 1991c; Li and Buchan, 1993; Zhang and
ladecola, 1994). Thus it has been hypothesized that during ischemia
glutamate is mainly released by reversed operation of the EAAT, largely
independent of presynaptic Ca® influx (Ikeda et al., 1989). Along with energy
failure and loss of membrane depolarization, it mediates the acute injury by
activating  AMPA and NMDA receptors, leading to increases in the
intracellular concentration of Na*, Ca* and CI and acute neuronal injury by
necrosis. Through the activation of its phospholipase C coupled metabotropic
(Group I mGluR) receptors this initial increase in synaptic glutamate greatly
potentiates NMDA receptors (Alagarsamy et al., 1999; Salter, 1998), and
possibly AMPA receptors, kainate receptors and membrane ionic channels.
Subsequently, glutamate release by Ca*-dependent exocytosis activates an
excessive influx of Ca*" largely through potentiated postsynaptic NMDA

receptor and, likely, through AMPA and kainate receptors (Mitani et al., 1998;
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Szatkowski and Attwell, 1994). Delayed neuronal death by activating built-in
cell death machinery results (Nicotera et al., 1999; Tenneti et al., 1998). By
contrast, the activation of metabotropic glutamate receptors negatively
coupled to adenylate cyclase (Group II, I mGluR) inhibit NMDA receptor
activity and prevent neurotoxicity (Ambrosini et al., 1995; Battaglia et al., 1998;

Birrell et al., 1993; Bruno et al., 1994; Koh et al., 1991).

Summary and Hypothesis

The previous sections have surveyed our current understanding of the
induced ischemic tolerance, the major components of synaptic transmission,
the coupling of CBF and cerebral metabolism with synaptic activities, and the

glutamate excitotoxicity. As such, it has been clearly established that:

1. The induced ischemic tolerance is associated with events that induce
tissue depolarization with a time delay for the ischemic tolerance to take
effect. This preconditioning process is inevitably accompanied by a surge in
extracellular glutamate and activation of glutamate receptors. During

subsequent lethal ischemic insult, the extracellular glutamate may be reduced.

2. Glutamate is a key molecule in linking the synaptic transmission
with cerebral energy metabolism through the activity of the EAAT and
Na",K-ATPase, and with regional CBF through the activities of NOS. Both

EAAT and NOS are tightly regulated proteins in neurons and astrocytes.

3. Energy failure, tissue depolarization and glutamate excitotoxicity

form a vicious cycle at the onset of acute ischemic injury. After CSD
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preconditioning, the components involved in the cycle are subject to
modification of second messenger signaling mediated by ionotropic and

metabotropic glutamate receptors and other signaling pathways.

Therefore, we hypothesized that prior CSD preconditioning attenuates
ischemic excitotoxicity by reducing glutamate synaptic activity. We assessed
this hypothesis by measuring cerebral blood flow (CBF), tissue depolarization
and NMDA receptor activation during subsequent ischemic insult. We also
measured cerebral glucose utilization and quantified excitatory amino acid

transporters (EAAT) at various time intervals after CSD.
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CHAPTER 2. RATIONALE aNnD APPROACHES

We hypothesized that prior CSD preconditioning attenuates ischemic
excitotoxicity by reducing glutamate synaptic activity. We chose to test the
hypothesis in an in vivo rat model of CSD preconditioning and subsequent
focal ischemia, since this model has been well documented and validated.
Data collected from these intact animal studies may potentially be
extrapolated for human use in the investigation of therapies for patients at
immediate risk of stroke. To confirm this model system, preliminary studies
were performed to demonstrate CSD induced neuroprotection against
subsequent ischemic insult. Regional increases in extracellular glutamate

during recurrent CSD were also confirmed.

Regional CBF is so fundamental in the ischemic injury that small
changes can influence excitotoxicity. Regardless of the underlying
mechanisms, increased regional CBF provides neuroprotection. We
therefore measured regional CBF during focal ischemia in CSD
preconditioned and sham treated studies. We then investigated the effect of
CSD preconditioning on excitotoxicity by examining the activation of L-type
VSCC and the activation of NMDA receptors during focal ischemia. The
binding capacity and affinity of L-type VSCC and NMDA receptors were
studied, since changes in density of these postsynaptic Ca*" channels could

affect the susceptibility of the tissue to excitotoxicity.
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The ability of the cerebral tissue to withstand ischemic insult depends
on the level of its energy metabolism. Regional CGU was measured in CSD
preconditioned animals at various time intervals after CSD treatment. Since
extracellular glutamate is cleared from the synaptic cleft by the EAAT located
on the cell membrane of astrocytes and neurons, we studied the subcellular

distribution of the EAAT after CSD preconditioning.
Thus the goals of the thesis were:

(1) To identify any changes in regional CBF after CSD preconditioning.
In a protection study, regional CBF must be assessed to test whether tissue
perfusion is altered by the treatment. Regional CBF was measured during

focal cerebral ischemia in CSD treated and sham treated rats on day 3 after

CSD treatment;

(2) To examine whether CSD preconditioning altered L-type VSCC
activation during subsequent focal ischemia. L-type VSCC activation results
from membrane depolarization. [*H]Nimodipine in vivo distribution can be
used to indicate tissue depolarization and impending tissue injury. Thus L-
type VSCC activation can be inferred from increased [*H]nimodipine in vivo
distribution.  [’H]Nimodipine in vitro binding measures the binding
characteristics of VSCC. From the in vitro binding data, the total channel
quantity and binding affinity can be estimated. Thus, [*H]nimodipine in vivo
distribution during focal cerebral ischemia in CSD treated and sham treated
rats was measured on day 3 after CSD. [*H]Nimodipine in vitro binding was

performed on day 3 after CSD;
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(3) To examine whether CSD preconditioning altered NMDA receptor
activation during subsequent focal ischemia. Activation of NMDA receptors
through increased extracellular space is the key mechanism of excitotoxicity.
Dizocilpine binds to NMDA receptor in the presence of extracellular
glutamate and membrane depolarization. Thus, [’H]dizocilpine in vivo
distribution identifies the presence of extracellular glutamate. [*H]Dizocilpine
in vitro binding measures the binding characteristics of the NMDA receptor.
From the in vitro binding data, the total channel quantity and binding affinity
can be estimated. Thus, [*H]dizocilpine in vivo distribution during focal
cerebral ischemia in CSD treated and sham treated rats was measured on day 3

after CSD. [’H]Dizocilpine in vitro binding was performed on day 3 after CSD;

(4) To test whether the level of tissue energy metabolism after CSD
preconditioning was altered. The level of energy metabolism of the cerebral
tissue is directly proportional to its tolerance against cerebral ischemia. Lower
regional CGU due to CSD preconditioning may provide a powerful
mechanism of neuroprotection. Regional CGU in CSD treated and sham

treated rats was measured on day 1, day 3 and day 7 after CSD;

(5) To investigate whether CSD preconditioning altered the quantity of
EAAT in subcellular structures. Astrocytic and neuronal EAAT clear
glutamate from the synaptic cleft. However, these glutamate transporters
reverse their direction in increased extracellular K°. During cerebral
ischemia, membrane depolarization and membrane pump failure release K-

into the extracellular space. Measuring EAAT protein quantity can provide
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information on the degree of glutamate leakage during cerebral ischemia.
Immunoprotein analysis of astrocytic EAAT1, EAAT2 and neuronal EAAT3
were performed on day 3 after CSD. The immunoprotein analysis of EAAT2

was studied on day 1, 3, 7 and 21 after CSD.
These experimental approaches are now described in more detail.
Validation of the experimental protocol of neuroprotection

The protective effect of CSD preconditioning against focal ischemia has
been shown elsewhere (Matsushima et al., 1996; Matsushima et al., 1998). A
similar experimental protocol was used with slight modification
(Matsushima et al,, 1998) to validate our laboratory. The rats received
preconditioning with 2 hours of recurrent CSD or sham treatment 3 days
prior to a focal ischemic insult. Ischemic infarct volumes were measured on

day 3 after the focal insult.
In vivo [*H]dizocilpine distribution during recurrent and single CSD

[t has been observed that during CSD depolarization there are large
increases in extracellular glutamate (Leao and Morison, 1945). Microdialysis
has provided initial data on the degree and profile of glutamate increase
(Obrenovitch, 1996). However, this approach can only study glutamate
changes at a very limited number of locations and provide little anatomical
correlation. A complete map of extracellular glutamate during recurrent
CSD, such as its distribution across the cortex, its propagation into the

paleocortex and subcortical structures, may provide better correlation between
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the magnitude of glutamate receptor activation and the protective effect of

CSD preconditioning.

Dizocilpine (MK-801) is a non-competitive NMDA receptor antagonist
that binds within the open NMDA ionic channel pore (Watkins and Evans,
1981). High affinity binding of dizocilpine to NMDA receptor channel
requires both glutamate and tissue depolarization (Foster and Wong, 1987;
Watkins and Evans, 1981; Wong et al.,, 1986). Therefore, the characteristics of
dizocilpine binding to the NMDA receptor channel was used to measure the
degree and scope of glutamate release in vivo and in vitro in
autoradiographic studies (Bowery et al., 1988; Schwartz and Wasterlain, 1993;
Wallace et al.,, 1992). Since [*H]dizocilpine in vivo distribution stabilizes at
about 1 hour after injection, its distribution in the brain was used to map the
increases in extracellular glutamate and the topography of the increases
during 1 hour recurrent CSD. To explore whether the increased regional CBF
during recurrent CSD contributes to the increased [*H]dizocilpine distribution,
['H]dizocilpine in vivo distribution was measured during a single CSD during

a 16 minute period.
Measurement of regional CBF

Measurement of regional CBF provides direct information on the state
of tissue perfusion. In ischemic studies, it is also the most direct parameter of
ischemic tissue injury (Hakim, 1987). CBF response in CSD preconditioned
brain has been investigated in the area surrounding the ischemic core and

found unaltered (Matsushima et al, 1996). However, reactive gliosis
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following CSD has been reported to include increased neuronal NOS in the
astrocytes, suggesting that neuroprotective effects of CSD includes increased
NO release during glutamate neurotoxicity (Caggiano and Kraig, 1998). Thus,
Regional CBF was measured at 3 hours of focal ischemia to investigate the

blood flow response in CSD or sham preconditioned brain.

Measurement of Ca** channel activation with *H]nimodipine and

[*Hldizocilpine in vivo distribution

[PH]Nimodipine in vivo distribution has been used to measure
ischemic tissue depolarization and impending ischemic injury, thus inferring

VSCC activation (Hakim and Hogan, 1991; Hogan et al., 1991). Nimodipine is
a 1,4-dihydropyridine that binds to a specific site on the 21C and alD subunits
of L-type VSCC with high affinity (Dunlap et al,, 1995). This site has been
localized to the extracellular III S5 transmembrane segment of the al subunit

(He et al., 1997; Hockerman et al.,, 1997). The VSCC exists in three states,
resting, open and inactivated (Triggle, 1994). The 1,4-dihydropyridine
antagonists exhibit voltage-dependent binding consistent with their
preferential interaction with inactivated states (Bean, 1984; Wei et al., 1989)
and open states of the channel (Triggle, 1994), whereby binding affinity
increases with increasing depolarization. The availability of the channels can
be controlled through channel internalization and degradation. Thus
reduced in vivo binding of the ligand marks attenuated membrane

depolarization, or downregulation of channel protein, or both (Hakim and
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Hogan, 1991; Hogan et al., 1991). Of the regulatory factors, depolarization is of
particular importance because it is a physiological signal, but one that
assumes a pathological role under conditions of ischemia when energy
metabolism fails and extracellular glutamate accumulates (Triggle and
Tabrizchi, 1993). [*H]Nimodipine distribution has been employed to map
regional depolarization in the central nervous system during CSD (Osuga et
al., 1997) and cerebral ischemia (Hakim and Hogan, 1991; Hogan et al., 1991;
Takizawa et al., 1994). The increased binding to ischemic brain is reversible
with rapid restoration of CBF (Hogan and Hakim, 1992; Takizawa et al., 1994).
The binding is so sensitive to tissue depolarization that it even precedes the
rise in extracellular glutamate during focal ischemia (Osuga and Hakim,
1996), and persists as long the tissue remains depolarized (Hakim and Hogan,
1991). If CSD preconditioning attenuates ischemic excitotoxicity as
hypothesized, [*H]nimodipine in vivo distribution, as an early and sensitive
indicator of cell membrane depolarization and impending ischemic injury

(Osuga and Hakim, 1996; Takizawa et al., 1994), should be reduced.

PH|Dizocilpine in vivo distribution indicates increased NMDA
activation and the opening of its Ca* channel as discussed in the previous
section. During cerebral ischemia, energy failure results in neuronal
depolarization and the Ca*-dependent glutamate release from the synaptic
terminal. [ncreased ischemic membrane depolarization leads to an excessive
increase in extracellular K™ and reverses the functions EAAT, resulting in

further increase in extracellular glutamate. If CSD preconditioning attenuates
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ischemic excitotoxicity as hypothesized, [*H]dizocilpine in vivo distribution,
as an indicator of glutamate concentration and concurrent regional
membrane depolarization (Schwartz and Wasterlain, 1993; Wallace et al,,

1992), should also be reduced.

The ischemic tissue depolarization was measured using
['H]nimodipine in vivo distribution, whereas increases in extracellular
glutamate were measured using [*H]dizocilpine in vivo distribution. Both
measurements were carried out at 3 hours of focal cerebral ischemia in brains
preconditioned with prior CSD or sham treatment. The characteristics of the
distributions provide information about the tissue depolarization and the
levels of glutamate release. These studies afford insights into physiological
changes and corroboration of the CBF data with [*H]nimodipine and
['Hldizocilpine in vivo distribution should provide further information
about the improved tolerance against excitotoxicity in CSD preconditioned

cerebral tissue.
PHINimodipine and [*H]dizocilpine in vitro binding

[PH]Nimodipine in vivo distribution reflects the activation of L-type
VSCC, but provides little information about the total quantity of the
channels. [’H]Nimodipine in vitro binding may be affected by L-type VSCC
densities and binding affinities. Earlier studies of [*H]nimodipine in vitro
binding at 4 hours of focal ischemia detected no change in binding capacity or
affinity (Hogan et al., 1995), indicating these parameters are quite stable.

However, other reports suggested that L-type VSCC are regulated. [*H]PN200-
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110 (Isradipine, a 1,4-dihydropyridine VSCC antagonist) in vitro binding to
the crude synaptosomal membranes of the cortex was shown to increase after
10 minutes of global ischemia and to return to near control levels after 2
hours of reperfusion (Hoehner et al., 1992). [PH]JPN200-110 in vitro binding to
tissue sections also suggests that hypoperfusion, produced by ipsilateral
occlusion of the common carotid for 1 hour in the rat, was sufficient to
increase the binding capacity of ["H]PN200-110 in the hippocampus but not in
the cortex (Magnoni et al.,, 1988). The increase lasted up to 96 hours after the
oligemic event. Delayed neuronal death is accompanied by the loss of
[‘Hlnimodipine binding sites (Araki et al., 1998). Recurrent CSD for 2 hours

may modify the total availability and binding affinity of the VSCC.

Similarly, [*H]dizocilpine in vivo distribution reflects the activation of
NMDA receptor, but provides little information about the total quantity of
the receptor. [*H]dizocilpine in vitro binding may be affected by the NMDA
receptor densities and binding affinities. [*H]Dizocilpine in vitro binding has
been reported to coincide with the NMDA receptor distribution in the brain
(Bowery et al., 1988; Kato et al., 1992a) and is not changed by 1 hour of focal
ischemia (Dewar et al., 1989; Wallace et al., 1992). Others have reported in a
gerbil model of global ischemia that the binding is only lost in the CA1 region
after cell death is apparent (Bowery et al., 1988; Kato et al, 1992a). It is
unknown whether CSD preconditioning modifies the quantity and
functionality of NMDA receptor channels. Recurrent CSD for 2 hours may

modify the total availability and binding affinity of the NMDA receptor.



36

PH]Nimodipine and [*H]dizocilpine in vitro binding studies were
designed to estimate the densities and affinities of the VSCC and NMDA
receptors after CSD treatment. [*H]Nimodipine was used to identify L-type
VSCC whereas [*H]dizocilpine was used to identify the NMDA receptor.
These studies were conducted without ischemia on day 3 after
preconditioning with 2 hours of recurrent CSD or sham treatment. This

information complements the data obtained from in vivo studies.

Regional cerebral glucose utilization at different time intervals after CSD

preconditioning

Lower levels of energy consumption enable the cerebral tissue to better
tolerate the energy failure associated with cerebral ischemia and excitotoxicity
(Folbergrova et al., 1992). Reduced energy consumption should impart
increased tolerance against substrate deprivation. Moreover, due to the tight
coupling between extracellular glutamate and stimulated energy metabolism,
the level of regional CGU should reflect the level of synaptic activity (Mason

et al., 1995; Sibson et al., 1998a)

To investigate the temporal profile of cerebral energy metabolism after
CSD treatment, regional CGU was measured in brains on day 1, 3 and 7 after

preconditioning with CSD or sham treatment.
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Immunoprotein analysis of high affinity glutamate transporters in the

cortical tissue preconditioned with CSD

EAAT play a crucial role in the clearance of extracellular glutamate
(Szatkowski and Attwell, 1994). However, it reverses the direction of
glutamate transport in a milieu of high extracellular K™ (Billups and Attwell,
1996; Kimelberg et al., 1995). Its abundance shifts with the functional state of
the synapses (Ginsberg et al., 1995; Raghavendra Rao et al., 1998; Rothstein et
al.,, 1996), suggesting that these membrane proteins may downregulate to
reduce leakage of glutamate from astrocytes. Furthermore, the functional
activity of EAAT forms the linkage between the synaptic activity and the
energy supply of the synaptic terminal (Magistretti et al., 1999). Investigating
the quantity of EAAT proteins may provide insights into the state of the
energy metabolism in the preconditioned tissue. The results may also
corroborate the direct measurement of tissue glucose utilization with

[“C]deoxyglucose.

The total availability of EAAT1, EAAT2 and EAAT3 protein present in
the cerebral cytoplasmic membrane was analyzed in the cortex on day 0, 1, 3, 7
and 21 with immunoprotein blotting after preconditioning with CSD or sham

treatment.

In summary, the neuroprotective effect of CSD preconditioning was
first confirmed in our laboratory. The increased release of glutamate during
recurrent CSD was mapped with [*H]dizocilpine in vivo distribution. Our

hypothesis was addressed by studying whether CSD preconditioning
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attenuated subsequent excitotoxicity during focal ischemia. Regional CBF,
[’H]nimodipine and [*H]dizocilpine in vivo distribution were measured
during focal cerebral ischemia on day 3 after CSD. The effect of CSD
preconditioning on VSCC and NMDA receptor binding kinetics was
investigated with [’H]nimodipine and [*H]dizocilpine in vitro binding on day
3 after CSD without ischemia. The level of energy consumption in the CSD
preconditioned tissue was measured with the [“C]deoxyglucose method on
day 1, 3 and 7 after CSD treatment without ischemia. The quantity of EAAT],
EAAT2 and EAAT3 in the cerebral plasma membrane was assessed on day 0,

1, 3, 7 and 21 after CSD without ischemia.
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CHAPTER 3. CSD PRecONDITIONING REDUCED TisSUE Loss CAUSED BY

SUBSEQUENT FOCAL ISCHEMIA

The protective effect of CSD preconditioning against focal ischemia has
been well documented (Matsushima et al.,, 1996; Matsushima et al., 1998;
Yanamoto et al., 1998). The infarct volume measurement studies after CSD
preconditioning, which was slightly modified from the published works,
were designed to validate the focal ischemia protocol. In addition, in the
published studies, the effect of tissue edema on infarct volume measurement
has been reported to be adequately addressed by deriving the infarct volume
from subtracting the remaining tissue volume in the ischemic hemisphere
from that in the contralateral hemisphere (Matsushima and Hakim, 1995;
Matsushima et al.,, 1998; Swanson et al., 1990). Current measurements
attempted to understand this issue when the published approach failed to

better correct the effect of cerebral edema on the infarct volume

measurement.

Methods

Male Sprague-Dawley rats (Charles River, Montreal, Quebec, Canada)
weighing 275 to 375 g were randomly assigned to study groups. All surgical
manipulations and CSD were performed under inhalational anesthesia
(Halothane 4% induction, 1% maintenance in 30% O, - 70% N,Q). Rats were

allowed to breathe spontaneously during CSD preconditioning, but were
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mechanically ventilated during focal ischemia. Body temperature (rectal) was

maintained at 36.5 - 37.5°C in all studies.

Cortical spreading depression

CSD was induced in the left occipital cortex with 0.5 M KCl as described
(Matsushima et al., 1998) with slight modification. A tail artery cannula was
placed to monitor mean arterial blood pressure, arterial blood gases and blood
glucose. The rats were placed in a stereotaxic frame (Stoelting, Oakwood
Center, Illinois, USA). A platinum wire (0.13 mm diameter) was inserted
through a 0.5 mm diameter burr hole into the left frontal cortex (Bregma 1.0
mm, lateral 5.0 mm, depth 2.0 mm) and connected to a DC amplifier with
chart recorder (Servogor 430, Norma Goerz Instruments, Neudorf, Austria) to
record CSD. In addition to the anterior platinum electrode, a second
platinum wire was placed through an identical burr hole into cortex (Bregma
-2.0 mm, lateral 5.5 mm, depth 2.0 mm) for measurement of CBF by the H,
clearance method during subsequent MCA occlusion. The burr holes were
then sealed with dental cement. A 2 mm diameter burr hole (Bregma -6.0
mm, lateral 5.6 mm) was made over the left occipital cortex leaving the dura
intact. Recurrent CSD were induced in the CSD treatment group by placing
small cotton pledgets soaked with 0.5 M KCl on the intact occipital dura. The
pledgets were replaced every 15 minutes for 2 hours. Pledgets soaked in 0.5 M

NaCl were used in the sham treatment group.
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In three initial studies, the CSD signal recorded from the platinum

electrode in the frontal cortex was compared with the signal obtained from
the single-barreled Ag/AgCl glass microelectrode (20 MQ resistance) placed

alongside the platinum wire. The biphasic waves recorded with the platinum
electrode corresponded to negative DC potential shifts of average amplitude
53 mV and duration 80 seconds, consistent with CSD depolarization
(McLachlan, 1992; Somjen et al,, 1992). All further studies used platinum

electrodes to record CSD and periinfarct depolarization.
Middle cerebral artery occlusion

Focal cerebral ischemia was induced using intraluminal occlusion of
the left MCA as described (Matsushima et al., 1998; Zea Longa et al., 1989). On
day 3 after CSD or sham treatment, the rats were re-anesthetized following
overnight fast. Femoral arterial and venous cannulae were placed for mean
arterial blood pressure, arterial blood gas, blood glucose and blood radiotracer

concentration measurements.  Tympanic membrane temperature was
continually monitored and maintained between 36.5 and 37.5°C. The anterior

platinum electrode previous implanted was used to record periinfarct
depolarizations during ischemia and the posterior electrode was connected to

a customized amplifier to measure H, clearance as described (Farrar, 1987).

For MCA occlusion, the left common, external and internal carotid
arteries were exposed. The proximal ends of the common carotid and the

external carotid arteries were ligated. A 3-0 nylon monofilament thread with
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a fire polished tip was inserted into the common carotid distal to the
proximal ligation and was advanced 18.5 mm beyond the carotid bifurcation
into the internal carotid artery. MCA occlusion was confirmed by measuring
cortical blood flow using the H, clearance method following brief (1-3
minutes) inhalation of 10% H, gas in the anesthetic mixture (Appendix 1). At
the end of the MCA occlusion, the incisions were sutured, anesthesia was

discontinued and the rats were allowed free access to food and water.

Cortical DC potentials were monitored throughout the focal ischemia.
Following MCA occlusion CBF was measured hourly and immediately after
release of the MCA occlusion. During MCA occlusion, measurement of
periinfarct depolarization was confounded by large DC potential shifts during
inhalation of H, gas for measurement of CBF in the ipsilateral frontoparietal
cortex. Thus transient DC potential shifts greater than 2 mV from baseline
and lasting longer than 60 seconds were considered to be a periinfarct
depolarization, and the calculated rate of occurrence of these events was
corrected for the periods of time during H, inhalation when recording was
not possible. Periinfarct integrated negativity (Back et al., 1994), defined as the

area under the periinfarct depolarization wave, was also calculated.
Infarct volume measurement

The ischemic infarct volume was measured as described (Swanson et
al., 1990). Briefly, on day 3 after MCA occlusion, the rats were decapitated
under anesthesia, the brain was extracted and frozen. Brain sections, 20 um

in thickness and collected at every 840 um interval, were stained with Cresyl
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violet. To measure infarct volumes, the infarct areas in 15 coronal brain
sections were measured on the Microcomputer Imaging Device (MCID) as
described (Swanson et al., 1990). The ratio of the total ipsilateral volume over
the total contralateral volume (edema ratio) was calculated in all studies
(Hiramatsu et al.,, 1993), and the infarct volume was calculated as the
difference between the contralateral regional volume and non-ischemic
regional volume in the ipsilateral hemisphere / edema ratio (Appendix 2). A

total of 12 CSD and 18 sham treated rats were studied.

Statistical analysis

All results are expressed as mean + standard deviation (SD). The
physiological data were analyzed using the two-sample t-test. The infarct
volume measurement data were analyzed with analysis of covariance using
average H, clearance CBF as covariate followed by Bonferroni adjustment for

multiple comparisons (Systat, SPSS Inc., Chicago, Illinois, USA).

Results
Physiological variables

Physiological variables did not differ between the CSD and sham
treated groups during the 2 hours preconditioning and the subsequent 3
hours of MCA occlusion. The data during MCA occlusion are summarized in
Table 3-1. During treatment rectal temperature did not differ between the

CSD (369 £ 0.2°C, n = 12) and sham (369 + 0.2°C, n = 18) treated groups.

Similarly, during MCA occlusion rectal temperature did not differ between
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the CSD (36.9 £ 0.2°C, n = 12) and sham (36.8 + 0.2°C; n = 18) treated groups.
Tympanic membrane temperature was slightly higher in the CSD treated
group (36.6 £ 0.3°C, n = 12) than in the sham treated group (36.5 + 0.1°C, n =18)

(p = 0.016), but this difference was insignificant physiologically.

