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Recent studies have s h o w  that Clomethiazole (CMZ) me be neuroprotective in 
both global and focal animal models of ischemia. Tlie primary objective of this thesis 
was to determine whether a single dose of CM2 could provide neuroprotection when 
adrninistered following severe global ischemia. We used the Rice-Vannucci mode1 of 
hyposia-ischemia (H-1) to produce a large unilateral global ischttmic injury in young 
(PND35) male rats. Afier testing several doses and timepoints of administration for 
C:MZ. we were able to determine that doses of 100. 150 and 300 ingky administered at 1. 
1 or 3 Iiours post-hypoxia provided signjficant neuroprotection in ail brain regions 
normally susceptible to H-1 injury. The ability of CM2 to potentiate GABAergic 
iicurotransmission has generally been credited for its neuroprotcctive rffects in animal 
mode ls of ischemia. In order to determine whethcr the neuroprorccti~c c fficacy of CM2 
was dur to its GABAA-potentiating propenies. we rsamined the neuroprotective efficacy 
of known GABAA-potentiating agents in the H-1 model. Regardless of dosage. the highly 
specific GABAA-agonist, rnuscirnol, did not provide neuroprotection in iuiy ce11 layer of 
H- 1 animais when administered at 3 houn post-liyposia. However. hiph doses of the 
benzodiazepine, midazolam (150 and 200 mgkg). provided significant neuroprotection in 
ai1 d l  layers of H-I anirnals when administered 5 Iiours post-liypoxia. Imponantly. the 
iic.uroprotective efficacy of midazolam was substaiitiiilly l rss  iiim ihat of CM2 in this 
rnodc.1. We. therefore. investigated whether ;in additiw or ciltcrnate mrclianism of action 
nia!. be responsible for the profound neuroprotection provided by CWZ in the H-1 tnodel. 

The effects of CMZ administration on iioriiial patterns of yenr espression 
foi lwving H-I were investigated using a num ber 01' molecular biological tools includiny 
RT-PC R. in situ hybridization. differential displ- and DN A scquencing . Rrsul ts of 
tliese rxperiments demonstrated that CM2 administration altcrrd the normal patterns of 
espression for several mRNAs following H-1 including lispiO. I tspl j .  Itsp4U. cctlntotlidin. 
c-f0.s. and c-jiîn and several proteins includiny Hsp70. Hsp25 and c-Fos. Tlie dfect of 
ChlZ administration on subsequent gene expression in ilir fi4 iiiodel \vas diversc but 
III;~' indicatr that a molecular mechanism of action ssists tor tliis compound. 

ln ri parallel series of experiments. we inwstigatcd u-lictiicr tlir apparent 
iiiurpliological neuroprotection provided by CM2 iciiislacd into fiiiictioiiûl sparing of 
ticurons susceptible to H-I injury. Specifically. ws wnted to detrrminr wlietlier the 
iiciironal circuitry originating from ce11 regions norniüll!- susccpiiblü to H-l was tiilly 
liinc t ional in CMZ-treatcd anirrids. 8 ~ r h  vehicle-injtxted and CMZ-lnjeptec! (Y0 m g l k ~  
aiid 100 mg/kg) H-l animais were kindled ~pprosiinûtcly two montlis following H-l 
ireatmnt in order to compare seizure susceptibility and seizure propagation 
clinrxteristics in the ipsilatenl hippocarnpus of anirnals from bot11 ircûtment groups. 
C'.\,IZ-treated H-1 animals exhibited a decreased susçrptibility to seizures and a stronser 
rcsistancr to initial seizure propagation than veliiclc-injectrd H-l rinimals. Moreover. the 
seiziire susceptibility of CMZ-treated H-1 animals wris decrcasrd evrn wlien compûred to 
naïve control animals. These results indicate that despite the apparent complete 
iiiorpliologicd neuroprotection observed follo~viny CM2 administntioii. permanent 
çlimges in neuronal circuitry may occur in CM2 trcated H-1 ûnimûls. lt  is unclear 
uhcther this alteration in neuronal circuitry would I iûw clinical implications in stroke 
patients. 
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'Stroke', as deked  by the World Health ûrganizaîion, is a temi used to refer to 