Table 3-1. Physiological variables for infarct volume measurements

CSD treated Sham treated
Parameters (n=12) (n=18)
MABP (mm Hg) 88+4 87 +4
pH 7.44 £0.02 7.44 = 0.02
P,CO. (mm Hg) 43+3 43+3
P,O. (mm Hg) 179 = 35 167 = 49
Blood glucose (mM) 6.46 = 0.59 6.79 £ 1.04

Values are means = SD. MCA occlusion, 3 hours. MABP, mean arterial blood pressure;
MCA, middle cerebral artery; P,CO,, arterial partial pressure of carbon dioxide; P,0,,
arterial partial pressure of oxygen; SD, standard deviation. Mechanical ventilation

during focal ischemia.

Cortical spreading depression waves and periinfarct depolarization

In the CSD treated group CSD waves were recorded in the ipsilateral
cortex as a transient negative or biphasic shift of DC potential (Matsushima et
al., 1996) recorded from the anterior platinum electrode. The waves had an
average amplitude of 8.0 + 2.8 mV (n = 12) (Table 3-2) and a duration of 94.3 +
26.0 seconds (n = 12), similar to previously reported characteristics of CSD

recorded with platinum electrode (Matsushima et al., 1996). The rate of CSD
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waves recorded was 6.3 + 24 h™' (n = 12) in the CSD treated group, whereas

none was recorded in the sham treated group (Table 3-2).

Table 3-2. Rate of recurrent cortical and periinfarct depolarization waves during

preconditioning and subsequent MCA occlusion

CSD preconditioning Sham
Parameters (n=12) (n=18)
CSD wave forms (h) 63+24 -
Ischemic periinfarct depolarization 0.6 +0.8 09+13
(h'h
[schemic periinfarct integrated 47 +57 8.1 +10.8

negativity (mV min h')

Values are mean + SD. Duration of recurrent CSD was 2 hours; duration of MCA
occlusion was 3 hours. CSD, cortical spreading depression; MCA, middle cerebral

artery; SD, standard deviation.

The rate of periinfarct depolarization events recorded during MCA
occlusion was 0.6 + 0.8 h" (n =12) in the CSD treated group and 0.9 + 1.3 h' (n
=18) in the sham treated group, without significant difference (Table 3-2). One
rat in the sham treated group had a total of 11 periinfarct depolarization
events in sequence during 3 hour of MCA occlusion. The appearance of the
wave forms bore considerable resemblance with CSD reverberation (Shibata
and Bures, 1974). The ischemic periinfarct integrated negativity was 4.7 + 5.7
mV min h' (n =12) in the CSD treated group and 8.1 + 10.8 mV min h' (n =
18) in the sham treated group with no significant difference between the two

groups.
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Regional CBF measured with H, clearance

At five time points (one immediately before MCA occlusion, hourly
during MCA occlusion and one immediately after release of MCA occlusion)
regional CBF was measured with the H, clearance method (Figure 3-1). No
significant difference in flow or percent reduction from pre-occlusion levels
was observed between the CSD and sham treated groups during MCA
occlusion. Mean ipsilateral CBF in the somatosensory cortex was 27 + 7 mL
100g" min™" (n = 12) in the CSD treated group and 31 + 9 mL 100g" min" (n =
18) in the sham treated group. These data represented 0.25 + 0.13 (n =12) of
the pre-ischemic measurement in the CSD treated group and 0.27 + (.08 (n
=18) in the sham treated group. Immediately after release of MCA occlusion,
mean regional CBF was 114 + 35 mL 100g" min™ (n = 12) in the CSD treated
group and 123 + 38 mL 100g" min™ (n = 18) in the sham treated group. These
data represented 1.02 + 0.48 (n = 12) of the pre-ischemic measurement in the
CSD treated group and 1.11 £ 0.36 (n = 18) in the sham treated group, with no
significant difference between the two groups. There was no significant

difference compared to pre-ischemic flow levels.
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Figure 3-1. Time course of regional CBF during focal ischemia in the CSD treated group
and sham treated group. Values are means = SD. CSD, cortical spreading depression;

SD, standard deviation.

Histological outcomes

In both groups, a zone of tissue necrosis, up to 1 mm deep was
identified in the cortex under the dura where the cotton pledgets were placed

regardless whether it was soaked with 0.5 M KCl or 0.5 M NaCl.

Infarction was noted in the cortex and the striatum in both groups.
The infarct volume data were studied with analysis of variance using the
regional CBF data obtained with H, clearance measurement as covariate.
[nitial examination of the data with a general linear model (Infarct volume =
CONSTANT + group + CBF + group * CBF) indicated that the homogeneity

of slopes assumption held (p = 0.086) (Figure 3-2). In the sham treated group
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cortical infarction appeared to occur at higher regional CBF levels. The
correlation between regional CBF and cortical volume of infarct was weak but
significant (r* = 0.4, F,,,, =9.12, p = 0.008). In the CSD treated group cortical
infarct volumes seemed to have a more linear correlation with regional CBF
(r' =0.7, Fy,, = 21.14, p = 0.001). The difference in these correlations was
highly significant (r* = 0.53, F;., = 21.42, p < 0.001 by one-way analysis of
variance), indicating that CSD preconditioning resulted in reduced cortical
infarct volumes over a range of regional CBF values (Figure 3-2). The
correlation between the cortical infarct volume and the periinfarct integrated

negativity was not significant (r* = 0.09, F, ,, = 2.78, p = 0.11).

Using regional CBF as covariate, the cortical infarct volumes in CSD
preconditioned studies were significantly smaller than the sham treated
studies (p < 0.0001). Total cortical infarct volume was 21.2 + 253 mm® (n =18)
in the CSD treated group compared with 43.3 + 21.9 mm’ (n = 12) in the sham
treated group (p < 0.01) (Table 3-3, Figure 3-2), indicating that CSD
preconditioning significantly reduced cortical infarct volume. Infarct volume
for the striatum was 9.3 + 6.4 mm?® (n =18) in the CSD treated group and 7.7 =
8.4 mm’ (n =12) in the sham treated group, with no significant difference.
Figure 3-2 shows the relationship between infarct volume and regional CBF
in individual rats. The edema ratio was 1.18 = 0.08 (n =12) in the CSD treated
group and 1.18 £ 0.11 (n =18) in the sham treated group, with no significant

difference between the two groups.



Table 3-3. Infarct volume following 3 hours of focal cerebral ischemia in CSD and sham

preconditioned rats

CSD treated Sham treated
Parameters (n=12) (n=18)
Infarct volume (mm®)
Cortex 22.2 = 25.3** 433 x219
Striatum 9.34 + 6.42 7.70 + 8.44
Edema ratio 1.18 £ 0.08 1.18 £ 0.11

CBF within ischemic cortex during middle cerebral artery occlusion did not differ

between CSD (27.5 + 6.8 mL 100 g" min") and sham (30.8 + 9.5 mL 100 g" min™) groups.

Values are means = SD. Different from sham treated group: ** p < 0.01 analysis of
covariance with Bonferroni adjustment. Edema ratio = Ipsilateral hemispheric volume
/ Contralateral hemispheric volume; Infarct volume = Integral (Contralateral tissue
volume - Ipsilateral non-ischemic tissue volume / Edema Ratio). CBF, cerebral blood

flow; CSD, cortical spreading depression; SD, standard deviation.
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Figure 3-2. The relationship between mean regional CBF during ischemia and cortical
infarct volume of each rat in CSD (n = 12) or sham (n = 18) treated groups. The equations
for the linear regressions shown are: Infarct Volume (mm?, CSD treated) = -2.44*[CBF] +
92.2; Infarct Volume (mm?, sham treated) = -1.39*[CBF] + 86.3. The slope of the two
linear regressions do not differ (p = 0.086). CBF, cerebral blood flow; CSD, cortical
spreading depression; MCA, middle cerebral artery.

Discussion

Infarct volume was measured on day 3 after 3 hours of intraluminal
MCA occlusion in the rat brain. The animals were subjected to 2 hours of
recurrent CSD 72 hours prior to the focal ischemic event. The data indicated
that the cortical infarct was reduced to about half the size found in the sham

treated rats (p < 0.001) whereas the infarct in the striatum is not affected.
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Cerebral edema, measured by the edema ratio derived from the ratio of
ipsilateral forebrain volume over that of the contralateral side, was not
different between the two groups. Regional CBF, measured with the H,
clearance method through a platinum electrode implanted outside the

ischemic core, was also not different between the CSD preconditioned and the

sham group.

The protective effect of CSD has been reported in the same model
elsewhere (Matsushima et al., 1996; Matsushima et al., 1998). The findings
presented here confirmed the observation that CSD induces ischemic
tolerance. Regional CBF in the somatosensory cortex, near the ischemic core,
measured by the H, clearance method did not differ in the two study groups.
CSD-induced ischemic protection supports the observation that the cortex can

be preconditioned to better cope with a future ischemic insult.

Earlier reports excluded regional CBF as a mechanism in CSD-induced
ischemic tolerance (Matsushima and Hakim, 1995; Matsushima et al., 1996).
The H, clearance measurement employed here did not reveal a difference
between CSD treated and sham treated groups either. However, the role of
regional CBF could not be ruled out. Although the H, clearance method has
the advantage to continuously monitor CBF, its use is limited to a small
numbers of locations. The infarct volume measurement data support the
published findings (Matsushima et al., 1996). The discrepancy between the
infarct volume obtained here and the published data (Matsushima and

Hakim, 1995; Matsushima et al., 1996) may be explained by the difference in
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the experimental protocol. The previous report used H, clearance as an
indicator of effective MCA occlusion and the cut-off of level of CBF was set at
25 mL min" g' (Matsushima and Hakim, 1995; Matsushima et al., 1996). The

infarct volumes obtained with such a cut off were considerably larger.

The edema data indicated that the degree of the swelling is
proportional to the damage sustained, consistent with other studies on
ischemic edema (Hiramatsu et al., 1993). It is well known that post-ischemic
edema exacerbates tissue injury in addition to complicating the infarct
volume measurement (Belayev et al., 1996; Hiramatsu et al., 1993; Lin et al.,
1993). Swanson et al recommend using the difference of the surviving tissue
volume between two hemispheres to calculate the lost volume (Swanson et
al., 1990). This approach assumes that the viable tissue surrounding the
infarct does not undergo edematous reactions. This assumption may not
hold in studies such as those presented here. Based on our data and those
published by others (Hiramatsu et al., 1993), it seems that the normal tissue
may react to the infarct and develop edematous responses. The use of edema
ratio assumes that the viable tissue and damaged tissue have the same
edematous response to the injury. Though the validity of this assumption
may still be questioned, the current approach represents a better
approximation. Ischemic edema, indicated by the edema ratio, did not seem

to be affected by the preconditioning in the current measurement.

A platinum wire was used for DC potential measurement during CSD

preconditioning and MCA occlusion. It was a convenient choice since the
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electrodes had to be embedded long term. However as an electrode for DC
recording and characterization, platinum is complex. In addition, to secure a
good placement of the electrode, the electrode was inserted across the
thickness of the cortex. This practice in effect integrates the DC signal across
all layers of the cortex, which leads to the recording of distorted CSD and
periinfarct waves. These deficiencies may explain why our CSD waves
recorded with these electrodes are generally less pronounced than those
recorded with Ag/AgCl electrode placed in a specific layer of the cortex (Leao
and Morison, 1945; Munoz-Martinez, 1970; Ochs and Hunt, 1960), and why
sometimes biphasic and predominantly positive waves were recorded. The
same problem may also be responsible for the periinfarct waves recorded
during subsequent MCA occlusion, which make comparison with reported
studies less informative (Back et al., 1994). Nonetheless, for detecting a CSD
event, platinum electrodes are sensitive and specific as indicated by the CSD
data collected with an Ag/AgCl electrode placed alongside the platinum

electrode.

In summary, CSD-induced ischemic tolerance was confirmed in the
CSD-ischemia paradigm used in the studies. An edema ratio was introduced
to correct the interference. CSD treatment did not seem have any effect on

the edema ratio.



CHAPTER 4. IN VIvo PH]DizociLPINE (MK-801) MAPPING OF THE RAT BRAIN

DURING CORTICAL SPREADING DEPRESSION

CSD preconditioning imparts neuroprotection against subsequent
ischemic tissue injury (Kobayashi et al., 1995; Matsushima et al., 1996; Taga et
al., 1997; Yanamoto et al, 1998). Microdialysis measurement has
demonstrated that extracellular glutamate is increased during CSD
(Obrenovitch, 1996). However, this approach can only study glutamate
changes at a very limited number of locations and provide little anatomical
correlation. A complete map of extracellular glutamate during recurrent
CSD, such as its distribution across the cortex, its propagation into the
paleocortex and subcortical structures, may provide better correlation between
magnitude of glutamate receptor activation and the protective effect of CSD

pretreatment.

Dizocilpine (MK-801) is a non-competitive NMDA receptor antagonist
that binds within the open NMDA cation channel pore (Watkins and Evans,
1981; Wong et al., 1986). In vivo [*H]dizocilpine autoradiographic imaging
during acute focal ischemia has shown increased distribution in the ischemic
cortical tissue (Wallace et al., 1992). This increase has been suggested to
represent increased binding of [*H]dizocilpine to the open NMDA receptor in
response to increased extracellular glutamate, since opening of the NMDA
gated cation channel requires both ligand binding to the NMDA receptor and

concurrent cell membrane depolarization (McBain and Mayer, 1994).
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[’H]Dizocilpine binding to the NMDA receptor (McBain and Mayer,
1994; Wallace et al., 1992; Wong et al., 1986) was used to examine the degree
and extent of NMDA receptor activation during CSD stimulation in the
neocortex and other regions. It was found that in recurrent CSD during 1
hour period, there was an increase in [*H]dizocilpine distribution in the outer
layer of the neocortex. The results are consistent with the hypothesis that
CSD elicits increases in extracellular glutamate to activate NMDA receptor.
These findings provide visual evidence of the extent of NMDA receptor
activation during CSD. There was also an increase in [*H]dizocilpine
distribution in the cortex that underwent a single CSD during a 16 minute

period with a different pattern of [*H]dizocilpine distribution.

Methods

Experimental animals and surgical anesthesia were identical to those
employed in Chapter 3. Rats were allowed to breathe spontaneously during 1

hour of recurrent CSD. Body temperature (rectal) was maintained at 36.5 -

37.5°C during the experiments.

Cerebral [*H]dizocilpine autoradiography

In recurrent CSD studies, CSD was induced from the left occipital cortex
with 0.5 M KClI as described in Chapter 3 with slight modification. Only the
anterior platinum electrode was inserted. Recurrent CSD were induced in the
CSD treatment group by placing small cotton pledgets soaked with 0.5 M KCl

on the intact occipital dura. The pledgets were replaced every 15 minutes for
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60 minutes. Pledgets soaked in 0.5 M NaCl were used in the sham treatment
group. [’H]Dizocilpine autoradiography was carried out as previously
described by Wallace et al (Wallace et al., 1992). Briefly, 50 uCi [’H]dizocilpine
(specific activity 23.9 Ci mmol’, Amersham International Plc, England) in 500
ul saline was injected intravenously immediately after the first cotton pledget
containing 0.5 M KCl was applied. The radiotracer was allowed to circulate
for 60 minutes during which time recurrent CSD were recorded. A 100 nl
arterial blood sample was obtained immediately prior to decapitation. A total

of 7 CSD treated and 7 sham treated rats were studied.

In single CSD studies, a second platinum electrode was inserted 3 m m
posterior (bregma -2.0 mm, lateral 5.0 mm, depth 2.0 mm) of the anterior
electrode to aid the timing of [*H]dizocilpine injection. Briefly, 50 uCi
['H]dizocilpine (specific activity 23.9 Ci mmol™, Amersham International Plc,
England) in 500 ul saline was injected intravenously as soon as the typical
upswing of the CSD wave was identified in the posterior electrode. The
radiotracer was allowed to circulate for 16 minutes during which time only 1
CSD was elicited. A 100 ul arterial blood sample was taken 16 min

immediately prior to decapitation. A total of 6 CSD treated rats were studied.

At the end of the incubation period (60 minutes in recurrent CSD
studies and 16 minutes in single CSD studies), the brain was rapidly removed,
frozen and stored at -80°C. Plasma [3H]dizocilpine concentration was
measured using liquid scintillation counting with appropriate quench

correction obtained from internal standards. Coronal cryostat sections of the
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rat brain at 20 pm thick were obtained in 140 pum interval at -20°C. Air dried
sections were apposed to tritium sensitive film (Hyperfilm, Amersham,
Oakville, ON, Canada) with 20 um thick tissue paste [’H] standards prepared
from the forebrain homogenate for 60 days to allow calibration of the tissue

’H content.
Image analysis

Autoradiographic images at 6 coronal levels in the brain were digitized
using a microcomputer based imaging system (MCID, Imaging Research Inc.,
Brock University, St. Catharines, ON, Canada). The levels corresponded to
coronal sections from Bregma in mm at 2.20 (level 0), 1.20 (level 1), 0.20 (level
2), -3.30 (level 3), -5.60 (level 4), -6.30 (level 5) (Paxinos and Watson, 1986).
The resulting set of 6 images from each study were then spatially registered to
a set of images from a selected [*H]dizocilpine study, using multiple
anatomically defined fiducial markers (35 -40) as implemented within MCID
(Bookstein, 1990). A set of standardized anatomical regions of interest (ROI)
template was used to sample regional °H radiotracer content (Figure 4-1, 4-6).
To normalize the measurements of brain tissue [*H]dizocilpine between
studies, the volume of distribution (V,) of [PH]dizocilpine in each ROI was
calculated as the ratio of [*H]dizocilpine tissue content within the ROI over
the plasma [*H]dizocilpine concentration at study termination (Gjedde et al.,

1981; Patlak et al., 1983).

To guide in the identification of groups of ROI with similar degrees of

[H]dizocilpine distribution, a K-means cluster analysis (Systat, SPSS Inc.,



58

Chicago, Illinois, USA) was performed. For recurrent CSD studies, the
variables for the cluster analysis were the average of the logarithm of the ratio
of ipsilateral over contralateral [*H]dizocilpine tissue content for all ROI on
two conditions (CSD treated, sham treated). For single CSD studies, the
variables for the cluster analysis are the average of the logarithm of the ratio
of ipsilateral over contralateral [*H]dizocilpine on one variable (CSD). The
resulting ROI clusters were further subdivided to separate cortical and striatal
regions into volume of interest (VOI). [*H]Dizocilpine V, measurements
were weight-averaged over the resulting fixed set of VOI. The ratio of

['H]Dizocilpine V, between ipsilateral and contralateral hemispheric VOI was

also calculated.
Statistical analysis

All results are expressed as mean + SD. The physiological data were
analyzed using the t-test. The V, data were analyzed with one-way repeated
measures analysis of variance (Systat, SPSS Inc., Chicago, [llinois, USA).
Between-group difference was analyzed with adjusted degrees of freedom and
mean square error followed by Bonferroni adjustment for multiple
comparisons, whereas within—-group difference was analyzed with
Greenhouse-Geisser adjustment to the degree of freedom followed by post

hoc comparison used Tukey's HSD test (Howell, 1992).
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Results
Physiological variables

Physiological variables did not differ between CSD and sham groups.
These variables were averaged over all studies in CSD and sham treated

groups, and are summarized in Table 4-1. During the study period rectal

temperature did not differ between the recurrent CSD studies (37.1 + 0.3°C, n =

7) and sham studies (36.8 + 0.2°C, n = 7). The average rectal temperature for

single CSD studies was 36.7 + 0.1 °C.

Table 4-1. Physiological variables for in vivo [*H]dizocilpine binding

Recurrent CSD Sham Single CSD*
Parameters (n=7) (n=7) (n=6)
MABP (mm Hg) 94 +10 92+4 81+3
pH 7.38 £0.02 7.38 £ 0.02 7.41 £0.02
P,CO, (mm Hg) 504 49=2 19+2
P,0O, (mm Hg) 248 £ 21 235+£32 250 = 26
Blood glucose (mM) 5.67 £ 0.48 5.68 + 047 6.71 = 1.00

Values are means + SD. MABP, mean arterial blood pressure; P,CO,, arterial partial
pressure of carbon dioxide; P,O,, arterial partial pressure of oxygen. *Single CSD

studies were performed separately from recurrent CSD studies.
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Cortical spreading depression waves

Recurrent CSD waves during 1 hour of KCl application on the dura
were recorded as transient negative or biphasic DC potential shifts. The
amplitude of the CSD waves was 9.3 + 2.5 mV (n = 7) with a duration of 77.4 +
7.8 second (n = 7). The number of CSD waves in the CSD group during 1 hour
was 5.5+ 0.7 (n =7). In the sham group, 1 CSD-like wave was recorded during
[‘Hldizocilpine injection in one study. In the single CSD group, CSD waves
were recorded as biphasic DC deflections of mean amplitude 10.6 + 43 mV
and mean duration 97.5 + 18.9 seconds in the posterior eiectrode, and of mean
amplitude of 10.6 + 49 mV and mean duration 91.5 + 21.3 seconds in the
anterior electrode. The mean time delay between the posterior and anterior
electrodes were 40.1 + 21.0 seconds. The average propagation velocity was 4.59

+ 1.62 mm/min.
[’H|Dizocilpine distribution

Recurrent CSD: K-means cluster analysis performed on ipsilateral /
contralateral V, values showed the within cluster sum of squares to decline
most rapidly to three clusters in recurrent CSD studies (CSD, F, ,,, = 144.91, p
<< 0.001; Sham, F,,, = 4.61, p < 0.02) (Figure 4-1). The three initial ROI
clusters were further divided on an anatomical basis to separate cortical and
striatal regions, resulting in four final VOI (Figure 4-1). Cortex 1 covered the
frontal cortex and outer cortical layers, whereas cortex 2 occupied mostly the
posterior cortex and the inner cortical layers (Figure 4-1). Average

[*H]dizocilpine V, image at 6 coronal levels from recurrent CSD studies are
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shown in Figure 4-2. The difference image of average [*H]dizocilpine V,
between recurrent CSD and sham studies are overlaid on spatially registered
histological sections, shown in Figure 4-3. Increased [’H]dizocilpine
distribution was seen mainly in the anterior neocortex and the outer
neocortex (Figure 4-2, Figure 4-3). However, the increased distribution
became discontinuous at the occipital site where recurrent CSD were induced

on the intact dura (Figure 4-2, Figure 4-3).

The V, data in each ROI were weight-averaged within each VOI and
are summarized in Figure 4-4. Comparing between the CSD and sham
groups, [*H|dizocilpine V, in cortex 1 was 17.98 + 3.56 mL g™ in the CSD group,
significantly higher than 1229 + 1.99 mL g" in the sham group (p < 0.02)
(Figure 4-4). Within the CSD treatment group the ipsilateral cortex 1 (17.98 +
3.56 mL g') was significantly higher than contralateral cortex 1 (13.34 + 3.74

mL g") (p < 0.01) (Figure 4-4).

Single CSD: K-means cluster analysis performed on ipsilateral/
contralateral V, values showed the within cluster sum of squared to decline
most sharply to three clusters in the single CSD studies (CSD, F, ,, = 108.24, p
<< 0.001) (Figure 4-5). The three initial ROI clusters were further divided on
an anatomical basis to separate cortical and striatal regions, resulting in four
final VOI (Figure 4-5). For the single CSD studies, cortex 1 identified narrower
outer cortical regions whereas cortex 2 included large areas (Figure 4-5).
Average [*H]dizocilpine V, image at 6 coronal levels from recurrent CSD

studies are shown in Figure 4-6. The ROI V, data were averaged within each
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VOI and are summarized in Figure 4-7. Compared with the corresponding
contralateral VOI, [*H]dizocilpine V, in cortex 1 was 46.53 + 7.34 mL g*
compared with 37.06 + 5.52 mL g in the corresponding contralateral cortex 1

VOI in the single CSD group (p<0.01) (Figure 4-7).
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Figure 4-1. The region of interest (ROI) and volume of interest (VOI) template used to
sample in vivo [*H]dizocilpine distribution images during recurrent CSD. Six coronal
levels in the rat brain are shown. These levels correspond to coronal sections from
Bregma in mm at 2.20 (level 0), 1.20 (level 1), 0.20 (level 2), -3.30 (level 3), -5.60 (level
4), -6.30 (level 5). The ROI template is on the right side of the sections with lines to
define ROIL. The ROI groupings used to define the 4 VOI are on the left side of the
sections and are labeled at the bottom of the figure.



Figure 4-2. Autoradiographs of average [*H]dizocilpine V, images for CSD (n =7) or
sham (n = 7) treated groups. Autoradiographs from individual studies are spatially
registered and averaged. The levels correspond to coronal sections from Bregma in mm
at 2.20 (level 0), 1.20 (level 1), 0.20 (level 2), -3.30 (level 3), -5.60 (level 4), -6.30 (level
5). The treatment is on the left (ipsilateral) side of the sections. Calibrated colour
scale is shown, as are the number of rats used to obtain each image. CSD, cortical
spreading depression; V,, volume of distribution.



Figure 4-3. Histological correlation of increased [*H]dizocilpine V,. The averaged
difference image between CSD (n = 7) and sham (n = 7) treated studies were coded with
colour and overlaid on spatially registered gray levels histological images. The levels
correspond to coronal sections from Bregma in mm at 2.20 (level 0), 1.20 (level 1), 0.20
(level 2), -3.30 (level 3), -5.60 (level 4), -6.30 (level 5). Calibrated colour scale
indicates the intensity of [*H]dizocilpine V,. The treatment is on the left (ipsilateral)
side of the sections. CSD, cortical spreading depression; V,, volume of distribution.
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Figure 4-4. [’H|Dizocilpine V, data within VOI in the ipsilateral and contralateral
hemispheres in CSD (n = 7) or sham (n = 7) treated groups. The VOI groupings are the
same as the template in Figure 4-1. All values are mean = SD. Different from the
corresponding VOI in the contralateral hemisphere: ++ p < 0.01. Different between the
CSD and sham treated groups: *p < 0.02. CSD, cortical spreading depression; SD,

standard deviation; VOI, volume of interest; V,, volume of distribution.
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Figure 4-5. The region of interest (ROI) and volume of interest (VOI) template used to
sample in vivo [*H]dizocilpine distribution images in single CSD studies. Six coronal
levels in the rat brain are shown. The levels correspond to coronal sections from Bregma
in mm at 2.20 (level 0), 1.20 (level 1), 0.20 (level 2), -3.30 (level 3), -5.60 (level 4), -6.30
(level 5). The ROI template is on the right side of the sections with lines to define
ROI. The ROI groupings used to define the 4 VOI are on the left side of the sections and
are labeled at the bottom of the figure.
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Figure 4-6. Autoradiographs of average [*H]dizocilpine V, images for single CSD (n =
6) studies. Autoradiographs from individual studies are spatially registered and
averaged. The levels correspond to coronal sections from Bregma in mm at 2.20 (level 0),
1.20 (level 1), 0.20 (level 2), -3.30 (level 3), -5.60 (level 4), -6.30 (level 5). The
treatment is on the left (ipsilateral) side of the sections. Calibrated colour scale is
shown, as are the number of rats used to obtain each image. The coronal levels are the
same as the template levels in Figure 4-1. CSD, cortical spreading depression; V,,

volume of distribution.
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Figure 4-7. [’H]Dizocilpine V, data within VOI in the ipsilateral and contralateral
hemispheres in single CSD (n = 6) studies. The VOI groupings are the same as the
template in Figure 4-6. All values are mean = SD. Different from the corresponding
VOI in the contralateral hemisphere: +t p < 0.05. CSD, cortical spreading depression;

SD, standard deviation; VOI, volume of interest; V,, volume of distribution.
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Discussion

[*H]Dizocilpine in vivo distribution in the rat brain was mapped
during 1 hour of recurrent CSD and sham treatment. Its distribution after a
single CSD was also studied within a 16 minute period. It was observed that
recurrent CSD treatment increased [*H]dizocilpine distribution in the
neocortex. A large cortical region, including the frontal cortex and outer
cortical layers, showed pronounced increases in [*H]dizocilpine distribution.
The increased distribution was abruptly interrupted between the neocortex
and paleocortex and absent at the site of CSD induction. No change was
identified in the striatum. These findings are consistent with the current
understanding that there is large increase in extracellular glutamate during
CSD and activation of glutamate receptors. The layered appearance of
['H]dizocilpine distribution reflects the observation that the tissue
depolarization is more pronounced in the outer cortex, as indicated by the
larger increase in extracellular K* in the outer cortex during CSD (Gardner-
Medwin and Nicholson, 1983; Munoz-Martinez, 1970). In our hands, CSD
induced with 0.5 M KCl at the occipital cortex does not seem to propagate
beyond the ipsilateral neocortex, contrary to some previously published data
(Vinogradova et al.,, 1991). [*H]Dizocilpine distribution was increased in the
cortex treated with a single CSD during a 16 minute period. The pattern of
increase was different from that in the recurrent CSD studies, suggesting that

['H]Dizocilpine distribution may not reach equilibrium at 16 minutes or
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single CSD may have unique activation characteristics (Lehmenkuhler et al.,

1976).

Although increased extracellular K° and astrocytic membrane
depolarization are the main mechanisms of CSD initiation, both non-
functional synaptic release and reduced astrocytic uptake result in
extracellular glutamate increases (Kimelberg et al., 1995; Rutledge and
Kimelberg, 1996). Due to the presence of increased extracellular glutamate
and membrane depolarization during CSD, the increased [*H]dizocilpine
distribution in the cortex is best interpreted to represent the activation of
NMDA receptors. It is well recognized that dizocilpine is a potent non-
competitive NMDA antagonist (Watkins and Evans, 1981; Wong et al., 1986)
that binds to the activated NMDA receptor (Bonhaus and McNamara, 1988;

Foster and Wong, 1987; McBain and Mayer, 1994).

The pattern of increased [*H]dizocilpine in vivo distribution provides
further information about spatial distribution of increased glutamate during 1
hour of recurrent CSD. The increased [*H]dizocilpine in vivo distribution in
the outer cortex is consistent with the electrophysiological characteristics and
the pattern of the ['H]dizocilpine binding sites of CSD. Greater impedance
(Hoffman et al., 1973) and longer and larger depolarizing currents in the outer
cortical layer (Munoz-Martinez, 1970) substantiate the report that CSD
propagates preferentially in the outer layers of the neocortex (Gardner-
Medwin and Nicholson, 1983; Ochs and Hunt, 1960). Although

immunocytochemistry studies indicate that the distribution of NMDA
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receptor subunits is even in the neocortex (Petralia et al., 1994b), in vitro
binding studies shows the outer cortex contains more [*H]dizocilpine binding

sites (Bowery et al., 1988; Wallace et al., 1992).

There are large fluctuations in both energy metabolism (Shinohara et
al.,, 1979) and regional CBF (Fabricius et al.,, 1995) during CSD. During CSD
regional CBF is largely coupled with energy metabolism so the pattern is
similar between regional CGU and CBF changes (Fabricius et al., 1995;
Shinohara et al.,, 1979). Regional CBF increases as visualized with [“C|IAP
distribution revealed a relatively homogenous band (Hansen and Olsen, 1980;
Mies and Paschen, 1984), and the initial rise in regional CBF occurs at the
decline phase of extracellular K* (Mies and Paschen, 1984). The regional CBF
increase is brief and the following CBF depression is persistent even after a
single CSD (Piper et al., 1991). The regional CBF fluctuation during CSD is a
complicating factor in interpreting the in vivo [*H]dizocilpine distribution
data. The increase of regional CBF and subsequent prolonged hypoperfusion
may lead to trapping of the radiolabled ligand. If this suspicion is correct the
pattern of [*H]dizocilpine distribution should correlate with the regional CBF
mapping. Regional CBF measured with laser-Doppler flowometry
demonstrated that CBF in the outer cortical layer is even lower than the inner
layer up to 500 um (Fabricius et al., 1997). This indicates that the regional CBF
might be actually lower in the outer layers of the cortex, making the trapping
of the radiolabeled ligand unlikely. Numerous reports have indicated that

NO release is likely involved in the mediation of regional CBF response
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during CSD (Fabricius et al., 1995; Gault et al., 1994). It is consistent with the
observation that the CBF increase somewhat lags behind the tissue
depolarization since increased NQO release results from glutamate receptor

activation (Colonna et al., 1997; Fabricius et al., 1995).

At 1 hour at least 90% of dizocilpine is unmetabolized (Schwartz and
Wasterlain, 1991; Vezzani et al., 1989). The major derivatives of dizocilpine
are in its hydroxylized forms, which become hydrophilic, so that they are no
longer permeable through the blood brain barrier (Hucker et al., 1983). Thus,
the increased [*H]dizocilpine uptake into the brain tissue likely represents the
accumulation of [*H]dizocilpine which contains little of its metabolized

derivatives (Hucker et al., 1983; Wallace et al., 1992).

Images obtained in this series clearly demarcate the border between the
neocortex (6 cell layer) and paleocortex (3 cell layer) (Swanson and Petrovich,
1998) and the striatum and hippocampus are spared from the increases in
[PH]dizocilpine distribution. These observations are consistent with in vivo
[H]nimodipine distribution during CSD (Osuga et al., 1997). There are
significant increases in [*H]nimodipine distribution in the neocortex but not
in the striatum. Increased [H]nimodipine distribution in the hippocampus
was thought to be a consequence of the direct stimulation of the microdialysis
probe (Osuga et al., 1997). However, these observations are inconsistent with
the claim that CSD induced with 0.5M KCl on the occipital cortex can establish
ischemic tolerance in the hippocampus as effectively as CSD induced directly

in the hippocampus (Kawahara et al., 1995). CSD induced directly in the
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hippocampus has been reported equally protective (Kawahara et al., 1995).
This observation is also contradictory to the report that CSD induced on the
neocortex can propagate to the hippocampus and striatum via the entorhinal
cortex (Vinogradova et al.,, 1991). [*H]Dizocilpine distribution in single CSD
during a 16 minutes period is increased in the CSD treated cortex. However,
the pattern of increased [*H]dizocilpine distribution bears no similarities with
the observed increases in [*Hldizocilpine distribution in the cortex in the
recurrent CSD studies, suggesting that [*H]dizocilpine distribution in the
cortex may not be at equilibrium shortly after a single CSD. Alternatively,

single CSD may have a different activation pattern compared to recurrent

CSD.

The spreading extracellular K* waves and increases in extracellular
glutamate have significant physiological consequences (Mayevsky and Weiss,
1991). Sokoloff and associates (Shinohara et al.,, 1979) reported a marked
increase of local cerebral glucose phosphorylation in the neocortex without
obvious differences among the cortical layers during CSD. A large portion of
this increase in glucose uptake may be attributed to the increased EAAT
activity resulting from the increased extracellular glutamate (Magistretti et al.,
1999). The increase in the extracellular glutamate is a result of both release
trom synaptic terminals (Munoz-Martinez, 1970) and leakage from astrocytes
(Billups and Attwell, 1996; Kimelberg et al., 1995; Seki et al., 1999). The spatial
discrepancy in [’H]dizocilpine distribution in this work and the reported

increases in regional CGU is unclear. Perhaps increased glutamate release is



75

predominantly located in the dendritic layers (the outer cortex) but the effects

are distributed through the whole glial syncytium and the neuronal cell body.

CSD not only causes metabolic disturbances but also initiates signaling
events resulting from widespread membrane depolarization and increased
glutamate receptor activation. During CSD there is a marked increase in
cytoplasmic calcium that may originate from several sources.
['H]Nimodipine in vivo uptake was increased during CSD indicating the
activation of L-type VSCC, since the specific [’H]nimodipine binding depends
on the presence of the open and inactivated VSCC (Osuga et al., 1997). The
finding of increased [*H]dizocilpine distribution is consistent with the
suggestion that the opening of NMDA receptor channel is also responsible for
increases in intracellular calcium. It is therefore quite possible that the
increased [*H]dizocilpine uptake traces the waves of increased glutamate
caused by recurrent CSD. These signaling events, including the activation of
glutamate receptors and increases in intracellular Ca®, have lasting effects

that change the cortical response to a subsequent ischemic insult.

The increased glutamate release during CSD may be responsible for a
series of molecular changes identified so far. These changes include increases
in neurotrophin transcription and translation (Levine and Black, 1997;
Matsushima et al., 1998) in both neurons and astrocytes following CSD
(Kariko et al., 1998; Kawahara et al., 1997, Kokaia et al., 1993). CSD also
upregulates the transcription and translation of immediate early genes

(Herdegen et al., 1993; Herrera et al., 1993). Moreover, CSD elicits functional
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transformation of the astrocytes, indicated by the upregulation of glial
fibrillary acidic protein throughout the treated cerebral cortex (Bonthius and
Steward, 1993; Herrera and Cuello, 1992; Herrera et al.,, 1998; Herrera and
Robertson, 1990). The functional transformation of astrocytes coincides with
increases in BDNF mRNA transcription (Matsushima et al., 1998), neuronal
NOS (Caggiano and Kraig, 1998) and immediate early genes (Herrera et al.,
1998). Increased activation of phospholipase A, through NMDA receptor
results in increased cyclooxygenase-2 in the neocortex (Caggiano et al, 1996;

Miettinen et al., 1997).

In summary, there was a significant increase in [*H]dizocilpine
distribution in the outer cortical layer during recurrent CSD. The increased
[*H]dizocilpine in vivo distribution may represent the activation of NMDA
receptors in the neocortex. These findings are consistent with the
understanding that the CSD wave is essentially a wave of increased
extracellular potassium which travels preferentially in the outer layers of the

neocortex and that extracellular glutamate is considerably increased during

CSD.
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CHAPTER 5. REGIONAL BLOOD FLOW MEASUREMENT AND [*H]NIMODIPINE

DISTRIBUTION IN RATS PRECONDITIONED WITH CORTICAL SPREADING DEPRESSION

Cortical spreading depression (CSD) imparts protection against both
global (Kawahara et al., 1995; Kobayashi et al, 1995) and focal ischemia
(Matsushima et al., 1996; Yanamoto et al., 1998) (CSD preconditioning).
However, the mechanisms leading to the ischemic tolerant state remain
unclear. A critical issue is the role of CBF response in the ischemic tissue
after preconditioning. Though earlier reports have indicated that changes in
CBF during ischemic insult are unlikely to be a predominant mechanism
(Matsushima and Hakim, 1995; Matsushima et al., 1996), immunochemistry
studies (Caggiano and Kraig, 1998) have identified an upregulation of

neuronal nitric oxide synthase in the astrocytes.

Mounting evidence has shown that CSD serves as a signaling event.
CSD causes transient tissue depolarization (Osuga et al., 1997) with increased
extracellular glutamate (Marrannes et al., 1988; Nedergaard et al., 1995).
Administration of ketamine, an NMDA antagonist, during CSD was shown
to abolish CSD-induced ischemic tolerance (Taga et al., 1997). It has been
demonstrated that ischemic preconditioning includes release of adenosine
and activation of adenosine Al receptor mediated G-protein cascades, leading
to the opening of sulfonylurea-sensitive ATP-sensitive K° channels
(Heurteaux et al, 1995). CSD preconditioning increased activation of

phospholipase A, through NMDA receptor activation, resulting in increased
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cyclooxygenase-2 in the neocortex (Caggiano et al, 1996; Miettinen et al., 1997).
Microdialysis studies in focal ischemic cortex demonstrated that tissue
exposure to glutamate was attenuated in the CSD preconditioned cortex

(Douen et al., 2000).

Astrocytic functional transformation occurs after CSD preconditioning
(Belayev et al, 1996, Bonthius and Steward, 1993), accompanied by
upregulation of glial fibrillary acidic protein (GFAP) message and protein
throughout the treated neocortex. These events are likely mediated by an
increase in extracellular glutamate (Levine and Black, 1997). CSD-induced
astrocytic activation can be blocked by dizocilpine (Bonthius and Steward,
1993; Herrera and Cuello, 1992; Herrera and Robertson, 1990). Levels of
message and protein of growth factors are upregulated in both neurons and
astrocytes following CSD (Kariko et al., 1998; Kawahara et al., 1997; Kokaia et
al., 1993; Matsushima et al,, 1998). Both ischemic (Belayev et al., 1996) and
CSD (Herdegen et al., 1993; Herrera et al.,, 1993) preconditioning upregulate

the transcription and translation of immediate early genes.

To better understand the effects of CSD preconditioning on the tissue
perfusion and the tissue depolarization during subsequent focal ischemia we
measured CBF and tissue depolarization during focal cerebral ischemia on
day 3 after preconditioning with 2 hours of recurrent CSD. The
[“C]lodoantipyrine method was used to measure CBF (Sakurada et al., 1978).
In parallel sets of studies, [’H]nimodipine in vivo distribution was used to

map cerebral depolarization during focal ischemia (Hakim and Hogan, 1991;
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Hogan et al., 1991; Hogan and Hakim, 1992) whereas [*H]dizocilpine in vivo
distribution was used to estimate NMDA receptor activation (Bowery et al.,
1988; Schwartz and Wasterlain, 1993; Wallace et al., 1992). Compared with
sham treated controls, it was observed that prior treatment with CSD, under
conditions confirmed to induce neuroprotection, improved regional CBF in
the surrounding cortex outside the ischemic core; whereas it reduced in vivo
['H]nimodipine distribution in ischemic core region, thus indicating
decreased tissue depolarization. [*H]Dizocilpine in vivo distribution data
showed biphasic, but not significant, changes that may suggest increased
tissue injury in the ischemic core and reduced tissue injury outside the
ischemic core. Our data suggested that the improved tissue perfusion and
reduced [*H]nimodipine distribution are associated with an attenuated

ischemic injury.
Methods
Experimental animals and surgical anesthesia were identical to those

employed in Chapter 3. Rats were allowed to breathe spontaneously during

CSD preconditioning and were mechanically ventilated during focal
ischemia. Body temperature (rectal) was maintained at 36.5 - 37.5°C in all in
vivo studies. In focal ischemic studies, brain temperature was monitored

indirectly via a thermocouple probe placed in the ear canal (Tympanic).

Procedures of CSD or sham treatment were identical to those described

in the infarct volume studies in Chapter 3. Regional CBF, [*H]nimodipine
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and [H]dizocilpine cerebral distribution were measured at 3 hours of focal

ischemia introduced on day 3 after CSD or sham preconditioning.
Cerebral blood flow measurements

Regional CBF was measured using [“CJIAP as described (Sakurada et
al., 1978) (Appendix 1). One minute prior to the end of the 3 hours MCA
occlusion, an intravenous ramp infusion of 32 pCi of [“C]IAP (specific activity
57 mCi/mmol, Amersham International Plc, Little Chalfont, England, UK) in
2.0 mL normal saline was started. Arterial blood samples were collected at 5
second intervals and [“CJIAP concentration measured using liquid
scintillation counting with appropriate quench correction. The rats were
decapitated after 1 minute of [“CJIAP infusion and the brains were rapidly

removed and frozen. A total of 6 CSD and 6 sham treated rats were studied.
Cerebral [’Hlnimodipine distribution

In vivo [’H]nimodipine distribution within the brain was measured as
previously described (Hakim and Hogan, 1991). Briefly, 200 uCi of
[’Hlnimodipine (specific activity 127.7 Ci mmol?, NEN-Dupont, Boston,
Massachusetts, USA) in 600 ul of carrier (96% ethanol - 200 g, polyethylene
glycol 400 - 170 g, sodium citrate - 2 g and citric acid - 0.5 g) were infused
intravenously 30 minutes before the end of the 3 hours MCA occlusion so
that an equilibrium of distribution between plasma and brain was approached
(Hogan et al., 1991). Plasma [’H]nimodipine concentration was measured just

prior to decapitation using liquid scintillation counting with appropriate
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quench correction. Following decapitation the brains were rapidly removed
and frozen. Previously determined metabolite correction factors in plasma
and brain following intravenous administration were applied for
[H]nimodipine studies (Hogan et al, 1991). A total of 9 CSD and 7 sham
treated rats were studied. Five additional rats were studied on day 3 after CSD

treatment without undergoing MCA occlusion.
Cerebral [*H]dizocilpine distribution

In vivo [PH]dizocilpine distribution within the brain was measured as
previously described (Wallace et al, 1992). Briefly, 50 uCi [*H]dizocilpine
(specific activity 23.9 Ci/mmol, Amersham International Plc, England, UK) in
500 ul saline was injected intravenously 60 minutes before the end of the 3
hour MCA occlusion so that an equilibrium of distribution between plasma
and brain was established (Schwartz and Wasterlain, 1991; Schwartz and
Wasterlain, 1993). Plasma [*H]dizocilpine concentration was measured just
prior to decapitation using liquid scintillation counting with appropriate
quench correction. Following decapitation the brains were rapidly removed
and frozen. Previously published metabolite correction factors in plasma and
brain following intravenous administration were applied for [*H]dizocilpine
studies (Schwartz and Wasterlain, 1991; Schwartz and Wasterlain, 1993). A
total of 6 CSD and 6 sham treated rats were studied. Five additional rats were

studied on day 3 after CSD treatment without undergoing MCA occlusion.
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Autoradiography

The stored brains were warmed to -20°C and 20 pm cryostat sections

were obtained every 140 um. Sections from the [“C]IAP studies were apposed
to either Kodak SB-5 or BioMax Mr film (Picker International, Brampton,
Ontario, Canada) for 7 to 10 days. Commercial “C microstandards
(Amersham, Oakville, Ontario, Canada) were used to calibrate the
autoradiographs of "C distribution. Sections from the [*H]nimodipine and
["H]dizocilpine studies were apposed to Hyperfilm (Kodak, Etobicoke, Ontario,
Canada) for 60 - 120 days to obtain autoradiographs of *H distribution. These
images were calibrated using 20 pm thick sections of brain paste standards

containing known amounts of *H prepared from rat forebrain.

Image analysis

Autoradiographic images at five coronal levels in the brain were
digitized using the MCID system. The levels corresponded to coronal sections
from Bregma in mm at 1.20 (level 1), 0.20 (level 2), -3.30 (level 3), -5.60 (level
4), -6.30 (level 5) (Paxinos and Watson, 1986). Since 8-particles emitted from
“C have sulfficient energy to travel the full thickness of 20 um brain sections,
variation in section thickness may induce error in tissue "C measurement.
However, B-particles emitted from tritium decay have a maximum range of
~6 um in brain sections and measurements of *H activity from 20 um sections
is insensitive to variation in section thickness. Therefore, at each coronal

level "C activity was averaged over 3 aligned images while a single image
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was used to measure *H activity. The resulting set of images at five coronal
levels from each study were then spatially registered to a set of images from a
selected [’H]nimodipine study, using multiple anatomically defined fiducial
markers (35 - 45) as implemented within MCID (Bookstein, 1990). All further
calculations were carried out using these spatially registered images. In each
[MC]IAP study, CBF was calculated within each ROI using the measured tissue
[MCJIAP content and blood [“C]IAP concentration profile as described
(Sakurada et al.,, 1978). To normalize the measurements of brain tissue
[‘Hlnimodipine or [*H]dizocilpine between studies, [*H]nimodipine or
[*H]dizocilpine V, was calculated as the ratio of the *H isotope tissue content
over the plasma concentration at study termination (Gjedde et al., 1981; Patlak

et al., 1983).

To identify regional effects resulting from CSD or sham treatment prior
to focal ischemia, an approach using threshold templates was adopted (Hogan
and Hakim, 1992). The threshold templates were derived from mean
difference images between treatment conditions (CSD or sham); both density
criteria (i.e. CBF or V,) and a morphology criterion (size of the area identified)
were used. For CBF studies, regional [“CJIAP CBF images from the CSD
treated (n = 6) or sham treated (n = 6) groups were averaged. A difference
image (CBF, - CBF,,.) was calculated. To reduce the heterogeneity of
variance within the CBF images, the squareroot transformation was
performed on the CBF images and a set of difference average images (Sqrt

CBFp - Sqrt CBF,,.) were calculated (Pulsinelli et al., 1982). The mean Sqrt
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CBF value of all pixels and its SD were calculated in the contralateral
forebrain gray matter of the transformed difference images. A threshold of 1
SD above the mean [(Sqrt CBF, - Sqrt CBF,,,) + SD] and 1 SD below the
mean [(Sqrt CBF, - Sqrt CBF,,,.) - SD] were used to identify potential regions
of CBF changes caused by CSD. To minimize the effect of random
fluctuations in the data only regions showing more than 50 contiguous image
pixels (0.2 mm?*) with values outside the threshold were used to form the
threshold template (Hogan and Hakim, 1992). The resulting templates were

used to sample CBF in each [“C]IAP study.

The [*H]nimodipine V, images were averaged for the CSD treated (n =
9) and sham treated (n = 7) groups and a set of difference images [V (sham) -
V,(CSD)] were calculated. A threshold of 1 SD above the mean [V (sham) -
V4(CSD)] + SD and 1 SD below the mean [V (sham) - V ,(CSD)] - SD volume of
distribution values of the image pixels in the contralateral forebrain region of
the difference image were used to identify changes in tissue [*H]nimodipine
distribution caused by CSD. The same size criterion was imposed. The
resulting templates were then wused to sample V, images in each

[‘H]nimodipine study and CBF images in each [“C]IAP study.

The [*H]dizocilpine V, images were averaged for the CSD treated (n = 6)
and sham treated (n = 6) groups and a set of difference images [V (sham) -
V,(CSD)] were calculated. A threshold of 1 SD above the mean [V (sham) -
V (CSD)] + SD and 1 SD below the mean [V (sham) - V (CSD)] - SD volume of

distribution values of the image pixels in the contralateral forebrain region of
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the difference image were used to identify changes in tissue [*H]dizocilpine
distribution caused by CSD. The same size criterion was imposed. The
resulting templates were then used to sample V, images in each

[PH]dizocilpine study and CBF images in each [“CJIAP study.
Statistical analysis

All results are expressed as mean * SD. The physiological data were
analyzed using the two-sample t-test. Data of regional CBF, [*H]nimodipine
and [*H]dizocilpine in vivo distribution were analyzed with one-way repeated
measures analysis of variance (Systat, SPSS Inc., Chicago, Illinois, USA).
Between-group difference was analyzed with adjusted degrees of freedom and
mean square error followed by Bonferroni adjustment for multiple

comparisons (Howell, 1992).
Results
Physiological variables

Physiological variables did not differ between the CSD and sham
treated groups during the 2 hours preconditioning period and the subsequent
3 hours of MCA occlusion in [MCJIAP, [*H]nimodipine and [*H]dizocilpine
studies. The physiological data are summarized in Table 5-1 for [“C]IAP
studies, Table 5-2 for [*H]nimodipine studies and Table 5-3 for [*H]dizocilpine
studies. Rectal temperature was not significantly different between any CSD
treated and sham treated groups during preconditioning or during MCA

occlusion between CSD and sham treated groups. Rectal temperature was
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maintained at 37.0 + 0.2°C (n = 40) during preconditioning and 36.9 + 0.2°C (n
= 40) during MCA occlusion over all studies. Tympanic membrane

temperature was maintained at 36.5 + 0.2°C (n = 40) during MCA occlusion.

Table 5-1. Physiological variables for [“C]IAP studies at 3 hours of MCA occlusion

CSD treated Sham treated
Parameters (n=6) (n=6)
MABP (mm Hg) 85+2 85+3
pH 7.46 = 0.06 7.44 £ 0.03
P,CO, (mm Hg) 43+3 42+6
P,O. (mm Hg) 191 £ 46 167 + 30
Blood glucose (mM) 6.67 + 1.57 6.89 + 0.88

Values are means + SD. MABP, mean arterial blood pressure; MCA, middle cerebral
arterv; P,CO,, arterial partial pressure of carbon dioxide; P,O., arterial partial

pressure of oxygen. The animals were mechanically ventilated during focal ischemia.

Table 5-2. Physiological variables for [*H]nimodipine studies at 3 hours of MCA

occlusion

CSD treated Sham treated
Parameters (n=9) (n=7)
MABP (mm Hg) 94+9 92+9
pH 7.42 £0.02 7.42 £0.03
P,CO, (mm Hg) 43+3 40=+3
PO, (mm Hg) 139+ 18 141 + 23
Blood glucose (mM) 6.77 £ 0.92 6.03 £ 0.83

Values are means + SD. MABP, mean arterial blood pressure; MCA, middle cerebral
artery; P,CO,, arterial partial pressure of carbon dioxide; P,O,, arterial partial

pressure of oxygen. The animals were mechanically ventilated during focal ischemia.