rapidly developing clhical signs of a focal (or global) disturbance of cerebrd fûnction, 

with symptoms that last 24 hours or longer and have no apparent cause other than 

vascular origin (WHO MONICA bject, 1988 as sited in Green et al., 1998a). Stroke 

typically arises fiom a lack of oxygen supply to brain celis and has a pathogenic origin 

related to a thrombotic or embolic clot in one or more of the artenes that supply blood to 

the brain. Oxygen starved brain cells eventually die, resulting in a variety of clinical 

symptoms. Depending upon the location and severity of the clot, symptoms of stroke in 

humans vary and may include padysis, irnpaired cognition, communication difficulties, 

reduced co-ordination, visual disturbance, l o s  of sensation, depression or any 

combination of these effects (Shima et al., 1994). 

Historically, stroke has adopted such fatalistic terms as "a stroke of fate" or "a 

stroke of God's hands" because, clinically, stroke was believed to be both unpreventable 

and untreatable (Shima et d., 1994). However, ment emergent stroke treatrnent 

strategies have led to unprecedented drug development activity in preclinical research 

laboratories. In general, 'heuroprotective therapy" involves the use of a phamiacological 

agent that, when administered soon after a cerebrovascdar accident, substantidly 

decreases long term neuronal damage and does so by interfering with the cellular 

processes that result in ceil deah (Green et al., 1998a). One of the more fhstrating 

obstacles in the development of neuroptective compoimds for stmke has been that 

while sûoke patients are m l y  treated within the first few hom afbr omet of symptoms, 

most research into pharmacotherapy has fwussed on agents that must be administd 

either prior to, during or immediately following the ischemic event. However, research 

has begun to focus on putative neufoptective compounds that are able to m h h k  or 

prevent stroke-induced ceil death by interfering with delayed molecdar events that 

uitimately cause ceUs to die following ischemia 



Ercitotoxic Injury 

Investigations into the cause of stroke and the testing of potential neuroprotective 

agents is hampered by an inabiiity to continuously foliow the physical and chernical 

events that occur during ischemia and repemision in vivo. In the past decade, however, 

new advances in stroke research have given a better understanding of normal functioning 

in the brain and, as a coasequence, a clearer understanding of the pathology of ischemia- 

induced ce11 death. Unfominately, this research has indicated that there may be severai 

interactive mechanisms ultimately responsible for ischemia-induced ce11 damage andor 

death. As such, the probability of developing a single neuroprotective cornpouad to 

combat stroke in humans is low. 

Stroke-induced neuronal injury is cumntly believed to resdt h m  a phenornenon 

known as excitotoxicity, which involves excessive release of the primary excitatory 

neuroaansmitter in the brain, glutamate. Under n o r d  conditions, neuronal and glial 

uptake systems maintain the extracellular concentrations of glutamate at or below 

rnicrornolar levels (Bouvier et al., 19%). Excitotoxic insults, such as ischemia and 

seizure, cause an immediate release of excitatory amino acid (EAA) neurotransmitters 

(primarily glutamate) that is above the buffering capacity of neuronal and glial uptake 

systems. Accordingly, an approximate 30-fold inmase in the extracellular concentration 

of EAAs has been reported in ischemic brain regions which uitimately leads to massive 

depolarkaton of postsynaptic membranes (Kanthan et al., 1995). At the same tirne, the 

loss of adequate blood supply (and oxygen) to the brain results in reduced ATP synthesis 

which causes energy-requiring ionic pumps, that normaily keep the membrane polarized, 

to fail and lead to additional depolarkation of pst-synaptic membranes (Hansen et d., 

1985). Excessive activation of calcium permeable N-methyl-D-aspartate (NMDA) 

receptors and voltage-gated calcium channels, in combination with the failure of ionic 

pumps, ultimately leads to an enormous increase in the intracellular concentration of 

calcium in ischemic neurons. It is believed that this increase in intracellular calcium 

concentration is pivotal to ischemia-induced cell death since increased htracellular 

calcium has ken  linked to the activation of several destructive enzymes including 

lipases, proteases and endonuclcases (Choi et al., 1990; Kristim and Siesj ,1996). 