Table 5-3. Physiological variables for [*H]dizocilpine studies at 3 hours of MCA

occlusion

CSD treated Sham treated
Parameters (n=26) (n=6)
MABP (mm Hg) 86 £4 852
pH 7.43 £0.02 7.43 £ 0.04
P,CO, (mm Hg) 45+4 45+3
P,O, (mm Hg) 166 £ 22 164 £ 24
Blood glucose (mM) 6.86 £ 0.84 6.50 = 1.22

Values are means + SD. MABP, mean arterial blood pressure; MCA, middle cerebral
artery; P,CO,, arterial partial pressure of carbon dioxide; P,O,, arterial partial

pressure of oxygen. The animals were mechanically ventilated during focal ischemia.

Table 5-4. Physiological variables for in vivo [*H}nimodipine and [*H]dizocilpine

studies during sham MCA occlusion

MCA occlusion MCA occlusion
Parameters PH}nimodipine (n = 5) [*H]dizocilpine (n = 5)
MABP (mun Hg) 88+3 87+3
pH 7.43 = 0.02 7.44 £0.02
P,CO, (mm Hg) 42+1 45+4
PO, (mm Hg) 187 + 39 191+ 41
Blood glucose (mM) 5.78 +1.03 5.88 + 0.55

Values are means = SD. MABP, mean arterial blood pressure; MCA, middle cerebral
artery; P,CO,, arterial partial pressure of carbon dioxide; P,O,, arterial partial
pressure of oxygen. Spontaneous ventilation during preconditioning, mechanical during

focal ischemia.

87
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[H]Nimodipine or [*H]dizocilpine distribution were measured in two
groups of rats that received sham MCA occlusion after CSD treatment.
Physiological variables during the subsequent 3 hours of sham MCA

occlusion were averaged in these two study groups and are summarized in

Table 5-4. Rectal temperature was 36.9 + 0.1°C (n = 10) during preconditioning
and 36.7 £ 0.1°C (n = 10) during sham MCA occlusion. Tympanic temperature

was 36.6 £ 0.1°C (n = 10) during sham MCA occlusion.

Cortical spreading depression waves and periinfarct depolarization

CSD waves were recorded from the anterior platinum electrode during
preconditioning.  For the animals that underwent subsequent MCA
occlusions, the rate of CSD during 2 hour treatment is summarized in Table
5-5. Averaged over all CSD treated studies, the rate of CSD waves was 6.1 = 1.6
h' (n = 21). Recurrent negative or biphasic waves of average amplitude 5.7 +
24 mV (n = 21) and average duration 82.0 + 10.3 seconds (n = 21) were

recorded. No CSD were observed in the sham treatment groups.

For the animals that underwent subsequent sham MCA occlusions, the
rate of CSD waves was 8.0 + 1.2 h' (n = 5) with the average amplitude of 5.6 =
24 mV (n = 5) and duration 83.8 + 6.9 seconds (n = 5) in [*H]nimodipine
studies. In [*H]dizocilpine studies, the rate of CSD waves was 6.4 + 1.9 h'! (n =
5) with the average amplitude of 6.6 + 4.2 mV (n =5) and duration 98.1 + 16.3

seconds (n = 5).
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Table 5-5. Rate of CSD and periinfarct depolarization waves during preconditioning

and subsequent MCA occlusion

Parameters

CSD treated

Sham treated

[HC]IAP studies
CSD wave forms (h')

Ischemic periinfarct
depolarization (h™)

[schemic periinfarct integrated
negativity (mV min h')

*H|Nimodipine studies
CSD wave forms (h)

I[schemic periinfarct
depolarization (h')

[schemic periinfarct integrated
negativity (mV min h)

[*H]Dizocilpine studies
CSD wave forms (h')

Ischemic periinfarct
depolarization (h™)

[schemic periinfarct integrated
negativity (mV min h*')

(n=6)
6.1+26
1.3=1.1

14.4 + 129

(n=9)
49 +09
0.7+04

12.9 + 109

(n=6)
6.3+10
1.321.0

173 +214

(n=6)

1.3+11

125 %175

(n=7)

09<+0.6

16.1 +19.0

(n=6)

0.6 =04

59x70

Values are mean £ SD. Recurrent CSD, 2 hours; IAP, iodoantipyrine; MCA occlusion, 3

hours. CSD, cortical spreading depression; MCA, middle cerebral artery; SD, standard

deviation.

Periinfarct depolarization waves were recorded from the anterior

platinum electrode during MCA occlusions. The number of depolarization

events and the ischemic periinfarct integrated negativity were summarized in

Table 5-5. The rate of periinfarct depolarization events and the periinfarct

integrated negativity recorded during MCA occlusion were not significantly
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different between any CSD treated and sham treated groups in the [“C]IAP,
['Hlnimodipine and [PH]dizocilpine studies. Overall, the periinfarct
depolarization was 1.1 + 0.9 h' (n = 21) in the CSD treated studies and 0.9 + 0.8
h' (n =19) in the sham treated studies. The periinfarct integrated negativity
was 14.6 + 144 mV min h™' (n = 21) in the CSD treated studies and 11.8 + 15.4

mV min h'! (n = 19) in the sham treated studies.

CBF measured with H, clearance

At 4 time points (one immediately before MCA occlusion and hourly
during MCA occlusion) cortical blood flow was measured using H, clearance.
No significant difference in flow or percent reduction from pre-ischemic
levels was observed between any experimental and sham study groups in the
[“CIIAP, [’H]nimodipine and [*H]nimodipine studies. They were then
averaged over all CSD treated or sham treated rats undergoing MCA
occlusion. During MCA occlusion average cortical blood flow was 21 + 4 mL
100g" min" (n =21) in CSD treated rats and 21 + 6 mL 100g" min" (n = 19) in

sham treated rats.
CBF at three hours of MCA occlusion

Images of regional CBF calculated from brain [YC]IAP content at the
five coronal levels studied were averaged over all rats in each treatment
group and are shown in Figure 5-1. The pixel ensemble defined by (Sqrt
CBFp — Sqrt CBE,,,) + SD, and meeting the minimum area criterion of 0.2

mm?, is shown in blue in Figure 5-2. Within this region CBF was 147 + 27 mL
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100g" min™ in the CSD treated group (n =6) and 73 + 41 mL 100g" min™ (n = 6)

in the sham treated group (p < 0.005) (Figure 5-3).

Shoam tio,

Figure 5-1. Averages of autoradiographic images of [*'*CJIAP CBF measurements for
CSD (n = 6) or sham (n = 6) treated groups. The levels correspond to coronal sections
from Bregma in mm at 1.20 (level 1), 0.20 (level 2), -3.30 (level 3), -5.60 (level 4), -6.30
(level 5). The ischemic hemisphere is on the left side of the sections. Calibrated colour
scale is shown, as are the number of rats used to obtain each image. CBF, cerebral blood
flow; CSD, cortical spreading depression; IAP, iodoantipyrine.



Figure 5-2. CBF threshold templates defined by (Sqrt CBF~, - Sqrt CBF,,,) + SD. The
blue patches represent pixel assembles with a value 1 SD higher than the mean
sampled from contralateral forebrain gray matter, and with a size larger than 0.2 mm?
in the same template. The templates were overlaid on histological sections to indicate
morphological correlation. The levels correspond to coronal sections from Bregma in mm
at 1.20 (level 1), 0.20 (level 2), -3.30 (level 3), -5.60 (level 4), -6.30 (level 5). CBF,
cerebral blood flow; CSD, cortical spreading depression; IAP, iodoantipyrine; SD,

standard deviation.
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Figure 5-3. CBF data sampled with the (Sqrt CBFp, - Sqrt CBF,, ) + SD threshold
templates. The data corresponds to the CSD and sham treated groups in regions
identified with the pixel assembles defined by (Sqrt CBF.s5 — Sqrt CBF,,,.) + SD shown
in blue in Figure 5-2. All values are mean + SD. CBF, cerebral blood flow; CSD, cortical
spreading depression; Sqrt, squareroot; SD, standard deviation. Different from sham

treated group: * p < 0.05.
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[’HINimodipine distribution

To visualize the average in vivo [*H]nimodipine distribution in the
CSD and sham treatment groups, [*H]nimodipine V, images were calculated
from the autoradiographs of [*H]nimodipine content. These images were
averaged over all rats in the CSD and sham treated groups at the five coronal
levels studied and are shown in Figure 5-4. In the contralateral forebrain,
there were neither any regional differences nor any differences between the
CSD and sham treated groups. Averaged over the cortical and striatal region
in all rats ["H]nimodipine V, in this hemisphere were 1.04 + 0.24 mL g" in the

cortex, 1.07 + 0.25 mL g™ in the striatum.

The image pixel ensemble defined by the [*H]nimodipine [V (sham) -
V(CSD)] + SD templates, and meeting the minimum area criterion of 0.2
mm’*, is shown in red in Figure 5-5. The cortical ensemble of this template
was 18% of the total cortical area scanned whereas the striatal ensemble was
10% of the total striatal area scanned. The image pixel ensemble defined by
the ['H]nimodipine [V (sham) - V,(CSD)] - SD template, and meeting the
minimum area criterion of 0.2 mm?, is shown in blue in Figure 5-5. The
cortical ensemble of the template corresponded to the lesion caused by KCl at
the site of CSD induction and represented less than 1% of total cortical area

scanned. The striatal ensemble was less than 2% total striatal area scanned.

PHINimodipine V,; was measured within the area identified by

[’H]nimodipine [Vy(sham) - V4(CSD)] + SD. The ratio of [*H]nimodipine V, in
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the cortical region, defined as the sampled values from the ipsilateral
hemisphere divided by the forebrain average from the contralateral
hemisphere, was 1.73 £ 049 (n = 7) in the sham treatment group compared
with 1.13 £ 0.36 (n = 9) in the CSD treated group (p < 0.01) (Figure 5-5, 5-6A).
Similarly, the ratio of [*H]nimodipine V, in the striatal region was 1.91 + 0.26
(n = 7) in the sham treated group compared with 1.30 £ 0.27 (n = 9) in the CSD
treated group (Figure 5-5, 5-6A). Within the cortical extent of the templates
defined by [V (sham) - V,(CSD)] + SD, [*H]nimodipine V, was 1.16 + 043 mL g
'(n =9) in the CSD treated group and 1.89 + 0.94 mL g’ (n = 7) in the sham
treated group. Within the striatal extent [*H]nimodipine V, was 2.10 + 0.63
mL g' (n =7) in the sham treated group and 1.39 + 0.38 mL g' (n = 9) in the
CSD treated group. Sampled with the identical templates, CBF was 23 + 25 mL
100g™" min™ in the sham treated group compared with 56 + 23 mL 100g" min"
in the CSD treated group (p < 0.05) (Figure 5-6B). The difference in CBF

within the striatal region was not significant.

In the CSD treated rats that did not undergo MCA occlusion (n =5) on
day 3 after CSD, [’H]nimodipine V, in the contralateral brain (no treatment)
was 0.89 = 0.19 mL g' in cortex and 095 = 0.19 mL g' in striatum.
[’H]Nimodipine V, in the area identified with both sets of the template was
not different between the ipsilateral (CSD treated) and contralateral forebrain
average (no treatment), indicating CSD preconditioning alone did not have

any effect on ["H]nimodipine regional distribution on day 3 after CSD.



Figure 54. Averages of ["H]nimodipine V, images for CSD (n = 7) or sham (n =9)
treated groups. The levels correspond to coronal sections from Bregma in mm at 1.20
(level 1), 0.20 (level 2), -3.30 (level 3), -5.60 (level 4), -6.30 (level 5). The ischemic
hemisphere is on the left side of the sections. Calibrated colour scale is shown, as are
the number of rats used to obtain each image. CSD, cortical spreading depression; V,,

volume of distribution.



Figure 5-5. [’H]Nimodipine V, threshold templates used to sample [*H|nimodipine and
[MCIIAP CBF images. The template are overlaid on registered histological sections.
The levels correspond to coronal sections from Bregma in mm at 1.20 (level 1), 0.20 (level
2), -3.30 (level 3), -5.60 (level 4), -6.30 (level 5). The red patches represent the pixel
assemble defined by [V (sham) - V4(CSD)] + SD, with a size larger than 0.2 mm?2 The
blue patches represent the pixel ensemble defined by {V4(sham) - V,(CSD)] - SD, with
a size larger than 0.2 mm?. IAP, iodoantipyrine; SD, standard deviation; V,, volume of
distribution.
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Figure 5-6. ["H]Nimodipine V, and CBF data sampled with threshold templates. A)
The ratio of ["H]nimodipine V, for the CSD and sham treated groups obtained from the
template defined by [V (sham) - V4(CSD)] + SD, with a size larger than 0.2 mm* shown
in red in Figure 5-5. B) CBF for the CSD and sham treated groups sampled with the
same template as in A. All values are mean + SD. CBF, cerebral blood flow; CSD,
cortical spreading depression; SD, standard deviation; V,, volume of distribution.

Different from sham treated group: *p < 0.05, **p < 0.01.
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[’H]Dizocilpine distribution

To visualize the average in vivo [’H]dizocilpine distribution in the
CSD and sham treatment groups, [*H]dizocilpine V, images were calculated
from the autoradiographs of [*H]dizocilpine content. These images are
averaged over all rats in the CSD and sham treated groups at the five coronal
levels studied and are shown in Figure 5-7. Regional [*H]dizocilpine V, was
calculated within the contralateral forebrain gray matter. There were neither
any regional differences nor any differences between the CSD and sham
treated groups. Averaged over the cortical and striatal region in all rats
[*H]dizocilpine V, in this hemisphere were 26.11 + 7.07 mL g* in the cortex,
22.26 + 6.08 mL g in the striatum. In the ipsilateral ischemic core region,
[’H]dizocilpine distribution was less than the contralateral non-ischemic
tissues. At the site of CSD induction during preconditioning, [*H]dizocilpine

distribution was increased.

The image pixel ensemble defined by the [*H]dizocilpine [V (sham) -
V4 (CSD)} + SD template, and meeting the minimum area criterion of 0.2
mm®, is shown in red in Figure 5-8. The cortical ensemble of this template
was 8% of the total cortical area scanned whereas the striatal ensemble was 1%
of the total striatal area scanned. The image pixel ensemble defined by the
[‘H]dizocilpine [V (sham) - V(CSD)] - SD template, and meeting the

minimum area criterion of 0.2 mm?, is shown in blue in Figure 5-8. The
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cortical ensemble of this template was 11% of the total cortical area scanned

whereas the striatal ensemble was 32% of the total striatal area scanned.

Within the cortical extent defined by [*H]dizocilpine [V (sham) -
V4(CSD)] + SD templates, [*H]dizocilpine V, was 27.53 + 7.97 mL g'(n=6)in
the sham treated group and 19.39 + 6.52 mL g’ (n = 6) in the CSD treated
group. Within the striatal extent [*H]dizocilpine V, was 27.12 + 891 mL g" (n
=6) in the sham treated group and 19.28 + 12.72 mL g* (n = 9) in the CSD
treated group. The differences were not significant. Within the cortical
extent of this template the ratio of [*H]dizocilpine V, was 1.03 + 0.19 in the
sham treatment group and 0.77 £ 0.15 in the CSD treatment group (p = 0.08,
not significant) (Figure 5-9A). Within the striatal extent of this template the
ratio of [*H]dizocilpine V, was 1.18 + 0.17 in the sham treatment group and
0.85 + 0.28 in the CSD treatment group (p < 0.05) (Figure 5-9A). CBF images
were sampled with the identical template. Within the cortical extent CBF was
63 = 41 mL 100g" min™ in the sham treated group compared with 106 + 25 mL
100g" min™ in the CSD treated group (p < 0.05) (Figure 5-9B). Within the
striatal extent CBF was 17 + 21 mL 100g” min™" in the sham treated group
compared with 47 £ 28 mL 100g’ min" in the CSD treated group (not
significant) (Figure 5-9B).

Within the cortical extent of the templates defined by the
[’H]dizocilpine [V4(sham) - V,(CSD)] - SD, [*H]dizocilpine V, was 13.29 = 7.04
mL g" (n = 6) in the sham treated group and 22.17 + 9.40 mL g’ (n = 6) in the

CSD treated group. Within the striatal extent [*H]dizocilpine V, was 10.20 =
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7.49 mL g" (n = 6) in the sham treated group and 19.46 + 14.17 mL g’ (n = 6) in
the CSD treated group. The differences were not significant. Within the
cortical extent of this template the ratio of [*H]dizocilpine V, was 0.51 + 0.26 in
the sham treatment group and 0.86 + 0.24 in the CSD treatment group (not
significant) (Figure 5-9C). Within the striatal extent of this template the ratio
of ['H]dizocilpine V, was 0.51 + 0.43 in the sham treatment group and 0.86 =+
0.41 in the CSD treatment group (not significant) (Figure 5-9C). CBF images
were sampled with the identical template. Within the cortical extent CBF was
23 +22 mL 100g" min™ in the sham treated group compared with 47 = 22 mL
100g" min" in the CSD treated group (p < 0.05) (Figure 5-9D). Within the
striatal extent CBF was 3 = 4 mL 100g" min™" in the sham treated group
compared with 17 + 6 mL 100g" min" in the CSD treated group (not

significant) (Figure 5-9D).

In the CSD treated rats that did not undergo subsequent MCA occlusion
(n =5) on day 3 after CSD, [°H]dizocilpine V, in the contralateral brain (no
treatment) was 23.37 + 3.79 mL g in the cortex and 19.53 + 2.83 mL g' in the
striatum. [’H]Dizocilpine V, in the area identified with both sets of the
template was not different between the ipsilateral (CSD treated) and
contralateral forebrain average (no treatment), indicating CSD precondition

alone did not have any effect on [*H]dizocilpine regional distribution either.



Figure 5-7. Averages of ["H]dizocilpine V, images for CSD (n = 6) or sham (n = 6)
treated groups. The levels correspond to coronal sections from Bregma in mm at 1.20
(level 1), 0.20 (level 2), -3.30 (level 3), -5.60 (level 4), -6.30 (level 5). The ischemic
hemisphere is on the left side of the sections. Calibrated colour scale is shown, as are
the number of rats used to obtain each image. CSD, cortical spreading depression; V,,

volume of distribution.
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Figure 5-8. [PH|Dizocilpine V, threshold templates used to sample [*H]dizocilpine and
[MC|IAP CBF images. The template are overlaid on registered histological sections.
The levels correspond to coronal sections from Bregma in mm at 1.20 (level 1), 0.20 (level
2), -3.30 (level 3), -5.60 (level 4), -6.30 (level 5). The red patches represent the pixel
assemble defined by [V4(sham) - V4(CSD)] + SD, with a size larger than 0.2 mm?. The
blue patches represent the pixel assemble defined by [V (sham) - V,(CSD)] - SD, with
a size larger than 0.2 mm?®. 1AP, iodoantipyrine; SD, standard deviation; V,, volume of

distribution.
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Figure 5-9. [’H]Dizocilpine V, and CBF data sampled with threshold templates. A)
The ratio of [*H]dizocilpine V, for the CSD and sham treated groups obtained from
[Vi(sham) - V4(CSD)] + SD template as shown in red in Figure 5-8. B) CBF for the CSD
and sham treated groups sampled with the same template as in A. C) The ratio of
[’H]dizocilpine V, for the CSD and sham treated groups obtained from the [V (sham) -
V4(CSD)] - SD template as shown in blue in Figure 5-8. D) CBF for the CSD and sham
treated groups sampled with the same template as in C. All values are mean + SD.
CBF, cerebral blood flow; CSD, cortical spreading depression; SD, standard deviation;
V,, volume of distribution. Different from sham treated group: * p < 0.05.
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Discussion

Regional CBF was measured in separate studies from in vivo
[‘Hlnimodipine or [*H]dizocilpine distribution at 3 hours of focal cerebral
ischemia in CSD preconditioned or sham treated rats. Regional CBF was
found to increase outside the ischemic core and adjacent non-ischemic
medial cortex following CSD preconditioning. It was observed that CSD
preconditioning attenuated the increased distribution of [*H]nimodipine in
focally ischemic cortex compared with the sham treated rats. In the same area
in [MC]IAP studies regional CBF was significantly higher in CSD
preconditioned studies. Within a much smaller area of striatum both an
increase and decrease of [’H|nimodipine distribution was observed following
CSD treatment compared with the sham treated group. Differences in
[’H]dizocilpine distribution data fails to reach statistical significance but some
changes identified seem to agree with the regional CBF and [*H]nimodipine
in vivo distribution data. It is hypothesized that an increase in cortical
regional CBF and an attenuation of ischemic depolarization during focal
cerebral ischemia may reflect the increased ischemic tolerance following CSD

preconditioning.

The studies included measurement of regional CBF during ischemia to
determine if improved blood flow following CSD preconditioning contributes
to the delay in ischemic depolarization. The result of the H, clearance
measurements of CBF during focal cerebral ischemia was in agreement with

previous measurements showing no effect of CSD or global ischemic
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preconditioning on inter-ischemic blood flow (Matsushima and Hakim, 1995;
Matsushima et al., 1996). However, the regional CBF measurements using
the [“CJIAP method demonstrated up to 70 mL min™ g* less attenuation in
regional CBF in an area outside the ischemic core and the non-ischemic
parasagittal cortex outside the vascular territory of the occluded MCA between
the CSD and sham treated groups. This finding appears to agree with an
earlier report which demonstrated that sublethal focal ischemic
preconditioning attenuated CBF in a region outside the focal ischemic core
(Matsushima and Hakim, 1995). These discrepancies raise the question
whether increased ischemic tolerance includes improvement of regional CBF

in ischemic area, and if it does, what mechanism is involved.

CBF is subject to both NO modulation and autonomic nerve control
(Branston, 1995; ladecola et al., 1994). Whereas CBF modulation by NO is
glutamate-dependent, the autonomic pathways are independent of the local
synaptic activities. The finding that CSD preconditioning better preserves
CBF perfusion during subsequent focal ischemia is consistent with the report
that CSD pretreatment induced increased neuronal NOS translation in
astrocytes (Caggiano and Kraig, 1998). Strong evidence has indicated that mice
lacking neuronal NOS suffer less ischemic injury caused by focal insult
(Huang et al., 1994), and that mice lacking epithelial NOS are more prone to
ischemic injury (Huang et al., 1996). However, recent data determined that
cellular localization for neuronal NOS activation in association with

ischemic injury is critical (Eliasson et al., 1999). Whereas ischemia stimulates
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more pronounced augmentation in NO production in the periinfarct than
the infarct tissue, increased peroxynitrite formation are more restricted in the

infarct tissue, but not present in the periinfarct tissue (Eliasson et al., 1999).

The present studies investigated the effect of CSD preconditioning on
ischemic depolarization, an early metabolic consequence of cerebral ischemia
(Hakim and Hogan, 1991). The studies measured [*H]nimodipine in vivo
distribution in ischemic brain to identify regional tissue depolarization.
Previous studies have reported increased cortical [*H]nimodipine in vivo
binding to be an early and sensitive indicator of impending ischemic injury
that even precedes increased extracellular glutamate increases (Hakim and
Hogan, 1991; Osuga and Hakim, 1996). This increase in distribution is
hypothesized to be the result of cell membrane depolarization with increased
['H]nimodipine binding to open or inactivated L-type VSCC (Hogan et al.,
1991). Studies measuring [*H]nimodipine in vivo distribution in models of
transient ischemia (Hogan and Hakim, 1992; Osuga et al., 1997; Takizawa et
al., 1995) have confirmed the association of increased V, measurements
during depolarization and reversal of this increase following repolarization.
Increased [’H]nimodipine in vivo binding during ischemia cannot be
attributed to changes in number of VSCC during ischemia for the density of
L-type VSCC within the brain does not change during the first 4 hours of focal
cerebral ischemia (Hogan et al., 1995). However, the possibility cannot be

excluded that the attenuation of [*H]nimodipine in vivo distribution in the
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ischemic core is the result of the slight increase in regional CBF identified in

the same in ["*C]IAP studies.

The regional [*H]nimodipine V, in brain after 3 hours of focal cerebral
ischemia in the sham treated rats was comparable to values previously
reported following 4 hours of focal ischemia (Hakim and Hogan, 1991) and
increased distribution in ischemic brain was observed. However in the CSD
treated rats the distribution of [*H]nimodipine was significantly lower in
ischemic cortex or striatum. Since the region CBF in the identical regional in
the [“CIIAP studies was higher in the CSD preconditioned cortex, the
attenuation of [*H]nimodipine in vivo distribution may result from the

improved regional perfusion.

Other mechanisms may also account for the attenuation in
['H]nimodipine in vivo distribution. Brain exposure to glutamate, defined as
the integral of the extracellular glutamate profile, was reduced during
ischemia in CSD preconditioned cortex (Douen et al., 2000). In the first 30
minutes of focal ischemia, increases in extracellular glutamate were
comparable between CSD preconditioned and sham treated studies. The
profile of extracellular glutamate started to diverge after 30 minutes between
the two groups. Whereas extracellular glutamate kept on rising and peaked
around 120 minutes in sham studies, it remained elevated, but stable, during
the 200 minute study period in CSD preconditioned studies (Douen et al.,
2000). An earlier microdialysis study in hippocampus during 3 minutes of

global ischemia showed no difference in extracellular glutamate between
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ischemia preconditioned and sham studies (Nakata et al, 1992). These
observations were consistent with the notion that early increases in
extracellular glutamate during cerebral ischemia reflect releases from the
synaptic terminal whereas the reversed transportation of glutamate from the
astrocytes to the extracellular space is a later event (Szatkowski and Attwell,
1994). Thus, decreased ischemic brain tissue depolarization observed at 3
hours of focal ischemia in the CSD preconditioned rats may represent the

effect of less glutamate exposure in ischemic brain and slower progression to

infarction.

There are several recent reports suggesting that the progression of
ischemic injury may be slower following induction of ischemic tolerance. In
a model of global cerebral ischemia tissue oxygen depletion occurred at a
slower rate in ischemic tolerant gerbils (Li et al., 1997). Using similar image
averaging methods, Matsushima et al. (1998) have mapped the region of
cortex showing increased tolerance to ischemic injury in this model of CSD
preconditioning and it coincides with the region of attenuated
['H]nimodipine observed here. Following ischemic preconditioning delayed
progression of infarction during subsequent focal ischemia has been observed

up to 2 hours after MCA occlusion (Sorimachi et al., 1997).