Phospholipid breakdown foiiowing lipase activation d t s  in the formation of 



arachidonic acid which, when rnetabolized, gives rise to highly reactive compounds 

known as oxygen fke radicals tbat attack ce11 membranes through a process called lipid 

peroxidaîion (Meldm, lWOa,b; 1992). Increased intracellular calcium concentrations 

have also been s h o w  to alter the level of second messenger molecules in ischemic 

neurons and affect the transcription of nurnerous genes that may ultimately serve as part 

of a destructive molecdar cascade leading to ce11 death (Choi, 1990). 

Excitotoxic injury to cells within the ischemic infant zone has been shown to 

ignite a secondary excitotoxic cascade in cells outside of the original infarct zone that 

have a residual although severely compromised blood supply. This larger surrounding 

area of compmrnised celis is known as the penumbra anci, without restoration of the 

blood supply or protective intervention, these cells wili also die following ischemic 

insult. In addition, the rapid pace of the excitotoxic cascade limits the window of 

opportunity for therapeutic intervention following ischemia, beyond which re- 

establishment of blood flow and/or administration of putative wuroprotective agents may 

be futile and couid potentially cause frnther damage. 

The search for universal therapeutic comtemeasuses to H-I injury has determined 

that both physiologic and pharmacologie strategies can be effective in reducing ischemia- 

induced cell de& Successful physioiogic manipulations have included fasting 

hypoglycemia, mild hypothemiia, mild hypercapnia and hypoxic preconditioning (Young 

et al., 1 983; Voorhies et al., 1 986; Vmucci and Muj sce, 1 992; Yager et d., 1 992; Saeed 

et al., 1 993; Yager et al., 1993; 1996; Gidday et al., 1994; Vannucci et al., 1995; 

Thoresen et al., 1996; Trescher et al., 1997; Williams et al., 1997). Some phannacologic 

interventions that have exhibiteci neuroprotective efficacy against H-1 injury include 

glucocorticosteroids, giutamate receptor antagonists, calcium channel blockers, fke 

radical scavengers, NO inhibitors, nerve growth factor aiid platelet-activating factor 

antagonists (Silvernein et al., 1986; Trifiletti et al., 1992; Palmer et al., 1993; Thordstein 

el al. 1993; Hagberg et al., 1994; Hamada et al., 1994; Bagenhoh et al., 1996; Holtmm 

et al., 1996; Liu et cil., 1996; Hudome et al., 1997). 

As rnight be expected, many studies have examined the neuroprotective effects of 

EAA receptor antagonists in animal models of ischernia However, use of these 

compounds has produced varying degrees of nemprotection tbat appears to be 



dependent upon the ischemia mode1 and species use& the receptor subtype targeted, the 

dosing regimen and the presence of hypothennia (Gill et al., 1988; Buchan and Pulsinelli, 

1990; Sheardown et al., 1990; Giii and Lodge, 1997; McBumey, 1997; Smail and 

Buchan, 1997). A study conducted by Hagberg et al., (1994) demoastrated that pst- 

hypoxic treatrnent with a non-cornpetitive NMDA receptor antagonist, (+) -5-methyl-10, 

1 1 -dihydro-5H-dibenzo [%dl cyclohepten-S,10-amine maleate (MK-80 1 ), at doses of 0.3 

and 0.5 mgkg reduced brain damage following H-1 by 61 and 43% respectively while 

higher doses of MK 801 (0.75 mgkg) pronded no neuroprotection. One reason for the 

success of these compounds in animal models of ischemia may be the high correlation 

between the presence of glutamate receptors and the vulnerability of specific brain 

regions to ischemia For iristance, the CA1 pyramidal ceii layer in the hippocampus is 

particularly rich in NMDA receptors and is also the most susceptible brain region in 

many animal models of ischemia (Monaghan et al., 1 983; Gilby et al., 1 997; Vannucci et 

al., 1999). In spite of numerous studies that demonstrate a neuroprotective effect for 