Under the conditions in this study changes of [’H]nimodipine in vivo
distribution reflect binding affinity and do not directly measure the number
of channels. A decrease of L-type VSCC density in preconditioned brain could

potentially explain the attenuation. However, to reduce in vivo



110

[H]nimodipine distribution to levels comparable to those observed in the
non-ischemic hemisphere, a large fraction of binding sites would be lost
(Hogan et al., 1991). Although ischemic preconditioning was not observed to
change nimodipine binding capacities (Kato et al, 1992a) (Chapter 6),
ipsilateral occlusion of the common carotid for 1 hour only increased
[*H]PN200-110 binding in the rat hippocampus (Magnoni et al., 1988). Several
other possibilities should be considered. A reduction in non-specific binding
or an altered distribution of intracerebral [*H]nimodipine metabolites in the
preconditioned brain is unlikely since no suppression of [*H]nimodipine
distribution was observed in the hemisphere treated with CSD compared to
the contralateral hemisphere in rats that did not undergo cerebral ischemia.
Suppression of periinfarct depolarizations may lessen ischemic injury (Mies
et al., 1993b) and would likely decrease [*H]nimodipine distribution in
ischemic brain (Osuga and Hakim, 1996). However, no differences in the rate
of simple periinfarct depolarizations and integrated simple periinfarct
depolarizations were observed between the CSD and sham treated groups.
Potential changes in vascular volume (Shockley and LaManna, 1988) would
be inconsistent with the pattern of the blood flow observation and would also
be far too small to explain the large change in [*H]nimodipine V, observed in
the ischemic core. Internalization of membrane bound L-type VSCC is
observed in cell culture following prolonged depolarization (Liu et al., 1994).
It is not known if this occurs in ischemic brain or if it can be modulated by

prior CSD. However, nimodipine is lipophilic and readily crosses lipid
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bilayers (Herbette et al., 1994) and should therefore have access to internalized
binding sites. Following 4 hours of focal cerebral ischemia the maximal
number of binding sites identified by in vivo binding of [*H]nimodipine to
ischemic cortex is comparable to that observed following in vitro binding
(Hogan et al., 1991; Hogan et al., 1995) indicating that even if changes in L-type
VSCC distribution occur during ischemia, the majority of binding sites can be
identified by in vivo binding following ischemic depolarization. Since
['H]nimodipine readily crosses the blood brain barrier (Van den Kerckhoff
and Drewes, 1985) altered blood brain barrier permeability is also unlikely an
explanation. [PH]Nimodipine circulated for 30 minutes prior to study
termination so that an equilibrium of distribution could be established
between plasma and brain thus minimizing any effect of potential CBF
changes on ligand distribution (Hogan et al., 1991). Therefore, we hypothesize
that the attenuation of increased [*H]nimodipine binding in the ischemic
brain of the CSD preconditioned rats represents an attenuated cortical tissue

depolarization resulting from less tissue injury.

CSD preconditioning does not confer ischemic tolerance to the
striatum (Matsushima and Hakim, 1995; Taga et al., 1997). However within
the ischemic striatum both attenuation and augmentation of increased
['H]nimodipine distribution were observed. These regions were small (<2%
of the total striatal area and total area of the attenuated [*H]nimodipine signal)
and their significance is uncertain. They do not correspond to protected brain

regions (Matsushima et al., 1998). Within the striatum, regional CBF to the
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small area of attenuated [H]nimodipine distribution in the sham studies
(blue template in Figure 5-8) is 1 + 3 mL/100g/min and equilibrium of
distribution of [*H]nimodipine to this severely ischemic brain will not be
complete. The more medially located changes are adjacent to the edge of the
recognized territory of infarction and may be a consequence of variability of
injury inherent in this model of focal ischemia (Belayev et al., 1996). It is
possible that the change in periinfarct CBF between CSD and sham treated

groups may be contributing, however CBF did not differ in these striatal

regions.

Data sampling used differences of average images obtained from each
group to identify the effects of preconditioning on [*H]nimodipine and
['H]dizocilpine distribution. This method enabled the observer to identify
differences in [*H]nimodipine distribution between the two treatment groups
that were not detected by the ROI template analysis. Partial volume effects in
the template analysis will have contributed to this as the fixed templates
extended through the full thickness of the cortex whereas the changes in
['Hlnimodipine distribution did not. Although statistical criteria were
adopted to determine the threshold for the definition of templates on the
difference images, the method remains only semi-quantitative. The template
required at least 50 contiguous image pixels with values above 1 SD of the
mean pixel values within normal brain regions to define a template region.
This. is consistent with the method used in a previous study to identify

regions of increased [*H]nimodipine distribution in ischemic brain (Hogan
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and Hakim, 1992). However, the extent of changes in [*H]nimodipine
identified by this method may remain underestimated. To analyze the
[CIIAP CBF data, the difference images were further processed using
squareroot transformation to reduce the skew in the image data. Likewise,
the method remains empirical even though the data transformation reduces

the skew toward higher CBF values (Pulsinelli et al., 1982).

[’H]Dizocilpine in vivo distribution during 3 hours of focal ischemia is
puzzling. Dizocilpine has a higher V, than that of nimodipine, as indicated
by our work (Hogan et al., 1991) (Chapter 4, Chapter 5) and other’s (Bowery et
al., 1988; Wallace et al.,, 1992). Yet [*H]dizocilpine in vivo distribution was
severely restricted in the ischemic core region in spite of 1 hour of incubation
period (Schwartz and Wasterlain, 1991; Schwartz and Wasterlain, 1993;
Wallace et al., 1992), except in the site of CSD induction 3 days prior to the
focal ischemia (Chapter 5, Figure 5-7). However, dizocilpine binding sites, i.e.
NMDA receptor, are quite resistant to injury. It has been reported, by our
laboratory using [PH]JCGS-19755 in vitro binding (Hogan et al, 1995) and
Wallace et al using [’H]dizocilpine (Wallace et al., 1992), that the NMDA
receptor binding kinetics do not change in the brain regions sustained 3 to 4
hours of focal ischemia. In fact the binding was so robust that 12 hours of
focal ischemia without reperfusion failed to alter [’H]dizocilpine in vitro
binding to the ischemic tissue and its sensitivity to glutamate (Dewar et al.,
1989). Our own [*H]dizocilpine in vitro binding data (Chapter 6) show that 2

hours of CSD preconditioning did not change the binding kinetics of
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dizocilpine.  Similar results were obtained by others after ischemic

preconditioning (Kato et al., 1992a).

Severe focal ischemia complicated the interpretation of [*H]dizocilpine
in vivo distribution results. There have been questions as to whether
['H]dizocilpine in vivo distribution in ischemic tissue is a short event that, by
the time of 3 hours, the increases in [*H]dizocilpine in vivo distribution have
passed. However, increased [*H]dizocilpine in vivo distribution in focal
ischemic tissue has been reported by other authors (Bowery et al, 1988;
Wallace et al., 1992). Published work done by our associates (Osuga and
Hakim, 1996) has indicated that increases in extracellular glutamate, thought
to be necessary for increased [*H]dizocilpine in vivo distribution, occurred

later than increased [’H]nimodipine in vivo distribution.

It is of crucial importance to note that there was a lack of
['H]dizocilpine distribution directly under the dura where recurrent CSD are
induced (Figure 4-2, Figure 4-3). Histological damage was apparent. Such a
trend even appeared after a single CSD during a 16 minute incubation period
(Figure 4-6). However, at the same site on day 3 after CSD induction,
['H]dizocilpine in vivo distribution was increased (Chapter 5, Figure 5-7).
['H]Dizocilpine in vitro binding on day 3 after recurrent CSD saw no change
in either [*H]dizocilpine binding capacity or affinity, in other regions or at the
site of CSD induction (Chapter 6, Figure 6-8), indicating [*H]dizocilpine

binding was intact.
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[PH]Dizocilpine data provided no clear information about the effect of
CSD preconditioning on [*H]dizocilpine in vivo distribution. Earlier studies
elsewhere observed an obvious increase in the ischemic region at 1 hour of
focal ischemia whereas at 15 minutes the distribution of [*H]dizocilpine was
inconsistent (Wallace et al., 1992). It is noteworthy that in [*H]dizocilpine in
vivo distribution studies the ischemic core had less [*H]dizocilpine
accumulation than in the non-ischemia area at 3 hours of focal ischemia.
The lack of [*H]dizocilpine distribution cannot be attributed to the ligand
delivery for dizocilpine has a far greater cerebral clearance than nimodipine
(personal communication, MJH). An extended period of ischemia does not
seem to alter the in vitro binding of [*H]dizocilpine in the brain or its
response to exogenous glutamate (Dewar et al., 1989). [*H]Dizocilpine in vitro
binding studies (Bowery et al., 1988; Dewar et al., 1989; Kato et al., 1992a;
Wallace et al, 1992) excluded the possibility that the binding capacity or
affinity is altered. It is of interest that, at the site where CSD was induced on
the intact dura 3 days prior to the focal ischemia, there is intense localized
[*H]dizocilpine accumulation. This is in sharp contrast to [PH]dizocilpine in

vivo distribution in the identical locale during recurrent CSD.

Nonetheless, using the template generated from the [V (sham)-
V4(CSD)] + SD difference images, an area of lower [*H]dizocilpine was
identified outside the ischemic core in the CSD treated studies. This
attenuation appeared to correlate with improved regional CBF found in

[MCJIAP studies. There are several possibilities that may result in this
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attenuation. Since the effect coincides with improved regional CBF, it may
reflect ameliorated tissue injury due to improved tissue perfusion, consistent
with the [YCJIAP studies. This attenuation may also indicate reduced
extracellular glutamate and tissue depolarization in the CSD preconditioned
cortex. It has been reported that the increase in [*H]dizocilpine in vivo
distribution is relatively slower than that of the in vivo [’H]nimodipine
(Wallace et al, 1992), consistent with the suggestion that membrane

depolarization precedes increases in extracellular glutamate (Osuga and

Hakim, 1996).

Taken together it is clear that there was a lack of [’H]dizocilpine in vivo
distribution in the area of acute tissue injury with blood flow restriction
([’H]dizocilpine in vivo distribution during focal ischemia) or without blood
flow restriction ([*’H]dizocilpine in vivo distribution during 1 hour recurrent
CSD). At the site of chronic injury [*H]dizocilpine in vivo distribution was
increased (Figure 5-7). It is very unlikely that [*H]dizocilpine had restricted
access to the injured areas caused by CSD treatment or severe focal ischemia,
due to higher V, of dizocilpine (Chapter 4 and Chapter 5). Immediate
measurement of NMDA binding kinetics after severe ischemia found no
alteration in the binding of [*H]dizocilpine in the ischemic tissue (Wallace et
al,, 1992). Similarly, delayed measurement of [*H]dizocilpine binding kinetics
12 hours after permanent MCA occlusion identified no alteration (Dewar et

al.,, 1989). No alteration was found on day 3 after CSD treatment either
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(Chapter 6). These analyses led to the hypothesis that the binding of

dizocilpine with NMDA receptor is damaged during acute tissue injury.

In summary the studies have employed autoradiographic methods to
identify regional changes of CBF, as well as [*H]nimodipine and
[*H]nimodipine in vivo distribution, following CSD preconditioning. CSD
preconditioning attenuated ischemia in the regions outside the ischemic core,
consistent with the report that CSD treatment induces neuronal NOS in the
astrocytes 3 days later. In vivo [’H]nimodipine distribution was reduced in
CSD preconditioned studies. Improved regional perfusion and attenuated
VSCC activation may contribute to the reduction of [*H]nimodipine in vivo
distribution. It is concluded that increased ischemic tolerance induced by CSD
preconditioning includes improvement of regional CBF and reduced

ischemic depolarization.
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CHAPTER 6. ["H]NIMODIPINE AND [*H]D1zOCILPINE IN VITRO BINDING TO RAT

BRAIN THREE DAYS AFTER CSD PRECONDITIONING

Results from [*Hjnimodipine and [*H]dizocilpine in vivo binding are
not only affected by the level of L-type VSCC and NMDA receptor activation,
but also reflect the receptor densities and affinities to their ligands. Since CSD
has been reported to change protein synthesis and regional protein synthesis
72 hours after its induction (Krivanek, 1970; Mies, 1993), the protein level of
the voltage-sensitive and NMDA calcium channel may be modified.
Therefore, [*’H]nimodipine and [*H]dizocilpine in vitro binding studies were
designed to estimate the densities and affinities of the VSCC and NMDA
receptors after CSD preconditioning. [’H]Nimodipine was used to identify L-
type VSCC whereas [*H]dizocilpine was used to identify the NMDA receptor.
[‘H]Nimodipine and [*H]dizocilpine in vitro binding to brain were studied
without ischemia on day 3 after preconditioning with 2 hours of recurrent

CSD or sham treatment.

The binding capacity and affinity of VSCC and NMDA receptors have
been previously studied with in vitro ligand binding using [*H]nimodipine
and ["H]JCGS-19755, a competitive NMDA antagonist. The data indicated that
the in vitro binding at 4 hours of focal ischemia detected no change in
binding capacity or affinity (Hogan et al., 1995). However, L-type VSCC may
be affected by ischemic stimulation. [PH]PN200-110 in vitro binding to the

crude synaptosomal membranes of the cortex was shown to increase after 10



119

minutes of global ischemia and to return to near control levels after 2 hours
of reperfusion (Hoehner et al., 1992). [PH]PN200-110 in vitro binding to tissue
sections also suggests that hypoperfusion, produced by ipsilateral occlusion of
the common carotid for 1 hour in the rat, was sufficient to increase the
binding capacity of [’HJPN200-110 in the hippocampus but not in the cortex
(Magnoni et al., 1988). The increase lasted up to 96 hours after the oligemic
event. Delayed neuronal death is also accompanied by the loss of

[’H]nimodipine binding sites (Araki et al., 1998).

[’H]Dizocilpine in vitro binding has been reported to correlate with the
NMDA receptor distribution in the brain (Bowery et al., 1988; Kato et al.,
1992a). However, [*H]dizocilpine in vitro binding seems to be resistant to
cerebral ischemia (Dewar et al., 1989; Wallace et al., 1992), only to be lost when
cell death is prevalent after global ischemia in ischemic preconditioned
gerbils (Kato et al., 1992a). It is unknown whether CSD-induced cerebral
plasticity modifies the quantity and functionality of NMDA receptor
channels. Changes in channel activation may or may not be accompanied by

changes in overall channel protein level.

Methods

Experimental animals and surgical anesthesia were identical to those
employed in Chapter 3. Rats were allowed to breathe spontaneously during

CSD preconditioning. The animal body temperature (rectal) was maintained

at 36.5 - 37.5°C in all in vivo studies. CSD was induced from the left occipital
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cortex with 0.5 M KCl as described in Chapter 3. The posterior electrode was
not used. [*H]nimodipine and [*H]dizocilpine in vitro binding to the brain

sections were performed 3 days after CSD or sham preconditioning.
[’H|Nimodipine binding

In vitro [’H]nimodipine binding to brain sections was performed as

described (Glossmann and Ferry, 1985) with slight modification. Sections
were warmed to -20°C on the day before and to 23°C on the day of study.

Sections were then preincubated in incubation buffer (170 mM Tris-HCI, 2.5
mM CaCl,, 2.5 mM MnCl,, pH 7.6). To determine total binding, the sections
were incubated in the same buffer containing [*H]nimodipine (specific activity
127.7 Ci mmol*, NEN-Dupont, Boston, Massachusetts, USA) with nominal
concentrations ranging from 20 to 10,000 pM. Unlabeled nimodipine (Miles
Pharmaceuticals, Etobicoke, Ontario, Canada) was added to [*H]nimodipine to
lower the specific activity for buffers containing more than 300 pM of
nimodipine. Incubation was carried out for 60 minutes. Nonspecific binding
was determined on adjacent sections in the same buffer containing 2 mM
racemic PN200-110 (isradipine) (Sandoz, Dorval, Quebec, Canada). Following
incubation, sections were washed with Tris buffer for 5 seconds at room
temperature and then placed in ice-cold Tris buffer containing 0.25 g L'
bovine serum albumin (Sigma Chemicals, St. Louis, Minnesota, USA) for 30
minutes. Finally sections were rinsed in ice-cold distilled water for 10 seconds
and dried under a stream of cold air. A total of 6 CSD and 6 sham treated rats

were studied.
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[’H|Dizocilpine binding

In vitro binding of [*H]dizocilpine to tissue sections was performed as

described (Bowery et al., 1988) with some modification. Sections were
warmed to -20°C on the day before and to 23°C on the day of study. Sections

were rinsed twice for 30 seconds in incubation buffer (50 mM Tris-HCIl, pH
7.4). The sections were then preincubated in the incubation buffer containing
10 pM glutamate for 30 minutes and allowed to air dry. To determine total
binding, 200 pL of incubation buffer containing [*H]dizocilpine (specific
activity 23.9 Ci mmol”, Amersham International Plc, England, UK) with

nominal concentration ranging from 0.125 to 128 nM was applied over each
section for 60 minutes at 23°C. Unlabeled dizocilpine (Research Biochemicals

Inc., Natick, Massachusetts, USA) was added to [*H]dizocilpine to lower the
specific activity for buffers containing more than 4 nM of dizocilpine.
Nonspecific binding was determined on adjacent sections by including 10 pM
unlabeled dizocilpine in the incubation buffer. Following incubation,
sections were washed with incubation buffer for 20 seconds twice. Sections
were finally rinsed in ice-cold distilled water for 10 seconds and dried under a

stream of cold air. A total of 6 CSD and 6 sham treated rats were studied.

Autoradiography

Following incubation, all sections were apposed to Hyperfilm for 7 to
120 days to obtain autoradiographs of regional [*H]ligand distribution. Brain

paste °H standards were exposed on the same film to allow calibration of the
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autoradiographs. Autoradiographs of total and non-specific ligand binding
were digitized on the MCID system. Autoradiographs from the same level
were spatially registered to a set of images from a selected study, using
multiple anatomically defined fiducial markers (35 - 45) as described above.
The images were then averaged within the same group to form a mean image
of radiotracer distribution at each individual incubation concentration.
Regional tissue content of *H was determined at two coronal levels in both

hemispheres using a standardized template (Figure 6-1).
Kinetic analysis

The known specific activity of *H-labeled ligands was used to convert
all activity measurements to ligand concentrations. The concentration of free
ligand was determined by taking aliquots of incubation medium at the end of
the incubation period and measuring *H concentration by liquid scintillation
counting with appropriate quench correction. Free ligand concentration
obtained from incubations at the same nominal free ligand concentration (n =
6 for each group) were combined to obtain average free ligand concentration.
Specific binding images were calculated by subtracting the mean non-specific
image from the mean total image. Specific binding data were sampled from
the specific binding images and were assumed to follow Michaelis-Menten
kinetics. Models of one and two binding sites were studied and nonlinear
regression analysis (Systat, SPSS Inc., Chicago, Illinois, USA) was used to

estimate maximal binding and binding affinities (Appendix 3). Potential
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difference between treatment conditions was identified with 95% and 99%

confidence intervals.
Results
Physiological variables

Physiological variables did not differ between the CSD and sham
treated groups during the 2 hours of preconditioning in [*H]nimodipine and
[‘Hldizocilpine in vitro binding studies. These variables are averaged over
two treatment groups and summarized in Table 6-1. Rectal temperature was

not significantly different between any experimental and sham groups during
preconditioning.  Rectal temperature was 36.9 + 0.2°C (n = 24) during

preconditioning over all studies. The average rate of CSD waves during
precondition was 6.1 *+ 1.5 h' (n = 24). No CSD wave was recorded in the

sham treated groups.

Table 6-1. Physiological variables for in vitro ligand binding studies

CSD treated Sham treated
Parameters (n=12) (n=12)
MABP (mun Hg) 86+7 85+7
pH 7.40 £ 0.03 7.40 £ 0.03
P,CO, (mm Hg) 51+5 53 %5
P,O, (mm Hg) 212+ 39 229 = 41
Blood glucose (mM) 6.16 £ 0.57 6.15+£0.52

Values are means + SD. MABP, mean arterial blood pressure; P,CO,, arterial partial
pressure of carbon dioxide; P,O,, arterial partial pressure of oxygen.
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Binding results

Figure 6-1 illustrates the ROI templates used to sample the
concentration of regional radiotracer. The ROI templates were designed based
on previously reported binding characteristics of [’H]nimodipine and
['H]CGS-19755 in vitro binding (Hogan et al., 1995) and preliminary data
analysis. To avoid partial volume effects, the templates divided the neocortex
into four quarters. They were dorsal medial outer cortex (DM outer), dorsal
medial inner (DM inner), ventral lateral outer cortex (VL outer), ventral
lateral inner cortex (VL inner) in both treated (CSD or sham) (ipsilateral)
cortex and contralateral (no treatment) cortex. Striatum was sampled as an
undivided structure. Data from the corresponding region at level 2 and 3,
e.g., VL outer at level 2 and VL outer at level 3, were combined, forming a
total of five VOIL. All subsequent kinetic analysis was performed over the data

sampled with these templates.
['HINimodipine binding

[’H]Nimodipine binding was measured at 13 different free ligand
concentrations ranging from 19.85 £ 0.30 to 8546.70 + 565.33 pM. Non-specific
binding to the tissue sections as a percentage of total binding was 42.0 + 10.3%
at a free ligand concentration of 9.73 pM and increased linearly to 99.3 + 13.4%
at a free ligand concentration of 8546.70 pM. Figure 6-2 shows average images
of [’H]nimodipine specific binding from the two studies groups at the average
free ligand concentration of 238 + 5 pM. Nonlinear regression using a model

of one saturable binding site [Bound = B_,, * Free/(K; + Free)] was highly
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significant for all regions (F > 126; r* > 0.915 p < 0.00001) (at 99% confidence
interval). Addition of a second saturable binding site did not improve the fit

in any of the VOI studied.

Figure 6-3 shows the estimates of B_, and K, for one binding site
model over 10 VOI (five ipsilateral, five contralateral) studied. The
confidence interval at 99% of B_,, and K, are indicated with the horizontal
scale. In the contralateral hemisphere (used as internal control), regional
estimated B_,, ranged from 8.2 + 0.75 pmol g" (estimate + standard error of
estimate) to 29.6 + 1.87 pmol g, whereas K, ranged from 114 + 31 pM to 448 +
52 pM, consistent with values previously reported (Hogan et al., 1995). In the
CSD treated group, estimated B, were symmetric between corresponding
VOl in the ipsilateral and contralateral hemisphere. Estimated B_, and its
99% confidence interval in the ipsilateral outer ventrolateral cortex (VL
outer) was 28.2 (23.6 - 32.8) pmol g compared with 29.6 (23.5 - 35.7) pmol g’ in
the contralateral side. Estimated B, and its 99% confidence interval in the
ipsilateral inner ventrolateral cortex (VL inner) was 10.5 (6.7 - 14.3) pmol g’
compared with 11.5 (8.3 - 14.7) pmol g'. However, similar symmetry did not
exist in the sham treated group. Estimated B_, and its 99% confidence
interval in the ipsilateral outer ventrolateral cortex (VL outer) was 40.1 (33.4 -
46.8) pmol g"' compared with 24.1 (16.9 - 31.3) pmol g in the contralateral side.
Estimated B_,, and its 99% confidence interval in the ipsilateral inner

ventrolateral cortex (VL inner) was 17.8 (13.1 - 22.4) pmol g" compared with

8.3 (5.5 - 11.0) pmol g'. All 99% confidence intervals for the estimated K,
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between the treated hemisphere and contralateral hemisphere and between
the CSD and sham treated groups overlapped. Figure 6-4 shows a Scatchard
plot of specific PH|nimodipine binding in the ipsilateral ventrolateral outer

cortex in the CSD, sham and control groups.

D [N oules D IONT e D “tratum
D N ooater D N e

Figure 6-1. The region of interest (ROI) and volume of interest (VOI) templates used to
sample [*H|nimodipine and [*H]dizocilpine in vitro binding images. The data were
sampled at 2 coronal levels in the rat brain. The ROI templates are on the right side of
the sections with lines to define ROI. The ROI groupings used to define the 5 VOI are on
the left side of the sections and are labeled at the bottom of the figure. ROJ, region of
interest; VOI, volume of interest. DM outer, dorsal medial outer cortex; DM inner,
dorsal medial inner cortex; VL outer, ventral lateral outer cortex; VL inner, ventral

lateral inner cortex.



Figure 6-2. Average specific ["H]nimodipine in vitro binding autoradiographs from 2
coronal levels studied. The CSD or sham preconditioned hemisphere is on the left side
of the figures. Free ligand concentration was 238 + 5 pM. Calibrated colour scale is
shown, as are the number of rats used to obtain each image. CSD, cortical spreading

depression.
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Figure 6-3. Regional estimates and 99% confidence intervals of maximal binding
capacity (Bn,.) (A.) and binding affinity (K,) (B.) of *H]nimodipine in vitro binding to
brain on day 3 after CSD (n = 6) or sham (n = 6) treatment. * No overlapping at 99%

confidence interval. CSD, cortical spreading depression; DM outer, dorsal medial outer

cortex; DM inner, dorsal medial inner cortex; VL outer, ventral lateral outer cortex; VL

inner, ventral lateral inner cortex.
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Figure 6-4. Scatchard plots of specific [’H]nimodipine in vitro binding in ipsilateral
ventrolateral outer cortex (VL outer). Data are from CSD, sham and control groups.
Mean = SD are shown for each point CSD, cortical spreading depression; SD. standard

deviation.
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[’H]Dizocilpine binding

[’H]Dizocilpine binding was measured at 13 different free ligand
concentrations ranging from 0.18 £ 0.02 to 160.92 + 5.18 nM. Non-specific
binding to the tissue sections as a percentage of total binding was 31.5 + 0.1%
at a free ligand concentration of 0.18 nM and increased linearly to 81.5 £ 0.1%
at a free ligand concentration of 160.92 nM. Figure 6-5 shows average images
of ['H]dizocilpine specific binding from the two studies groups with an
average free ligand concentration of 12.38 + 0.38 nM. Nonlinear regression
using a model of one saturable binding site [Bound = B, * Free/(K, + Free)]
was highly significant for all regions (F > 194; r* > 0.945 p < 0.00001). Addition
of a second saturable binding site did not improve the fit in any of the VOI

studied.