NMDA antagonists in animal models of ischzmia, t h e  has been little interest in these 

compounds for stroke therapy in humans. Reasons for this discrepancy incluàe the fact 

that administration of NMDA-antagoaists has been shown to induce hypothermia in 

animais, a mechanian that is independently neutoprotective, and use of NMDA 

antagonists during human clinical trials has indicated that these agents are associaîed with 

adverse CNS side effects (hailucinations and sedation) and periphd toxicity (Lipton et 

al., 1993; Foutz et cil., 1994; Xue et al., 1994; Gmtta et al., 1995; Gilland and Hagberg, 

1997). 

Renewed Interest in GABA 

It is possible that ischemia-hduced neuronal damage may be due to an imbalance 

between excitatory and Uihibitory activation of pst-synaptic neurons. y-aminobutync 

acid (GABA) is the most powemil inhibitory neurotransmitter in the CNS and one of the 

most important physi~logical regulaton in neuronal cells (Dingiedine and Gjerstad, 1979; 

Hill and Bowery, 198 1). Approximately 30-50% of all synapses in the C N S  are thought 

to be GABAergic (VI&& et al., 1998). GABA dysfunction has ben W e d  to 

numerous nedegenaatve  disordm including epilcpsy, ischemia, heptic 



encephalopathy, Huntington's chorea, spinocerebellar degeneration, dementia and 

psychosis (Vrbaski et al., 1998). Studies that have used microdialysis to detexmine 

extracellular concentrations of GABA in the brain of ischemic relative to control animals 

have reported an increase in the overall GABA concentration in the brains of rats that had 

been subjected to focal or global models of ischemia (Hagberg et al., 1985; Baldwin et 

al., 1993a; 1994; Mainprize et al., 1995). Nuclear magnetic resonance studies have also 

show that hippocampal GABA levels increase during and immediately after transient 

forebrain ischemia but decline significantly at 1 hour der  reperfusion (Peeling et al., 

1989). Paradoxically, a near 70% inhibition of GABA synthesis bas k e n  observed in the 

cortex of rats immediately following premanent or reversible occlusion of the middle 

cerebral artery (Hagberg et al., 1985; Baldwin et al., 1994; Mahprize et al., 1995; Green 

et al., 1992a). T~US, overall GABAergic hc t ion  may be reduced for a substantial period 

after ischemic insult, in spite of the fact that GABAergic neurons are remarkably resistant 

to ischemia-induced damage (Tecoma and Choi, 1989; Johansen et al., 199 1 ; Nitsch et 

al., 1 99 1 ; Kanai et al., 1994). Similarly, an inmase in extracellular GABA 

concentration has been observed in ischemic tissue of humam undergohg neurosurgery 

(Kanthan et al., 1995). These data suggest that phamiacological cornpoumis that ampliSr 

GABAergic nemtransmission may be of nemprotective benefit in animal models of 

ischeniia. 

Three distinct types of GABA receptoa have been identifid in d s  

(GABA*, GABAe and GABAC). In the late 1980'9, the GABAA receptor was cloned and 

found to be a member of the broad class of multi-subunit proteins that form 'ligand- 

gated' ion channels (see review by Bowery and Brown, 1997). GABAA receptors have 

shown a large amount of molecular hetmgeneity but are u n i v d y  known to be 

GABA-gated pentomenc complexes coasisting of at least 16 subunits (al4, bP3, yl-3, n, 

6, s, $1). When two molecules of GABA bind to the ai-subunits of the ion-channel 

receptor the channel opens and there is a shift in membrane penncability to favor chloride 

ions. Influx of chloride ultimately causes hyperpolarization of the neuron and thereby 

produces a rapid cessation of the electiical discharge h m  the ce11 (Anderson et al., 

1993). 