Estimates and 95% confidence interval of B_, and K, for all VOI are
shown in Figure 6-6. In the contralateral hemisphere (used as internal
control), regional estimated B_,, ranged from 375 + 32 pmol g’ (estimate +
standard error of estimate) to 899 + 56 pmol g", whereas K, ranged from 8.55 =
31 nM to 33.73 + 8.61 nM. These values were consistent with reported values
obtained using autoradiography (Sakurai et al., 1991). All 95% confidence
intervals for the estimated B_,, and K, between the treated hemisphere and
contralateral hemisphere and between the CSD and sham treated groups

overlapped. Figure 6-7 shows a Scatchard plot of specific [*H]nimodipine

binding in the ipsilateral ventrolateral outer cortex in the CSD, sham and
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control groups. In the site of CSD or sham treatment, no visible anomaly was
identified in any incubation concentrations. Average specific images
incubated at a free ligand concentration of 12.38 + 0.38 pM is shown in Figure

6-8.

Figure 6-5. Average specific ["H]dizocilpine in vitro binding autoradiographs from 2
coronal levels studied. The CSD or sham treated hemisphere is on the left side of the
figures. Free ligand concentration was 12.38 + 0.38 pM. Calibrated colour scale is
shown, as are the number of rats used to obtain each image. CSD, cortical spreading

depression.
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Figure 6-6. Regional estimates and 95% confidence intervals of maximal binding
capacity (B,.) (A.) and binding affinity (K,) (B.) of [PH]dizocilpine in vitro binding to
brain on day 3 after CSD (n = 6) or sham (n = 6) treatment. CSD, cortical spreading
depression; DM outer, dorsal medial outer cortex; DM inner, dorsal medial inner cortex;

VL outer, ventral lateral outer cortex; VL inner, ventral lateral inner cortex.
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Figure 6-7. Scatchard plots of specific [*H]dizocilpine in vitro binding in ipsilateral
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Figure 6-8. Average specific [*H]dizodilpine in vitro binding autoradiographs at the
level of CSD induction. CSD is induced with 0.5 M KCl at the left occipital cortex on
intact dura. Sham studies received 0.5 M NaCl at the same location. No anomaly is
seen at the site of CSD or sham treatment. Free ligand concentration was 12.38 + 0.38
pM. Calibrated colour scale is shown, as are the number of rats used to obtain each

image. CSD, cortical spreading depression.

Discussion

In vitro binding kinetics of PH]nimodipine, an L-type VSCC antagonist,
and [H]dizocilpine, a non-competitive NMDA receptor channels blocker, was
measured on day 3 after recurrent CSD preconditioning. The data showed an
increase in the total PH]nimodipine binding capacity (B, ) in the ipsilateral
neocortex in the sham treated studies. This increases were absent in the
recurrent CSD treated ipsilateral cortex. The PH]nimodipine binding capacity
in the contralateral cortex is consistent with published in vitro and in vivo
results (Hogan et al., 1991; Hogan et al., 1995). The binding affinity (K,) did
not appear to be affected and was similar with reported findings (Hogan et al.,
1991; Hogan et al., 1995). PH]Dizocilpine binding capacity and affinity were

similar to those previously reported (Bowery et al., 1988; Wallace et al., 1992)
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and the ligand distribution was symmetric. No difference was found in either

ligand binding capacity or affinity between CSD treated and sham treated

studies.

The increase in [*H]nimodipine binding capacity in the sham treated
cortex is unexpected. Previous reports (Matsushima et al., 1998) and our data
agree that there is some local tissue loss at the site of CSD treatment, worse in
the KCl treated animals (Matsushima et al., 1998). The platinum electrode
planted in the frontal cortex can only be identified as a narrow needle track.
The effects of these injuries are usually localized as seen in infarct volume
measurement and in vivo ligand distribution studies (e.g. Figure 5-4). There
has been no clear definition of what these injuries entail. Earlier studies of in
vitro [*H]nimodipine binding at 4 hours of focal ischemic ischemia detected
no change in [*H]nimodipine binding capacity or affinity (Hogan et al., 1995).
However, L-type VSCC appeared to be regulated by ischemic stimulation. In
vitro binding of [PH]JPN200-110 to the crude synaptosomal membranes of the
cortex was shown to increase after 10 minutes of global ischemia and to
return to near control levels after 2 hours of reperfusion (Hoehner et al.,
1992). In vitro [’'H]PN200-110 binding to tissue sections also suggests that mild
ischemia, produced by ipsilateral occlusion of the common carotid for 1 hour
in the rat, was sufficient to increase the binding capacity of [’H|PN200-110 in
the hippocampus but not in the cortex (Magnoni et al., 1988). The increase
lasts up to 96 hours after the ischemic event. It is noteworthy that the

ipsilateral occlusion of the common carotid is such a mild stimulus that it
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does not even lead to ipsilateral tissue depolarization, and it has minimum

short term effect on the tissue function. Immunocytochemistry has indicated

that ischemic stimulation induces upregulation of alC subunit of L-type

VSCC, but not 01D subunit of L-type VSCC, alA subunit of P/Q-type, and a1B

subunit of N-type in reactive astrocytes (Westenbroek et al., 1998). During
severe cerebral ischemia, immediate upregulation or downregulation of
VSCC seems unlikely due to the restrictions on energy metabolism, as
indicated by in vitro binding studies carried out on tissue after 4 hours of focal
ischemia (Hogan et al.,, 1995). However, VSCC may be subject to 50%
internalization after 2 hours of KCl depolarization in cell lines (Liu et al,

1994).

Our [*H]nimodipine in vitro binding data are consistent with
previously published reports, indicating higher binding capacities in the outer
cortex than the inner cortex and the striatum (Hogan et al., 1995).
Immunocytochemistry studies (Hell et al, 1993) have shown that L-type

VSCC is unevenly distributed in the dendrites and the soma. L-type VSCC
containing a1C isomer is located in dendrites that are more distal whereas L-
tvpe VSCC containing olD isomer is located in dendrites that are more
proximal and in soma in clusters.

[*H]Dizocilpine in vitro binding showed no alteration in the NMDA

binding capacity and affinity between the CSD treated and sham treated

studies on day 3 after 2 hours of recurrent CSD treatment. No difference was
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found within the group compared with the contralateral regions either.
These findings are consistent with a previous report that [*H]dizocilpine in
vitro binding was unaffected by ischemic preconditioning (Kato et al., 1992a).
Our data also agree with the report that NMDA receptors are quite stable after
3 hours of focal ischemia (Wallace et al, 1992), and the response of
['H]dizocilpine in vitro binding to glutamate was unaffected after an extended
period of focal ischemia (Dewar et al., 1989). Nonetheless, a binding study on
the cortical membranes obtained from young and old mice indicate
[’H]dizocilpine binding capacity is developmentally controlled (Gordon et al.,

1995; Saransaari and Oja, 1995).

Similarly, whereas [*H]dizocilpine in vitro binding studies reveal more
of the receptor binding capacity and affinity, in vivo binding indicates
immediate functional state of the NMDA receptor channels, indicating the
presence of glutamate and glutamate induced membrane depolarization
(Schwartz and Wasterlain, 1993; Wallace et al., 1992). Comparison of in vitro
binding data also indicates that the topography of [*H]dizocilpine in vitro
binding coincides with the distribution of NMDA receptor (Bettler and Mulle,
1995; Petralia et al., 1994a). On the other hand, the [*H]dizocilpine in vivo
distribution is localized in the centre of the ischemic tissue (Wallace et al.,
1992), indicating the region suffering from focal ischemic injury, and the

outer layer of the cortex during recurrent CSD treatment.

In summary, the increased binding capacity of [*H]nimodipine in the

sham treated ipsilateral cortex may reflect the small yet noticeable injury
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effect produced by sham treatment. Recurrent CSD however might be able to
attenuate this effect and prevent the upregulation of VSCC. On the other
hand, neither CSD nor sham treatment produces a significant effect on

['Hldizocilpine binding in the ipsilateral hemisphere.
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CHAPTER 7. CSD PRECONDITIONING INDUCES DELAYED REDUCTION OF CEREBRAL

GLUCOSE UTILIZATION

A lower metabolic rate correlates with increased tolerance against
cerebral ischemic insult (Folbergrova et al., 1992; Sokoloff, 1981). Reduced
energy consumption should impart increased tolerance against substrate
deprivation associated with cerebral ischemia. Therefore it is of interest to
investigate whether increased ischemic tolerance is associated with lower
regional glucose utilization. Moreover, due to the tight coupling between
extracellular glutamate and energy metabolism, the level of regional CGU
should reflect the level of synaptic activity (Mason et al., 1995; Sibson et al.,
1998a). Using the ["'C]deoxyglucose method, regional CGU in the cortex and
striatum was studied in rats undergoing 2 hours of recurrent CSD or sham
treatment. The data indicated that CSD treatment reduced the levels of

regional CGU on day 3 and day 7 after CSD preconditioning.

Methods

Experimental animals and surgical anesthesia were identical to those

employed in Chapter 3. Body temperature (rectal) was maintained at 36.5 -
37.5°C in all studies. CSD was induced from the left occipital cortex with 0.5

M KCl as described in Chapter 3. The posterior electrode was not used. Rats
were allowed to breathe spontaneously during CSD preconditioning and

subsequent [“C]deoxyglucose studies.
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Cortical spreading depression and regional CGU measurement

CSD was induced from the left occipital cortex with 0.5 M KCl as
described in Chapter 3. Regional CGU was measured at various time
intervals after CSD or sham preconditioning using ["C]deoxyglucose method
as described (Sokoloff et al., 1977) (Appendix 4). Briefly, femoral vessels were
catheterized to deliver radioisotope or to monitor mean arterial blood
pressure, arterial blood gases and blood glucose. ["C]Deoxyglucose (50 pCi/kg;
specific activity 539 mCi mmol?; Amersham International Plc, Little
Chalfont, England, UK) was injected as an intravenous bolus. Timed arterial
blood samples were collected during the following 45 minutes. The blood
samples were immediately centrifuged to separate plasma from the blood
cells and the plasma [“C]deoxyglucose concentration measured using liquid
scintillation counting with appropriate quench correction. The rats were
decapitated at 45 minutes of ["“C]deoxyglucose injection and the brains were
rapidly removed and frozen. Seven rats were assigned to CSD or sham
treatment group at 3 time intervals on day 1, 3 and 7 after CSD or sham

treatment. A total of 42 rats were studied.

Autoradiography

The brains were warmed to -20°C and 20 pym cryostat sections were

obtained every 140 pum. Sections from the [“C]deoxyglucose studies were
apposed to either Kodak SB-5 or BioMax Mr film (Picker International,

Brampton, Ontario, Canada) for 7 to 10 days. Commercial “C microstandards
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(Amersham, Oakville, Ontario, Canada) were used to calibrate the

autoradiographs of “C distribution.

Image analysis

Autoradiographic images at five coronal levels in the brain were
digitized using the MCID system. At each coronal level “C activity was
averaged over 3 aligned and registered images. The resulting set of five
images from each study were then spatially registered to a set of images from
a selected ["C]deoxyglucose study, using multiple anatomically defined
fiducial markers (35 - 45) as described above. The spatially registered images
were used for all further calculations. A standard ROI template was designed
to sample tissue [“C]deoxyglucose content in each study (Figure 7-1).
Regional CGU was calculated within each ROI using the measured tissue
[“C]deoxyglucose content and the profile of blood [“C]deoxyglucose

concentration as described (Sokoloff et al., 1977).

To guide the identification of groups of ROI with similar levels of
regional CGU, a K-means cluster analysis (Systat, SPSS Inc., Chicago, Illinois,
USA) was performed on the average of the logarithm of the ratio of ipsilateral
over contralateral hemisphere glucose utilization values for all ROI over all
study groups on two variables representing the CSD and sham treated groups.
The resulting ROI clusters were further subdivided to separate cortical and
striatal regions into VOI, resulting in four final VOI (Figure 7-1). Regional

CGU values were averaged within the resulting fixed set of VOI, weighted for
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the size of each component ROI. The ratio of ipsilateral regional CGU over

that of the contralateral hemispheric VOI was calculated.

Statistical analysis

All results are expressed as mean + SD. The physiological data were
analyzed using the t-test. Regional CGU data were analyzed with two-way
(Time and Treatment) repeated measures analysis of variance (Systat, SPSS
Inc., Chicago, Illinois, USA). Between-group difference was analyzed with
adjusted degrees of freedom and mean square error followed by Bonferroni
adjustment for multiple comparisons, whereas within-group post hoc
comparison used Tukey's HSD test with Huynh-Feldt adjustment to the

degree of freedom and mean square error (Howell, 1992).
Results
Physiological variables

Physiological variables did not differ between any CSD and sham
treated groups, except that P,0, during the ["*C]deoxyglucose studies was 96 =
17 mmHg (n = 21) in the CSD treated group and 87 + 5 mmHg (n = 21) in the
sham treated group (p < 0.05). This difference originated from studies done
on day 7 when P,O, during the [“C]deoxyglucose studies was 95 + 5 mmHg (n
=7) in the CSD treated group and 88 + 7 mmHg (n = 7) in the sham treated
group (p < 0.05). The difference was not physiologically significant.

Physiological variables were then averaged over both the CSD and sham

groups and summarized in Table 7-1. The rectal temperature was 37.0+ 0.3°C
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(n = 42) during preconditioning and 37.1 + 0.3°C (n = 42) during the regional

CGU studies.

Table 7-1. Physiological variables during ['*C]deoxyglucose studies

CSD treated Sham treated
Parameters (n=21) {(n=21)
MABP (mm Hg) 116 £ 17 119+ 19
pH 7.45 £ 0.03 7.46 + 0.03
P,CO, (mm Hg) 51+4 52+6
P,O, (mm Hg) 9 = 17* 87 +5
Blood glucose (mM) 5.53 +1.01 5.96 = 1.15

Values are means + SD. MABP, mean arterial blood pressure; MCA, middle cerebral
artery; P,CO,, arterial partial pressure of carbon dioxide; P,O,, arterial partial
pressure of oxygen. Spontaneous breathing under inhalational anesthesia during
preconditioning, spontaneous breathing air during [“C]deoxyglucose studies. Different

from sham treated group: *P < 0.05.

Cortical spreading depression waves

Recurrent CSD waves during 2 hour of KCI application on the dura
were recorded as a transient negative or biphasic DC potential shift. The
average rate of CSD waves during preconditioning averaged over all CSD
treated studies was 5.2 + 1.5 h™ (n = 21) with an amplitude of 6.3 £ 2.6 mV (n =
21) and a duration of 86.4 = 13.1 second (n =21). In the sham group, no CSD

waves were recorded.
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Cerebral glucose utilization

The within cluster sum of squares declined most rapidly to 3 clusters
(CSD, E,, 5, = 80.65, p = 0; sham, F, ,,, = 22.42, p < 0.0005) (Figure 7-1). Cortex 1
encompass the majority of the neocortex, whereas cortex 2 included mainly
the parasagittal and the entorhinal cortex. Cortex 3 was strictly limited to the
site of CSD or sham treatment and was excluded from further analysis (Figure
7-1). Two-way repeated measures analysis of variance on time (intervals after
CSD or sham treatment) and treatment (CSD or sham) over six VOI
(Ipsilateral: cortex 1, cortex 2 and striatum; Contralateral: cortex 1, cortex 2 and
striatum) indicated that, between groups, regional CGU was significantly
lowered in the CSD treated animals (p = 0.027). The effect of time was not
significant. There was no significant interaction between time and treatment.
Within subjects, there was significant variability across the VOI in the ratio of
CGU (p < 0.0001); the degree of the variability was dependent on neither
treatment, nor time. There was no interaction between the effect VOI with
time and treatment. Within the contralateral hemisphere regional CGU did
not differ within the cortical VOI. Pooled over all study groups the average
CGU was 60 + 8 pmol 100g™ min™ (n = 42) in the cortex and 63 + 10 pmol 100g™

min' (n = 42) in the striatum.

The average regional CGU images from day 7 after CSD or sham
treatment are shown in Figure 7-2. The ratios of regional CGU in each VOI
were calculated as the ipsilateral CGU / contralateral CGU and are

summarized in Figure 7-3. Two-way repeated measures analysis of variance
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on time (intervals after CSD or sham treatment) and treatment (CSD or
sham) over three VOI (cortex 1, cortex 2 and striatum) indicated that, between
groups, the ratio of regional CGU was significantly lowered in the CSD treated
animals (p < 0.02). The effect of time was not significant. There was no
significant interaction between time and treatment. The treatment effect was
identified in cortex 1 (p = 0.01) and cortex 2 (p = 0.02), but not in striatum.
Within subjects, there was significant variability across the VOI in the ratio of
CGU (p < 0.0001); the degree of the variability was dependent on the
treatment (CSD or sham) (p = 0.001), but not time. There was no interaction

between the effect of VOI with time and treatment.

The ratio of regional CGU between CSD and sham treatment was also
compared at individual time intervals studied (Figure 7-3). In cortex 1 the
ratio at 24 hours did not significantly differ between CSD treated group (0.95 =
0.08, n = 7), compared with the sham treated group (1.02 £ 0.04, n = 7). At 72
hours, the averaged ratio for the CSD treated group was 0.89 = 0.10 (n = 7),
compared with 0.98 + 0.07 (n = 7) in the sham treated group (p < 0.05). On day
7 the ratio was reduced to 0.89 = 0.07 (n = 7) in the CSD treated group
compared with 0.99 £ 0.07 (n =7) in the sham treated group in cortex 1 (p <

0.001) (Figure 7-3). In cortex 2, a similar trend was seen but the differences

were not significant. In striatum no difference were identified.



Figure 7-1. The region of interest (ROI) and volume of interest (VOI) template used to
sample in vivo [*C|]deoxyglucose images after CSD or sham treatment. Five coronal
levels in the rat brain are shown. The levels correspond to coronal sections from Bregma
in mm at 1.20 (level 1), 0.20 (level 2), -3.30 (level 3), -5.60 (level 4), -6.30 (level 5). The
ROI template is on the right side of the sections with lines to define ROL. The ROI
groupings used to define the 4 VOI are on the left side of the sections and are labeled at
the bottom of the figure..
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Figure 7-2. Average autoradiographic images of regional CGU on day 7 after CSD or
sham treatments. The levels correspond to coronal sections from Bregma in mm at 1.20
(level 1), 0.20 (level 2), -3.30 (level 3), -5.60 (level 4), -6.30 (level 5). The treated
hemisphere is on the left side of the sections. Calibrated colour scale is shown, as are
the number of rats used to obtain each image. CGU, cerebral glucose utilization; CSD,

cortical spreading depression
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Figure 7-3. Ratio of regional CGU (Ipsilateral/Contralateral hemisphere) within

volumes of interest (VOI) on day 1, 3 and 7 after CSD (n = 7) or sham (n = 7) treatment.
All values are mean = SD. Different between the CSD and sham treated groups: * p <
0.05, ** p < 0.01. CSD, cortical spreading depression; SD, standard deviation; d, days;

h, hours.

Discussion

The regional CGU data indicated that after recurrent CSD
preconditioning, there is a moderate decrease in metabolic activity in the
neocortex. The reduction did not appear until day 3 and persisted on day 7
after the preconditioning. The striatum was not affected. The attenuation
was less remarkable than that shown by others (Kawahara et al., 1994a; b).
These investigators have indicated that CSD elicited on the neocortex
produced delayed neural protection against the selective vulnerability in the
hippocampus. However, our data indicate that regional CGU in the striatum

and hippocampus is unlikely to be affected by CSD preconditioning.
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Furthermore, the temporal profile of the regional CGU data indicated on day
1 after recurrent CSD preconditioning, ipsilateral regional CGU remained
near the normal levels. On day 3 and 7 ipsilateral regional CGU was
significantly lower in the CSD preconditioned cortex. In contrast, the reported
findings showed that on day 7, the regional CGU returned to normal levels
(Kawahara et al., 1994a; b). Nonetheless, our regional CGU data seem to agree
with the suggestion that CSD treatment induces a lower level of energy
consumption. A lower metabolic rate is certainly of benefit under ischemic
conditions (Folbergrova et al.,, 1992). However, it does not seem to play a
major role, since CSD-induced ischemic tolerance appears at 24 hours after
the preconditioning (Barone et al., 1998; Kitagawa et al., 1990; Taga et al., 1997).
Together with improved CBF response during an ischemic insult and other
molecular changes, it is arguable that CSD induces a complex cellular

functional modification that may underlie the induced ischemic tolerance.

During CSD regional CGU is markedly increased in most areas of the
neocortex and reduced in many subcortical structures (Shinohara et al., 1979).
During recovery, regional CGU remains elevated, but the increased metabolic
activity runs in columns perpendicular through the cortex. Although
increase neuronal firing and glial depolarization during CSD are non-
functional, increases in glucose utilization still seem to be physiological
(Magistretti and Pellerin, 1997; Magistretti et al, 1999). The hyperemia
associated with CSD seem to be mediated, at least partially, by increased

synaptic glutamate and activation of glutamate receptors (Fabricius et al., 1995;
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Fabricius and Lauritzen, 1994). The increased glucose phosphorylation may
not result only from increased synaptic glutamate, since a significant portion
of lactate produced by CSD is not metabolized, but instead escapes to the
venous blood (Cruz et al, 1999). Hypoperfusion immediately after CSD
(Duckrow, 1991; Fabricius et al., 1995; Lauritzen et al., 1982) seems to uncouple
CBF from regional CGU, which may indicate a different functional state of the
cortex after CSD (Shinohara et al., 1979). Our regional CGU data indicated that
regional CGU returns to normal (Lauritzen and Diemer, 1986) during a period
when full cortical response to hypercapnia is not established (Florence et al.,
1994; Lauritzen, 1984). Moreover, the regional CGU data from day 3 and day 7
after CSD preconditioning indicated that regional CGU undergoes a delayed
reduction with stable cortical perfusion, even though the potential regional

CBF response to ischemia may differ (Caggiano and Kraig, 1998).

Lower regional CGU in CSD preconditioned cortex is unlikely the
result of degeneration caused by tissue depolarization during CSD treatment
(Osuga et al., 1997) and associated glutamate release (Fabricius et al.,, 1993;
Nedergaard and Hansen, 1988; Obrenovitch and Zilkha, 1995). However,
measurements of glucose utilization have characterized the changes in
metabolic rate during and after cerebral ischemia. There are two conditions
that lead to lower regional CGU after ischemic induced neural toxicity: lower
regional CGU due to acute or delayed neuronal cell death or, secondarily, due
to loss of projection input (Beck et al, 1995). There are also intensely

enhanced regional CGU before the delayed ischemic tissue injury, possibly
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due to delayed neurotoxicity (Kataoka et al., 1989; Yao et al., 1995), and after
the delayed decreases in regional CGU, due to enhanced microglial activity

(Komatsumoto et al., 1989; Tanaka et al., 1985).

In summary, CSD preconditioning induced a delayed and mild
reduction in regional CGU. The reduction is not the result of tissue
degeneration but rather a reduction in tissue CGU levels. Since the onset of
this reduction occurs later than the appearance of induced ischemic tolerance,
it may not constitute the major protective mechanism of the CSD-induced
ischemic tolerance. The onset of this reduction is also later than the
downregulation of EAAT2 and 1 after CSD treatment, further suggesting that
lower regional CGU plays a less important role in CSD-induced ischemic
tolerance. Nonetheless a 10% reduction in energy consumption may provide

some protection.



CHAPTER 8. CORTICAL SPREADING DEPRESSION DOWNREGULATES THE HIGH
AFFINITY GLUTAMATE TRANSPORTER EAAT1 AND EAAT2 FrRoM RAT CORTICAL

PLASMA MEMBRANES

Glutamate mediated synaptic transmission is terminated by
electrogenic uptake via a family of high affinity excitatory amino acid
transporters (EAAT) located on the astrocytic and neuronal plasma
membranes (Rothstein, 1996; Rothstein et al., 1994). During cerebral ischemia
extracellular glutamate rises due to increased vesicular release from the
presynaptic terminal and reversed uptake through EAAT (Szatkowski and
Attwell, 1994). However, glutamatergic vesicle cycling is ATP-dependent and
only those fully primed and docked vesicles are capable of immediate Ca*-
dependent release (Coorssen et al., 1998). Thus the presynaptic terminal may
not be the main source of extracellular glutamate during cerebral ischemia
(Rutledge and Kimelberg, 1996; Seki et al., 1999; Szatkowski and Attwell,

1994).

In the forebrain, three subtypes of EAAT have been identified. EAAT1
and EAAT2, also known as GLAST and GLT-1 respectively, are
predominantly astrocytic, while EAAT3 is mainly present within neurons
(Conti et al., 1998; Mennerick and Zorumski, 1994; Rothstein et al., 1996).
Knockout studies have indicated that EAAT1 and EAAT2, but not the
neuronal EAATS3, are responsible for the majority of glutamate clearance in

the cerebral cortex (Rothstein et al., 1996). Moreover, the abundance of
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EAAT1 and EAAT2, but not EAAT3, seems to be subject to relatively fast
regulation (Ginsberg et al., 1995; Raghavendra Rao et al., 1998; Rothstein,
1996). Downregulation of both EAAT1 and EAAT2 has been observed in
crude homogenates following regional deafferentation within the rat cerebral
cortex (Ginsberg et al, 1995) and traumatic cortical injury induced by

controlled impact (Raghavendra Rao et al., 1998).

Direct measurement of extracellular glutamate concentration
demonstrated that CSD preconditioning significantly decreased glutamate
exposure in ischemic cerebral cortex (Douen et al., 2000). Reduced exposure to
glutamate during cerebral ischemia would be consistent with the hypothesis
that attenuated glutamate-mediated neurotoxcity is involved in CSD-induced
ischemic tolerance. Since EAAT reverse uptake during cerebral ischemia
(Rutledge and Kimelberg, 1996; Seki et al., 1999; Szatkowski and Attwell,
1994), the modulation of plasma membrane glutamate transporters may
underlie the observed reduction in glutamate exposure during cerebral
ischemia in animals preconditioned with CSD. The immunoprotein analysis
was undertaken to assess the effect of CSD on the abundance of EAAT2,
EAAT1 and EAATS3 proteins in plasma membrane extracted from rat cerebral
cortex, using the same paradigm shown to induce ischemic tolerance. We
observed a significant decrease in EAAT1 and EAAT2, but not EAATS3,
immunoreactivity in a plasma membrane fraction extracted from the cerebral
cortex of CSD treated cortex, indicating CSD preconditioning downregulated

EAAT2 and EAATI from plasma membrane. We subsequently explored the
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time course for EAAT2 downregulation after CSD and observed a delayed,
transient decrease in EAAT2 from the plasma membrane fraction that was
evident on day 1 after CSD and more pronounced on day 3. This
downregulation persisted for at least 7 days before returning to baseline

levels.
Material and Methods

Experimental animals and surgical anesthesia were identical to those
employed in Chapter 3. CSD was induced from the left occipital cortex with
0.5 M KCl as described in Chapter 3. The posterior electrode was not used.

Rats were allowed to breathe spontaneously during CSD preconditioning.
Body temperature (rectal) was maintained at 36.5 - 37.5°C in all in vivo

studies. Immunoprotein analysis of EAAT was performed on day 0, day 1,
day 3, day 7 and day 21, after CSD preconditioning (n = 3 at each time
intervals). Rats from day 3 following sham treatment (n = 3) were used as

controls.
Reagents

Phenylmethanesulfonyl fluoride (PMSF), Tris-HCl, sodium dodecyl
sulfate (SDS), urea and dithiothreitol were purchased from Sigma (St. Louis,
Missouri, USA). TEMED, Tween 20, acrylamide, bisacrylamide, ethylene
diamine tetraamine (EDTA), glycine, nitrocellulose paper and protein assay
kit were purchased from Biorad (Hercules, California, USA). Enhanced

chemoluminescence kit was purchased from Amersham (Buckinghamshire,



155

England, UK). All other bench chemicals were purchased from Sigma and
were analytical grade. Monoclonal antibodies to the Na“,K*-ATPase al

subunit, polyclonal antibodies to EAAT2 and polyclonal antibodies to glial
fibrillary acidic protein were purchased from Affinity Bioreagents (Golden,
Connecticut, USA). Polyclonal antibodies to EAAT1 and EAAT3 were
supplied by Dr. ]. D. Rostwin. Secondary antibodies were purchased from

Transduction Laboratories (Lexington, Kentucky, USA).

Cell membrane fractionation

Extraction of a plasma membrane enriched fraction from cerebral
cortex was achieved through modification of subcellular fraction techniques
previously established in fatty tissue (Douen et al., 1988) and skeletal muscles
(Douen et al., 1991), in which differential centrifugation and discontinuous
sucrose density gradient centrifugation were used. At predetermined time
intervals after CSD or sham treatment the rats were decapitated and the

brains were rapidly removed and placed in ice cold saline. All remaining
procedures were conducted at 4°C. Visible pial vessels were removed;

ipsilateral and contralateral cortices were dissected from subcortical structures.
Cortices were homogenized at 500 rpm in 10 mL of 10 mM NaHCO, - 0.1 mM
PMSF buffer at pH 7.0 with 10 strokes of a Teflon pestle in a Wheaton glass
homogenizer. The homogenizer was rinsed with 10 mM NaHCO, - 0.1 mM
PMSF buffer, and these washings combined with the homogenized sample to

yield a final volume of up to 20 mL. After removing an aliquot of 1 mL for
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subsequent analysis, the crude homogenate was spun at 30,000 g for 30
minutes to yield a pellet and a supernatant. The pellet was resuspended in 10
mL of 10 mM NaHCO, - 0.1 mM PMSF buffer. The suspension was then
layered onto 5.5 mL of ice cold 35% sucrose solution (35 g sucrose in 100 mL 10
mM NaHCO, - 0.1 mM PMSF buffer) in 12 mL Beckman ultracentrifuge tubes.
Samples were centrifuged at 150,000 g for 2 hours in a Beckman titanium SW
41 swing bucket rotor. The membrane fraction at the interface was harvested,
washed and resuspended in 10 mL of 10 mM NaHCO3 - 0.1 mM PMSF buffer
and precipitated by centrifugation at 200,000 g for 1 hour. The precipitated

membranes were resuspended in 10 mM NaHCO, - 0.1 mM PMSF buffer and
stored at -80°C. The supernatant was spun at 200,000 g for 2 hours to yield a

non-plasma membrane fraction. Protein was determined by Bradford's
coomassie blue method (Bradford, 1976) using Biorad's protein determination

kits.
Detection of plasma membrane

Immunoprotein analysis using monoclonal antibody to the plasma
specific Na",K"-ATPase al subunit was used to identify the presence of plasma

membrane as previously reported (Marette et al., 1992).
[mmunoprotein analysis

Equivalent amounts of membrane protein (0.05, 0.1, or 0.2 ug per
sample) were subjected to SDS polyacrylamide gel electrophoresis on 10%

polyacrylamide gels according to Laemmli (Laemmli, 1970). The membrane
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protein was then transferred to nitrocellulose filter membrane for 2 hours.
The nitrocellulose membrane was incubated for 1 hour at room temperature
with phosphate buffered saline containing 0.1 % tween-20 at pH 7.2 and then
blocked for 3 hours with phosphate buffered saline containing 0.1% tween-20

and 5% skimmed milk. Nitrocellulose membranes were incubated overnight
with primary antibody at 4°C followed by 4 washes with phosphate buffered

saline containing 0.1% tween-20 and then incubated with secondary antibody
for 3 hours at room temperature. After 2 washes with phosphate buffered
saline the nitrocellulose membrane was exposed to the enhanced
chemoluminescence solutions for 1 minute, and apposed to Hyperfilm
(Amersham International Plc, England, UK) for 1, 5, 15 and 30 seconds.

Immunoblot analysis for each sample was conducted in duplicate or triplicate.

Lane analysis

A semi-quantitative analysis was performed using the MCID system.
The Hyperfilm immunoreactive bands, visualized with the enhanced
chemoluminescence, were digitized and the band intensities calculated as the
product of the increased average relative optical density and the area of the
band measured. The ratio of band intensities from samples obtained from the
ipsilateral (received CSD or sham treatment) over the contralateral (no

treatment) cortex was calculated.
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Statistical analysis

All results are expressed as mean + SD. The physiological data were
analyzed using the two-sample t-test. Lane analysis data were analyzed with
the two-sample t-test or one-way analysis of variance followed by post hoc

comparison using Tukey's HSD (Systat, SPSS Inc., Chicago, Illinois, USA).
Results
Physiological wvariables

Physiological variables did not differ between any CSD and sham
treated groups. All physiological variables were then averaged over both the

CSD and sham treated groups and are summarized in Table 8-1. The rectal

temperature was 36.9 + 0.3°C (n = 18) during preconditioning.

Table 8-1. Physiological variables for immunoprotein analysis of EAAT

Parameters Preconditioning
MABP (mm Hg) 90 =8

pH 7.39 £0.03
P,CO. (mm Hg) 51+4

P,O; (mm Hg) 208 = 32
Blood glucose (mM) 6.33 £ 0.61

Values are means + SD; n = 18. MABP, mean arterial blood pressure; P,CO,, arterial
partial pressure of carbon dioxide; P,O,, arterial partial pressure of oxygen.

Spontaneous breathing under inhalational anesthesia during preconditioning.
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Cortical spreading depression waves

Recurrent CSD waves during 2 hours of KCl application on the dura
were recorded as a transient negative or biphasic DC potential shift. The
average rate of CSD during preconditioning average over all CSD treated
studies was 5.7 £ 1.1 h! (n = 15) with an amplitude of 8.8 + 3.8 mV (n = 15) and

a duration of 84.2 + 9.6 second (n = 15). No CSD was recorded in sham treated

studies.
Characterization of plasma membrane enriched fraction

Identification of plasma membrane enriched fractions by
immunodetection of the plasma membrane specific Na' K -ATPase ol
subunit has been found to be at least three times more sensitive than
biochemical techniques (Marette et al., 1992). Na’K'-ATPase ol subunit

monoclonal antibodies readily detected the 110 KD band of this protein in the
35% sucrose fraction compared to minimally detectable levels in the crude
homogenate (Figure 8-1), confirming the ability of the fractionation technique

to isolate a plasma membrane enriched fraction.
There was no significant difference in the ratio of ipsilateral /

contralateral cortex Na’,K'-ATPase al subunit levels in plasma membrane

prepared from CSD treated (0.70 £ 0.25, n = 3) versus sham treated (0.81 + (.23,
n = 3) animals, indicating that CSD did not alter the enrichment of the plasma
membrane fractions. Quantification of this enrichment yielded values in

excess of 40-fold. However, these values may be inflated as in some blots
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Na",K"-ATPase al subunit was undetectable in the crude homogenate

compared with a robust response in the 35% sucrose fraction.

—PM— —H— —PM— —H—

1 2 3 4 5 6 7 8 9 10 11 12

- o e an am o ~ 110 KD

Figure 8-1. Comparison of the distribution of the plasma membrane specific Na",K"-
ATPase ol subunit in plasma membrane enriched fraction and crude homogenate from
two selected studies representing CSD or sham treated groups on day 3 after treatment.
Membranes (2.5 ug) were prepared from ipsilateral cortex on day 3 after CSD or sham
treatment. Immunoassay was performed in triplicate using antibodies to Na* K-
ATPase al subunit. CSD, cortical spreading depression; PM, plasma membranes

enriched fraction; H, crude homogenate.

Immunoprotein blot analysis of EAAT

The presence of EAAT2 in the membrane fractions prepared on day 7
after CSD was first studied, using the same paradigm previously shown to
impart neuroprotection against focal ischemia (Matsushima et al., 1998). On
day 3 after CSD treatment there was marked reduction in EAAT? levels in the
plasma membrane enriched fraction from the ipsilateral (CSD treated) cortex
compared with the contralateral (not treated) cortex (Figure 8-2). However, a
concomitant decrease in EAAT2 from crude homogenate extracts
corresponding to the CSD treated cortex was not observed (Figure 8-2). There
was no difference in the EAAT2 in the plasma membrane enriched fractions

prepared from the ipsilateral and contralateral cortex of the sham animal and
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the contralateral (not treated) cortex of the CSD treated animal (Figure 8-2).
These observations were corroborated by the semi-quantitative lane analysis
(Figure 8-3). In the plasma membrane enriched fraction, ipsilateral /
contralateral ratio of EAAT2 was 0.17 + 0.10 (n = 3) for CSD treated animals,
compared with 1.05 £ 0.18 (n = 3) for sham treated animals. The difference
represents a greater than 80% reduction in detectable EAAT2 signal in the
plasma membrane enriched fraction from CSD treated cortex (p = 0.004). By
comparison, the ipsilateral / contralateral ratio of EAAT2 levels in the crude
homogenate for CSD and sham treatment were 0.97 + 0.47 (n = 3) and 1.10 =
0.01 (n = 3), respectively. Subsequently the temporal profile for CSD mediated
downregulation of EAAT2 in plasma membrane enriched fraction was
determined (Figure 8-4). Downregulation of EAAT2 in plasma membrane
enriched fraction was not observed until 24 hours after CSD and persisted for
a week with the maximal effect occurring on day 3. CSD did not decrease

EAAT2 content within the crude homogenate fractions at any time.

Similarly, on day 3 after CSD treatment there was also a significant
reduction in EAATI levels in plasma membrane enriched fraction from the
ipsilateral (CSD treated) cortex compared with the contralateral (not treated)
cortex (Figure 8-2). A significant decrease in EAAT1 from crude homogenate
was not observed. These observations were confirmed by the semi-
quantitative lane analysis (Figure 8-3). In the plasma membrane enriched
fraction, ipsilateral / contralateral ratio of EAAT1 was 0.58 + 0.07 (n = 3) for

CSD and 1.10 + 0.09 (n = 3) for sham treated animals. The difference
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represents a 45% reduction in detectable EAAT1 signal in the plasma
membrane enriched fraction of the CSD treated cortex (p = 0.001). In contrast,
the ipsilateral / contralateral ratio of EAAT1 levels in the crude homogenate
for CSD and sham treatment were 1.16 + 0.58 (n = 3) and 0.97 + 0.13 (n = 3),

respectively.

However, on day 3 after CSD treatment, no reduction of EAAT3 was
observed in either the plasma membrane or crude homogenate fractions
(Figure 8-2). The ipsilateral / contralateral ratio of EAAT3 in the plasma
membrane enriched fraction for CSD and sham treated animals were 1.02 +
0.17 (n = 3) and 1.10 £ 0.45 (n = 3) respectively (Figure 8-3). The ipsilateral /
contralateral ratio of EAAT3 levels in the crude homogenate for CSD and

sham treatment were 0.87 + 0.32 (n = 3) and 1.05 + 0.09 (n = 3), respectively.
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Figure 8-2. Immunoblots of EAAT2, EAAT1 and EAATS3 glutamate transporters in
plasma membrane enriched fractions from two selected studies representing CSD or
sham treated groups on day 3 after treatment. Membranes (1 ug) were immunoassayed
in triplicate or duplicates using antibodies against the EAAT2, EAAT1 and EAAT3
proteins. CSD, cortical spreading depression; EAAT, excitatory amino acid transporter;
L, left cortex (ipsilateral); PM, plasma membrane enriched fraction; R, right cortex

(contralateral).
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Figure 8-3. Semi-quantitative lane analysis of the ratio of the ipsilateral /
contralateral cortex band intensities of EAAT2, EAAT1 and EAATS3 antibody binding in
the plasma membrane enriched fractions. Autoradiographs were digitized and the
intensities of each lane were analyzed. Data indicate mean + SD (n = 3 in each group).

CSD, cortical spreading depression; EAAT, excitatory amino acid transporter.
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Figure 8<. Time course for the downregulation of EAAT2 from plasma membrane
enriched and homogenate fractions from selected studies. Membranes (1 pg) were
immunoassayed in duplicate. L, left cortex (ipsilateral); R, right cortex
(contralateral). Blots labeled with 1d, 3d, 7 d and 21 d represent the time elapsed
after CSD treatment. Studies conducted immediately following 2 hours of CSD
treatment is labeled as 0 d.

Discussion

CSD had no immediate effect on the presence of EAAT2 within plasma
membrane. However, the immunoprotein analysis data indicated that on
day 3 after CSD preconditioning, there was a significant downregulation of
the astrocytic EAAT2 and, to a lesser degree, EAAT1 in the plasma
membranes. Temporal data demonstrated that this downregulation appeared
before day 1 and returned to normal levels before day 21 for EAAT2.
However, EAAT3, the neuronal glutamate transporter, was not changed.
These observations corroborate well with the observation that CSD

preconditioning attenuates glutamate exposure in focal ischemic tissue
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(Douen et al., 2000). The observed downregulation also appears to agree with
the report that EAAT are developmentally and functionally regulated
(Ginsberg et al., 1995; Raghavendra Rao et al., 1998; Rothstein, 1996; Rothstein
et al, 1996). EAAT mediates most of the functional glutamate uptake
(Rothstein, 1996; Rothstein et al., 1996; Rothstein et al., 1994), which couples
the glutamine synthase activity with the phosphorylation of intracellular
glucose (Magistretti et al, 1999). It is therefore hypothesized that
downregulation of EAAT represents a molecular response to the large-scale
reversal of glutamate uptake by EAAT during recurrent CSD treatment and is

responsible to the lower regional CGU in the CSD preconditioned neocortex.

In contrast, CSD did not alter the plasma membrane protein Na",K'-
ATPase (Figure 8-1), suggesting that the effect of CSD on downregulation of
plasma membrane EAAT2 is a specific response. This delayed, transient effect
of CSD on plasma membrane EAAT2 coincide with the delayed
neuroprotection (Kawahara et al., 1995; Matsushima et al., 1996; Matsushima
et al, 1998). In addition, the observed transient downregulation of the
astrocytic EAAT (Figure 8-2) is consistent with the observation that controlled
cortical impact-induced traumatic brain injury transiently down regulates
both astrocytic glutamate transporters (Raghavendra Rao et al., 1998). In that
study, uncharacterized plasma membrane fraction was obtained from crude
cortical homogenate. The membrane fraction represents neither the total
crude homogenate nor purified plasma membranes. However it more than

likely contains plasma membranes in addition to other membrane
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components. Nevertheless, these researchers showed that although EAAT2
and EAAT1 were not immediately affected by traumatic brain injury, within 6
hours following cortical injury there was significant downregulation of these
transporters, which persisted for at least 3 days and recovered by day seven.
These authors speculated that downregulation of glial EAAT could decrease
glutamate clearance and promote excitotoxicity. However, CSD-mediated
downregulation of EAAT2 is concordant with the time frame reported for
CSD-induced neuroprotection (Kawahara et al., 1995; Matsushima et al., 1996).
Since both CSD-induced neuroprotection and downregulation of EAAT2
occur at the same time, it seems unlikely that EAAT2 downregulation would
promote excitotoxicity. However, if reversal of EAAT contributes to excessive
extracellular glutamate release during ischemia as reported (Nicholls and
Attwell, 1990; Szatkowski and Attwell, 1994), downregulation of EAAT
following CSD preconditioning would decrease the number of transporters
present in the plasma membranes. The downregulation would presumably
mean less EAAT available for efflux of glutamate during ischemia. Thus,
downregulation of glutamate transporters may be one mechanism by which

CSD preconditioning promotes neuroprotection.

Under normal conditions one would expect that reduction of EAAT
from the plasma membrane would reduce glutamate clearance and promote
excitotoxicity. This notion led some investigators to speculate that transient
downregulation of EAAT following traumatic brain injury leads to glutamate

induced susceptibility to excitotoxicity (Raghavendra Rao et al., 1998),
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although these researchers did not measure intracerebral glutamate levels.
Nonetheless, this may be a reasonable assumption, since trauma has
previously been reported to induce waves of spreading depression
(Hossmann, 1996). Hence downregulation of glial EAAT following cortical
impact injury may be a CSD-induced phenomenon rather than a direct
consequence of trauma. Controlled cortical impact injury produces localized
tissue injury, likely mediated by excitotoxicity (Raghavendra Rao et al., 1998).
Whether it induces ischemic tolerance is unknown. The resulting increase in
extracellular glutamate may serve to activate synaptic glutamate receptors
(Cochilla and Alford, 1999; Conn and Pin, 1997), as well as glutamate receptors
on presynaptic and astrocytic membranes. The suggestion is supported by the
findings that CSD preconditioning attenuates tissue depolarization, which
may result from less glutamate activation during subsequent ischemic insult.
It is further supported by the findings that, after CSD preconditioning, the

regional CGU is reduced in the neocortex on day 3 and day 7.

Other mechanisms may participate in CSD-induced synaptic glutamate
control. It has been previously suggested that a tonic rise in synaptic
glutamate levels, potentiated through the blockade of glutamate transporters
using L-trans-2,4-pyrrolidine dicarboxylic acid (transPDC), leads to a reduction
in presynaptic glutamate release via activation of metabotropic glutamate
receptors (Maki et al., 1994). Others have shown that excitatory postsynaptic
potentials can be manipulated by agonists or antagonists of specific

presynaptic mGIluR, suggesting a role of mGluR as autoreceptors controlling
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glutamate release (Ikeda, 1996). The NMDA receptor has also been identified
in the presynaptic membrane suggesting presynaptic release can be modulated
directly through Ca* influx through NMDA receptor channels (Cochilla and
Alford, 1999; Schwartz and Alford, 1998). In addition, whereas astrocytes
clearly lack AMPA and kainate receptors, both NMDA and mGIluR receptors
have been located on the astrocyte membranes (Barres, 1991). Hence, it is
possible that downregulation of plasma membrane EAAT induced by CSD
treatment represents a reduction in glutamate uptake under normal
conditions and a reduction in the reversal of glutamate uptake during

cerebral ischemia.

In contrast to the reduction in plasma membrane EAAT1 and EAAT2
following CSD pretreatment, these proteins remained unaltered in the crude
homogenate fractions. This specific downregulation may indicate that the
total cellular levels of EAAT2 and EAAT1 are unaffected. Without
morphological information, the mechanism of the specific downregulation
can be only speculated on. Since the total protein of EAAT2, EAAT1 and
EAAT3 in the crude homogenate did not change, it is rather unlikely that
increased degradation or impaired synthesis led to the specific
downregulation. It seems reasonable to explore the possibility of subcellular
redistribution from plasma membranes to an intracellular compartment.
Thus, the observed decrease in EAAT2 and EAAT1 in the intracellular

membrane fraction needs to be further studied.
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In summary, the immunoprotein analysis data show that CSD induces
a delayed and transient downregulation of EAAT2 and EAAT1 but not
EAAT3 in the plasma membrane. This specific downregulation was
maximum on day 3 after CSD preconditioning, coinciding with the
neuroprotective effect of CSD (Kawahara et al., 1995; Matsushima et al., 1996).
Since glutamate clearance through EAAT is the coupling mechanism
between synaptic activity and glucose utilization, a concurrent
downregulation of astrocytic EAAT and reduction of regional CGU in the

neocortex is expected.

Although chronic downregulation of EAAT has been demonstrated to
be associated with decreased glutamate clearance and neurotoxicity, the
mechanisms underlying the downregulation are different. Thus, biological
effects mitigated through an acute transient decrease in astrocytic EAAT
would be different from those of chronic depletion of this transporter.
Membrane depolarization and ionic perturbation occurring during cerebral
ischemia trigger presynaptic glutamate release and reversal of glutamate flux
through EAAT. Reduction of EAAT present in the plasma membranes could
potentially decrease the reversed uptake of glutamate during cerebral
ischemia. These data support the hypothesis that downregulation of EAAT
induced by CSD preconditioning contributes to the state of increased ischemic

tolerance.
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CHAPTER 9. GENERAL DISCUSSION

Ischemic tolerance induced by CSD is a well-established phenomenon
in both focal and global ischemic models (Kawahara et al., 1995; Kobayashi et
al., 1995; Matsushima et al., 1996; Taga et al., 1997; Yanamoto et al., 1998). CSD
induced ischemic tolerance was first confirmed in our laboratory in a focal
ischemic model produced with the intraluminal occlusion of the MCA.
Recurrent CSD cause tissue depolarization (Osuga and Hakim, 1996; Osuga et
al., 1997) that increases extracellular glutamate (Lauritzen, 1992; Marrannes et
al., 1988; Nedergaard et al., 1995). Consequently, the activation of glutamate
receptors may lead to a series of signaling events that alter tissue response to
subsequent ischemic insults. Consistent with these reports, [*H]dizocilpine in
vivo distribution, an indicator of glutamate-induced NMDA receptor
activation, was identified in cortex both after a single CSD and during 1 hour

of recurrent CSD (Schwartz and Wasterlain, 1993; Wallace et al., 1992).

To understand underlying physiological events that constitute
ischemic tolerance, we hypothesized that prior CSD preconditioning
attenuated ischemic excitotoxicity, which is initiated by energy failure and
mediated by the excessive increases in extracellular glutamate. To address
this hypothesis, we studied the regional CBF in CSD preconditioned tissue
using ["CJIAP autoradiography at 3 hours of focal ischemia. Cerebral
[‘H]nimodipine in vivo distribution was used to study the state of tissue

depolarization and infer VSCC activation (Hakim and Hogan, 1991; Hogan et
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al., 1991; Hogan and Hakim, 1992; Takizawa et al, 1994). Cerebral
[Hldizocilpine in vivo distribution was used to indicate the opening of
NMDA receptor Ca** channels and to infer intra-ischemic glutamate release
(Schwartz and Wasterlain, 1993; Wallace et al., 1992). [’H]Nimodipine and
['H]dizocilpine in vitro binding was performed to test whether the binding
kinetics of VSCC and NMDA receptors were altered by CSD preconditioning,
since the alteration of VSCC and NMDA receptor would be reflected in the

response of in vivo activation during ischemic injury.

Our data demonstrated that in the regions outside of the ischemic core,
including the periinfarct and non-ischemic cortex, CBF was significantly
higher in the CSD preconditioned cortex than that in the sham treated cortex.
Cortical [’H]nimodipine in vivo distribution was attenuated in the ischemic
core in the CSD preconditioned cortex. In the identical region in the [“C]IAP
studies, regional CBF was found to be increased. Cortical [*H]dizocilpine in
vivo distribution was not significantly altered but the data suggested a trend
in which [’H]dizocilpine distribution was decreased in a region outside the
ischemic core in the CSD preconditioned cortex, but higher in the ischemic
core. The total binding capacity for ["H]nimodipine was increased in the sham
treated cortex whereas this increase was absent in the CSD preconditioned
cortex. [*H]Dizocilpine in vitro binding capacity and affinity were unaltered
by CSD preconditioning. Furthermore, we measured regional CGU after CSD
treatment. The ratio of regional CGU decreased on day 3 and 7 after CSD

treatment, indicating that preconditioning reduced the rate of glucose
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metabolism. Moreover, we semi-quantified astrocytic and neuronal EAAT
with immunoblotting following CSD preconditioning. We found a transient
downregulation of astrocytic EAAT1 and EAAT2, but not neuronal EAAT3.
These findings corroborate well with the observation that regional CGU in

the majority of neocortex were reduced.

These results were discussed individually in detail in their respective
chapters. To summarize these results, more discussion is presented to
illustrate the multiplicity and complexity of the CSD-induced ischemic
tolerance. Although these individual observations may contribute to the
CSD-induced ischemic tolerance, the mechanisms are inseparable. Since CSD
preconditioning induces activation of glutamate receptors, which are
associated with some of the mechanisms, the role of increased extracellular
glutamate induced by CSD depolarization in triggering a wide range of signal

cascades warrants further investigation.
CSD-induced ischemic protection involves multiple mechanisms

The multiplicity of the CSD-induced ischemic tolerance includes
attenuated tissue depolarization in the ischemic core, as well as improved
regional blood flow in the periinfarct and non-ischemic region.
[*H]Nimodipine in vivo distribution was attenuated in the ischemic core. As
an indicator of tissue depolarization, persistent increases in regional
[‘Hlnimodipine in vivo distribution maps impending ischemic injury by
identifying regions of tissue depolarization and increased VSCC activation.

Therefore, attenuation of [*H]nimodipine in vivo distribution suggests
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reduced tissue depolarization and reduced threat of tissue injury. In vitro
[‘H]nimodipine binding indicated that this attenuation is unlikely to be the

result of significant changes in the VSCC binding characteristics.

The significance of [’H]dizocilpine in vivo distribution data can be
speculated in terms of the effect of CSD preconditioning. Two regions of
interest were identified with the difference template approach. In a region
corresponding to the periinfarct region there was a tendency of decreased
['H]dizocilpine accumulation, whereas in the ischemic core there was a
tendency of more [*H]dizocilpine accumulation. We speculate that these
patterns of [*H]dizocilpine accumulation may indicate a trend of decreased
extracellular glutamate in the periinfarct region. The trend of an increase in
the ischemic core is not clear (Chapter 5). [’H]Dizocilpine in vitro binding
indicated that CSD preconditioning altered neither the NMDA binding
capacity nor affinity, suggesting that downregulaiton of NMDA receptor was
not a mechanism of neuroprotection. The [*H]dizocilpine in vitro binding
data further supported the notion that the trend of lower [*H]dizocilpine in
vivo distribution may suggest less accumulation of glutamate in the

periinfarct region.

Regional CBF measurement at 3 hours of ischemic insult indicated that
the cerebral perfusion was better maintained in the periinfarct and non-
ischemic region. Increased neuronal NOS activity may play a key role in the
improvement of cerebral perfusion after CSD preconditioning (Caggiano and

Kraig, 1998), even though other mechanisms are possible (Chedotal et al.,
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1994; Markowitz and Moskowitz, 1986; Moskowitz, 1984). Increased NO
synthesis may be mediated by the opening of NMDA Ca® channels in
neurons (Zhang and Snyder, 1995) and by mGIuR activation in astrocytes
(Agullo and Garcia, 1992). NO synthesis is triggered mainly in tissue
surrounding the ischemic core since NO production requires energy (Zhang
and Snyder, 1995). Although it has been believed that uncontrolled release of
NO could exacerbate the ischemic injury through free radical production
while providing limited relief in ischemia, recent evidence showed that the
role of NO in ischemic injury depends on the location of its production. It
has been demonstrated that in the periinfarct region the turnover of
citrulline was high, indicating increased NO production, whereas the
production of 3-nitrotyrosine was restricted in the ischemic core, indicating
increased production of the free radical peroxynitrite (Eliasson et al., 1999).
The observation that higher CBF appears in the periinfarct and the non-
ischemic cortex is consistent with the understanding NO turnover is
increased in the periinfarct region but not in the ischemic core (Eliasson et al.,
1999). These observations strongly support the idea that in the CSD
preconditioned cortex increased neuronal NOS expression in the astrocytes

provides protection against the ischemic insult.

We observed about 10% reduction in regional CGU in the CSD
preconditioned cortex on day 3 and 7 after CSD, but not on day 1, suggesting
that the onset of lower CGU after CSD preconditioning is more delayed than

the appearance of ischemic protection (Kato et al., 1991; Taga et al., 1997). The
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lag between the appearance of CSD-induced neuroprotection and the
attenuation of regional CGU may indicate that attenuation of regional CGU is
not essential to CSD-induced neuroprotection, although a reduced metabolic

rate may be of considerable benefit.

Coinciding with the first appearance of CSD-induced ischemic
tolerance, EAAT2 downregulation started on day 1 after CSD, persisted
through day 3 and 7, and returned to the control levels on day 21. Though
EAAT bind and transport extracellular glutamate intracellularly, the
transporters can be reversed under ischemic conditions when extracellular K-
is increased and energy metabolism is restricted (Kimelberg et al., 1995;
Obrenovitch et al., 1996; Rutledge and Kimelberg, 1996; Seki et al., 1999).
Thus, reduction in the astrocytic EAAT may reduce the number of sites
available for glutamate leakage through EAAT, attenuating the increases in
extracellular glutamate and the acute ischemic tissue injury (Choi, 1988a;
Choi, 1988b; Choi et al., 1988; Rothman, 1985). However the reversal of EAAT
is restricted by extracellular pH (Billups and Attwell, 1996). As the
extracellular pH decreases the leakage of intracellular astrocytic glutamate
through EAAT eventually ceases (Billups and Attwell, 1996). Furthermore,
EAAT function in two discrete steps. Glutamate binds EAAT within 10
milliseconds whereas the transmembrane transportation takes 5 - 10 times
longer (Bergles et al., 1997). Thus, for instant clearance of glutamate in the
synaptic cleft, a relatively large pool of EAAT is necessary. Severe shortage of

EAAT1 and EAAT2 lead to increased extracellular glutamate levels,
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neurodegeneration characteristic of excitotoxicity, and a progressive
functional deficit (Rothstein et al., 1996). Chronic downregulation of EAAT is
associated with many neural degenerative diseases (Robinson and Dowd,

1997).
The multiple protective mechanisms are linked

The complexity of CSD-induced ischemic tolerance is illustrated by the
close correlation of the protective mechanisms studied. Improved regional
CBF in the periinfarct region may result from the activation of neuronal NOS
which is dependent on the Ca® influx associated with the activation of
NMDA receptors and VSCC (Zhang and Snyder, 1995). The activation of
calmodulin by increased intracellular Ca* is required in the activation of NO
synthesis (Zhang and Snyder, 1995). However, it is noteworthy that the
regional CBF was higher in the ischemic core where [’H]nimodipine in vivo
distribution was found to be significantly attenuated. This attenuation of
[*H]nimodipine in vivo distribution in the ischemic core may therefore result
from improved blood flow (Chapter 5), in addition to lower excitotoxicity
(Chapter 8) and lower metabolic rate in CSD preconditioned cortex (Chapter 7)

(Folbergrova et al., 1992).

Alternatively, it is also conceivable that increased regional CBF was the
result of improved viability of the brain tissue, suggesting that the production
of free radical peroxynitrite was reduced in favour of increased NO turnover
by CSD preconditioning in the ischemic core (Eliasson et al., 1999). The brain

tissue must be able to prevent the formation of peroxynitrite for the beneficial
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effect of NO to take place (Eliasson et al., 1999). Increased ischemic tolerance
may be associated with the increased capability to handle NO. Thus, the
improved CBF in the ischemic core would be a sign of tissue viability due to
other factors, such as improved energy metabolism and reduced excitotoxic
injury, as indicated by the attenuated [*H]nimodipine in vivo distribution.
On the other hand, the ability to prevent peroxynitrite formation was
damaged and the benefits of increased presence of NO was lost in the sham

treated brain (Eliasson et al., 1999).

Downregulation of EAAT may lead to the attenuation of the increases
in extracellular glutamate.  Attenuated ischemic tissue depolarization
observed at 3 hours of focal ischemia in the CSD preconditioned rats may
represent the effect of less glutamate exposure, as suggested by the
downregulation of EAAT1 and EAAT2 (Szatkowski and Attwell, 1994), and
increased tolerance against substrate deprivation, as suggested by reduced
regional CGU. However, increases in extracellular glutamate have a limit
even in the most severely ischemic region, since the reversal of EAAT is
inhibited at extracellular pH 6.8 (Billups and Attwell, 1996). It has been
estimated that regions with CBF lower than 12 mL 100g" min"' have a
corresponding pH 6.6 or less (Hakim, 1987). Though the pH was not
measured in our studies, it can be inferred from our measured CBF values
that considerable extracellular acidosis must be present (Hakim, 1987; Osuga
and Hogan, 1997) (Chapter 5). In fact, in our studies, the regional CBF in the

ischemic core in the sham preconditioned studies 23 + 25 mL 100g" min" (n =



178

6), indicating some studies had very low regional CBF in the core. NO in the
core may be predominantly converted into peroxynitrite. In CSD

preconditioned studies, the value is 56 + 23 mL 100g™ min™.

A reduction in the rate of glucose metabolism, as indicated by lower
regional CGU, may indicate the preconditioned tissue is geared to be more
tolerant to energy shortage. CSD preconditioning downregulated astrocytic
EAAT, but not the neuronal type, consistent with the suggestion that lower
glucose utilization may be the result of reduced EAAT activities. This
downregulation may also suggest that reversed glutamate uptake during
ischemia by astrocytes may become attenuated in preconditioned cortex, thus
reducing glutamate exposure upon ischemic insult (Szatkowski and Attwell,
1994). Decreases in regional CGU are more likely the result of EAAT
downregulation, although they may contribute to the reduction in infarct
volume and the attenuation of [*H]nimodipine in vivo distribution at 3
hours of focal ischemia. However, it is noted that the onset of the reduction
in regional CGU is later than the downregulation of EAAT, suggesting
regional CGU may decrease independent of EAAT downregulation. Though
the degree of EAAT downregulation seemed considerably larger than the
degrees of regional CGU reduction, it should be noted that it is very unlikely
that the true degree of EAAT downregulation can be quantitatively
represented by immunoblotting at current settings due to the nature of the

methodology.
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EAAT coupling is not essential for basal level neuronal energy
metabolism (Pellerin and Magistretti, 1994). However the coupling is on
when activity levels are higher due to increased glutamate release from the
synaptic terminal (Magistretti et al., 1999). Higher extracellular glutamate
increases excitotoxicity as well as increases energy consumption. Thus, the
downregulation of EAAT could be viewed as a coupling mechanism to
reduce both excitotoxicity and associated energy metabolism, both of which
may have considerable effects on the tissue tolerance against depolarization

and ischemic injury.
The ischemic core is smaller in the CSD preconditioned cortex

The term periinfarct has been used interexchangably with penumbra
(Dirnagl et al., 1999). However, the cerebral ischemic penumbra is
pathophysiologically well defined. It is the region that is viable but not
functional (Hakim, 1998). In terms of regional CBF, the penumbra maintains
a level of perfusion at 12 - 18 mL 100g" min™'. Regional CGU remains above
17 pmol 100g" min?. There is considerable acidosis with the tissue pH
lowered to 6.6. Extracellular K* is elevated but manageable at 4 - 10 mM
(Hakim, 1987). The penumbra undergoes dynamic changes after the onset of
an ischemic event, which determines the outcome of the ischemic tissue

injury (Dirnagl et al., 1999).

In our studies, two regions of great interest were identified with the
difference image approach. The sqareroot CBF difference image identified a

region outside the ischemic core, where regional CBF was higher at 147 + 27
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mL 100g" min" in CSD preconditioned cortex compared with 73 + 41 mL 100g’
" min”. Though this region does not qualify as the ischemic penumbra, the
difference in the regional perfusion due to CSD preconditioning may indicate

the consequence of increased NOS expression (Eliasson et al., 1999), which can

be activated by periinfarct depolarizations.

The [’H]nimodipine V, difference image however identified a region
typically viewed as the ischemic core (Matsushima et al., 1998). In this region,
the regional CBF in CSD preconditioned studies is 56 + 23 mL 100g"’ min
suggesting an expansion of the penumbra in CSD preconditioned studies. By
contrast in the sham the regional CBF is 23 + 25 mL 100g’ min® (n = 6).
Though the average seems to be above the criteria for the penumbra, the
standard deviation indicates that some studies had a core where regional CBF
was considerably lower than the cut off level of the ischemic penumbra
(Hakim, 1987). The large variability is innate to the focal ischemic model.
Nonetheless, the ischemic core was arguably smaller (Chapter 5). In addition
to improved regional CBF, the attenuated [*H]nimodipine in vivo
distribution suggested that there was considerably less tissue depolarization,
thus less tissue injury. Furthermore, though the difference was not
statistically significant, the trend in [*H]dizocilpine in vivo distribution
outside the ischemic core indicates a tendency of less NMDA receptor
activation, another sign of attenuated excitotoxicity due to decreases in

extracellular glutamate.
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Though the glucose metabolism data and EAAT data cannot be used to
identify the ischemic penumbra, a smaller ischemic core may result from
those effects. Downregulation of EAAT in the penumbra may indicate a
region suffering less excitotoxicity but sufficiently activated to promote NOS
activity. In the ischemic core, the attenuated leakage of glutamate may reduce
excitotoxicity and tissue depolarization. Thus, tissue possesses enhanced
capability to deal with the increased NO production to convert it to improve
tissue survival in the ischemic core. Outside the ischemic core, the lower
regional CGU may provide little benefits. However, in the core region, 10%

reduction in substrate use may be considerable.
Possible role of glutamate in CSD-induced ischemic tolerance

Many molecular changes after CSD treatment are downstream of
glutamate receptor activation (Fabricius et al., 1993; Herdegen et al., 1993;
Kokaia et al., 1993; Levine and Black, 1997). Increased extracellular glutamate
during CSD, predominantly due to increased release from synaptic terminal
and reversed EAAT action (Billups and Attwell, 1996; Kimelberg et al., 1995;
Munoz-Martinez, 1970; Rutledge and Kimelberg, 1996), may serve as a signal
that leads to multiple messenger responses. Ketamine, an NMDA antagonist,
given during KCl-induced CSD was found to block CSD-induced ischemic
tolerance (Taga et al., 1997). Activation of metabotropic glutamate receptors

has been shown to attenuate N-type VSCC activation through increased G-
protein B/y subunits binding with these presynaptic membrane channels

(Ikeda, 1996). The observation that [H]dizocilpine in vivo distribution is
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increased during 1 hour of recurrent CSD is consistent with the hypothesized

role of glutamate in the induction of ischemic tolerance.

A consistent effect of CSD preconditioning has been the induction of
reactive gliosis (Belayev et al., 1996; Bonthius and Steward, 1993; Caggiano
and Kraig, 1998), which is blocked by NMDA receptor antagonist, dizocilpine
(Bonthius and Steward, 1993). This process has been reported to be mediated
by increases in extracellular glutamate (Herrera and Cuello, 1992; Herrera and
Robertson, 1990; Levine and Black, 1997). Thus induction of neuronal NOS
by CSD (Caggiano and Kraig, 1998) could also be blocked by dizocilpine,
although it has not been experimentally confirmed. CSD preconditioning has
been reported to increase the transcription and translation of several neural
growth factors (Kariko et al., 1998; Kawahara et al., 1997; Kokaia et al., 1993;
Matsushima et al., 1998). These neural growth factors in turn modify the
cellular functions by modulation of signal cascades and new protein synthesis
(Lessmann, 1998). CSD preconditioning has also been reported to induce
increased transcription and translation of immediate early genes (Herdegen et
al., 1993; Herrera et al., 1993). Immediate early genes predominantly function
as transcription factors that bring about the transcription and translation of

other molecules (Akins et al., 1996).
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CONCLUSIONS

To understand the mechanisms of CSD-induced neuroprotection, we
hypothesized that prior CSD preconditioning attenuates ischemia-induced
excitotoxic injury. Since energy failure initiates excitotoxic glutamate releases
and excitotoxicity further exacerbates energy failure, we approached the
hypothesis by investigating the effect of prior CSD treatment on the regional
CBF during acute focal cerebral ischemia. Our data demonstrated that the
regional CBF was significantly higher in the periinfarct region and the
ischemic core during 3 hours of focal cerebral ischemia. These results
indicated that the CSD preconditioned cortex was more resistant to energy
failure associated with cerebral ischemia. We further tested the hypothesis by
studying the changes in postsynaptic L-type VSCC and NMDA receptor Ca™
channels after CSD treatment. Our data indicated that membrane
depolarization was attenuated by CSD preconditioning in the ischemic core
and we thus inferred the attenuation of L-type VSCC activation in the
ischemic core. [*H]Dizocilpine in vivo distribution showed a trend of less
NMDA receptor activation outside the ischemic core, suggesting possible
attenuation of increased extracellular glutamate. [*H]Nimodipine and
['H]dizocilpine in vitro binding indicated the binding characteristics of VSCC
and NMDA receptor were unaltered by CSD preconditioning, showing that a
change in density of these postsynaptic Ca* channels was not a mechanism of

CSD-induced neuroprotection. Our regional CGU measurement showed that
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it decreased on day 3 and day 7 after CSD treatment, suggesting energy use was
decreased by CSD preconditioning. Immunoprotein analysis of glutamate
transporter indicated that the astrocytic EAAT1 and EAAT?2, but not neuronal
EAATS3, downregulated on day 3 after CSD, suggesting that glutamate leakage
through these transporters during ischemic insult may be reduced. Thus, our
studies demonstrated that CSD preconditioning may attenuate excitotoxicity
by increasing regional CBF and decreasing excitotoxicity as indicated by the
decreased Ca®" channel activation. Our observation of the reduction of
regional CGU and the downregulation of astrocytic EAAT support the

modulation of the excitatory synapses as a mechanism of CSD-induced

neuroprotection.
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APPENDICES

1. Measurement of regional cerebral blood flow

The equation for calculating blood flow using measurable tracer is
described by Kety in 1951 (Kety, 1951). Based on the Fick principle,

dM
P _-FC -C .

where M is quantity of the tracer taken up by the tissue, t is time, F is blood
flow per unit mass of tissue, C, is the arterial tracer concentration, C, is the

venous tracer concentration. At equilibrium on a single pass,

M
C, == 2
v 2. ’ (1 )

where A is the radiotracer partition coefficient between blood and tissue, the

Fick principle can be expressed as

dM F
i iM=FC, -

Integration of the equation (1-3) obtains Kety’s equation,
Ee £,
M(t)=Fe * J'Cu(s)e* ds, (1-4)
0

where M(t) is the concentration of the tracer in the tissue at time t, C (s) is the
arterial concentration at time s after the induction of a radiotracer.

When the tracer is H, gas, a platinum electrode is inserted into the
tissue and polarized to a positive voltage with respect to a stable reference
electrode (Farrar, 1987). The following oxidation reaction proceeds,

H, 52H +2e . (1-5)
When the polarizing voltage is sufficiently high, the molecular H,
concentration is reduced to zero at the electrode surface. This creates a
concentration gradient between the bulk tissue and the electrode surface. The
tissue H, concentration can be described as

IL
C:—-———, 1-6
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where C is the tissue H, concentration, I is the current density per unit area
per unit time, n is the number of electrons transferred by the molecule of
hydrogen, F is Faraday’s number, D is the diffusion coefficient for H, in the

tissue, L is the thickness of the diffusion layer. Then Kety’s equation becomes
£ £
I(t)=Fe * [C,(s)e* ds. (1-7)
0

When [, is constant and positive during saturation, the equation

reduces to

£
Ky=AL[l1—-e *]. (1-8)
When [, is constant and zero during desaturation.
-E,
I(r)=1(0)e * . (1-9)

Since A for H, gas is 1 (Farrar, 1987), the above equation becomes

I(t)=1(0)e™ " (1-10)
Take natural logarithm on both sides
In[I()}= In[I,(0)] - Ft , (1-11)

F= 1"[1,,(0);-1'1[1(1)] . (1-12)
When the tracer is [“Cliodoantipyrine delivered with a ramp infusion
over 1 minute, C, is measured with frequent arterial samples and remove the

brain at 1 minute, Kety’s equation remains
B L
M(t)=Fe * [C,(s)e* ds. (1-13)
0

Assume a linear ramp arterial input with a slope of a, the solutions for M

versus F is

A F i )]
M(t)=Fd(1) LI(I-I")—[I-C’ 4 )J (1-14)
The equation can be solved iteratively.

[*C]lodoantipyrine is chosen as the radiotracer because it freely diffuses

across blood brain barrier so the CBF values only reflect the tissue perfusion



187

but not the limitation of the blood brain barrier (Sakurada et al.,, 1978). The
brain/blood equilibrium partition coefficient for [“Cliodoantipyrine is 0.8
ml/g. This coefficient is independent of the hematocrit (Sakurada et al., 1978).
Patlak et al showed that a ramp arterial input function, coupled with a

relatively short experimental duration, tends to minimize errors in blood

flow produced by uncertainty in the partition coefficient A (Ginsberg, 1987;
Patlak et al., 1984).
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2. Infarct volume measurement

The edema ratio is calculated as:

ﬂ

ER=-, (2-1)

A
where ER is the edema ratio, T, is total ipsilateral volume, T. is total
contralateral volume (Hiramatsu et al., 1993).
Assuming ischemic injury induces edematous reaction in both injured
tissue and unaffected tissue, the infarct volume can be calculated as:
IV=V.-V,/ER, (2-2)
where [V is infarct volume, V. is contralateral volume of the target structure,
V, is the volume of the non-ischemic region of the target studies in the

ischemic hemisphere.
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3. Notes on ligand binding kinetics

Receptor-ligand binding can be expressed as:

F+Ro B, (3-1)
where F is free ligand; R is free receptor; B is ligand-receptor complex (bound).
According to the law of mass interaction, binding of ligand with receptor is
proportional to the concentration of free ligand and free receptor; and the
dissociation of the ligand-receptor complex is proportional to the
concentration of the ligand-receptor complex, i.e.:

Vin =k FR, (3-2)
and

Vy=k,;B, (3-3)
where V_ is association velocity, V4 is dissociation velocity, k,, is binding
constant, k_, = dissociation constant.

At equilibrium, the velocity of binding equals the velocity of

dissociation, i.e.:

‘/:m = ‘/o[f ’ F Rkun = Bknfj . (3-4)
Define
k
K="~ 55, (3-5)
k B

and the degree of binding, X, is defined by the moles of bound ligand per mole

of receptor,

B x_. B (3-6)
R+B B..
Replace B by 3-5 gives
- f aa B-_EF_ (3-7)
K+F B, K+F

At low F, B/B_,, 2 0; at high F, B/B_,, = 1; when half of the receptors
are occupied, K=F. Rearrange 3-7, the Scatchard plot is obtained:

B_B B,
— = — 4
K

F- X (3-8)
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Because the logarithm of the ligand activity is proportional to the chemical
potential of the ligand, we can plot B/B,,, against log F to get titration curve.
Sometimes there is more than one binding site on the receptor. In a

sequential binding model the stepwise reaction can be expressed as:

F+Reo B, B+Ro B, (3-9)
K, =Q, K, = FR. (3-10)
B " B
or in overall reaction:
F+Re& B,2F+R& B,. (3-11)
FR F’R
B, =_B|—’ B, =_EI B, = KK,. (3-12)
The moles of bound ligand per mole of receptor in all forms gives the degree
of binding:
x=2 - _B*28 (3-13)
B, R+B +B,
In terms of the stepwise reaction, we obtain
X = K,F+2K,K2F. (3-14)
1+ K, F+K,F
Likewise in terms of overall reaction, we obtain
x=-PEY2BE (3-15)
1+ K F+K,F°

The principle of ligand binding can also be applied to ligand purity
assay. From the derivation of Michaelis-Menten equation,

kaﬁzF_R
k B

on

K=

, (3-16)

Since B, =R+B; L=F+B,
_(B,-B(L-B) B_,L-B_B-BL+B’

K , 3-17
B 5 (3-17)
KB=B_L-B_B-BL+B, (3-18)
B*-(B_ +L+K)B+B_L=0. (3-19)

+
LimB = Bras £ By +2L (3-20)

By, =
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Take the meaningful terms,

L. (3-21)
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4. Theoretical basis of [“C]deoxyglucose methodology

The [*C]deoxyglucose method was used to map local metabolism levels
in this study. The ["*C]deoxyglucose method for the measurement of regional
CGU was derived by analysis of a model based on the biochemical properties
of [*C]deoxyglucose in central nervous tissue (Sokoloff et al., 1989; Sokoloff et
al., 1977). ["C]deoxyglucose is transported bidirectionally between blood and
brain by the same carrier that transports glucose across the blood-brain barrier.
In the cerebral tissues, it is phosphorylated by hexokinase to 2-deoxyglucose-6-
phosphate (DG-6-P). Deoxyglucose and glucose are competitive substrates for
both blood-brain transport and hexokinase-catalyzed phosphorylation.
Unlike glucose-6-phosphate, DG-6-P cannot be converted to fructose-6-
phosphate, and it is also not a substrate for glucose-6-phosphate
dehydrogenase. Other break down processes are slow, and the metabolites
(DG-6-P) are relatively stable. The biochemical processing of [“C]deoxyglucose
is therefore stopped at this stage; DG-6-P is trapped in the cerebral tissue
(Sokoloff et al., 1989).

If the DG-6-P accumulation time is kept short enough to allow the
assumption of negligible loss of [MC]JDG-6-P from the neurons, then the
quantity of [“C]DG-6-P accumulated in cerebral tissue at any given time
following the introduction of [*C]deoxyglucose into the circulation is equal to
the integral of the rate of [*C]deoxyglucose phosphorylation by hexokinase in
that tissue during the accumulation time. This integral is in turn, related to
the amount of glucose that has been phosphorylated over the same interval,
depending on the time course of the relative concentrations of
[“Cldeoxyglucose and glucose in the precursor pools and the Michaelis-
Menten kinetic constants for hexokinase with respect to both
[“C]deoxyglucose and glucose. With glucose consumption in a steady state,
the amount of glucose phosphorylation during the interval of time equals the

steady-state flux of glucose through the hexokinase-catalyzed step times the
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duration of the interval, and the net rate of flux of glucose through this step
equals the rate of glucose utilization (Sokoloff et al., 1989).

An operational equation is derived from the model, requiring the
following assumptions:

1. Plasma glucose and the rate of cross-membrane glucose
transportation remain constant throughout the experimental period;

2. Tissue compartment is homogeneous, within which the
concentrations of [“C]deoxyglucose and glucose are uniform and exchange
directly with the plasma; and

3. Molecular concentrations of free [“C]deoxyglucose are essentially
equal to zero.

General equation for measurement of reaction rates with tracers
(Sokoloff et al., 1989):

Labeled Product Formed in Interval of Time,0to T

I: Isotope Effect :| [Integrated Specific Activity ]
r

Rate of Reaction =

CorrectionFacto of Precoursor

(4-1)

Operational equation of [“C]deoxyglucose method:
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Labeled Product Formed in Interval of Time, 0 to T

I 1
Total 14C in 14C in Precursor Remaining
Tissue at in Tissue at Time, T
Time, T
( N o ]

o e T . g
* -k +ky)T (ky +ky)1
C(D=Kje ™ T[ C ety

[a-v:.k, 1 er(C e AT
B A (A (O

Ri =

p
J | J

Isotope Integrated  Correction for Lag in Tissue
Effect Plasma Equlibration with Plasma
Correction Specific
Factor Activity

Labeled Product Formed in Interval of Time,0to T (4-2)

This operational equation can be solved by measuring the following
variables: 1) The entire history of the arterial plasma [“C]deoxyglucose
concentration, Cp*, from zero time to the time of decapitation, T; 2) The
steady-state arterial plasma glucose concentration, C, over the same interval;
and 3) The concentration of "“C in the tissue, C*(T), which is determined
densitometrically from the autoradiographs (Sokoloff et al., 1989; Sokoloff et
al., 1977).

Because the operational equation of the method was derived on the
basis of the assumption that arterial plasma glucose concentration remains
constant during the experimental period, the original method is applicable
only to experiments in which this assumption is satisfied (Savaki et al., 1980;
Sokoloff et al., 1989). If the plasma glucose level is unstable, it is required that

a modified operational equation be used (Savaki et al., 1980; Sokoloff et al.,
1989).
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