The GABAA receptor is part of a macromolecule that contains the GABA 



receptor, chioride ionophore and several aliosteric modulatory sites where 

berizodiazepines, barbiturates, various anesthetics and neurosteroids can bhd in order to 

influence its activity (Sieghart, 1 992; Green et al., 1 998a). It has traditionally been very 

difficult to determine the exact site of action for compounds that influence the GABAA 

receptor. Many GABAergic compounds can act at more than one binding site or, once 

bound to one site, can modulate the binding characteristics of other sites making it hard to 

detemillie their precise mechanism of action. For instance, Green et al. (1996) reported 

that neither of two compounds known to potentiate GABAergic efEects, pentobarbitone 

nor clomethiazole (CMZ), appeared to interact directiy with the GABA or 

benzodiazepine receptor binding sites yet bot. compounds indirectly influenced the 

characteristics of these binding sites. 

It is also interesthg that d u h g  the early stages of development, activation of 

GABAA receptors leads to depolarization of the pst-synaptic membrane instead of 

hyperpolarizatioa (Ben Ari et al., 1989; LoTurco et al., 1995; Serafini et al., 1995; Chen 

et al., 1996; Rohrbough and Spitzer, 1996). nius, in several types of neonatai n e m m  

activation of the GABAA receptor triggers action potentials and activates voltage- 

dependent calcium channels producing a rise in intracellular calcium concentrations 

(LoTurco et al., 1995; Obrietan and van der Pol, 1995; Chen et al., 1996). Around PND7 

in rats, however, GABA begins to fiinction as an inhibitory neurotransmitter, a 

characteristic that progessively increases in stmigth up to PND45 (Swaan et al., 1989; 

Kapur and MacDonald, 1998). 

GABAe receptors are presynaptic and are present at lower concentrations than 

GABAA receptors (Sieghart, 1992). GABAe receptors are not linked to a chloride 

channel but instead are coupled to Gl proteins and are involved in synaptic transmission 

(neurotransmitter release). The GABAe receptor is a 7 helicai transmembrane segment 

receptor that inhibits adenylate cyclase and modulates calcium and potassium chaiinels 

(Sieghart, 1992; Pearson et al., 1994). Reports have indicated that GABb receptors 

may be involved in physiological conditions rwociated with absence epilepsy, cognitive 

disorders and nociception (Golovko et al. 1999). GABAC receptors are c w s i d d  to be 

relatively simple ligand-pted chloride chamels that fhction to stabilize the resting 

potential of the cell by incrrasing the conductivity of chloride (Sie- 1992; Pearson et 



al., 1994). The pharmacology of GABAC receptors is distinct h m  GABAA receptors as 

they are not blocked by bicuculline and do not appear to be modulateci by traditionai 

GABA-potentiating compouods nich as benzodiazepines, barbiturates or nemactive 

steroids. 

The search for GABA-potentiating compounds that may be neuroprotective in 

animal models of ischemia has generaily focussed on GABAA-agonists. uideeà, ment  

studies have show that pharmacological agents that act directiy on GABAA receptors or 

that modulate GABA& but not GABh, receptor activity can decrease the severity of 

brain injury following ischemia For instance, Watanabe et al. (1999) demonstrated that 

while GABAA-agonists provided neuroprotection against global ischemia in gerbas, 

GABAe-âgoni~t~ were not effective in the same protocol. A possible explanation for the 

ineffectiveness of GABAB-agonists against ischemia-induced damage may be that 

GABAe receptors become dysfunctionai under conditions of low energy that 

chanicteristically foilow ischemia (Bowery et al., 1993). Thus, an investigation into the 

ability of specific GABAA-agonists to provide neuroprotection across a variety of animai 

models of ischemia may be important to the friture treatment of stroke patients. 

The Ricr-Vannueci M d 1  qfH-I 

In the past few years many dmgs have been developed that provide powerful 

neuroprotection in a d  models of ischemia but faii to improve ischemia-indu& 

pathology in c h i d  trials (Grotta et al., 1995). This fdure is most likely due a an 

incompatibility between the design of experimental and clinical studies rather than a 

discrepancy in the phamiacological profile of the agent. More ment  research hes linked 

certain animal models to specific human stmke conditions with the most important 

selective miteria king the identification of the correct pathophysiology. In this way, 

therapeutic recommendations derived h m  animal studies can be restricted to a particular 

pathophysiologicai state in humans. 

There are numemus animal models curmtly used to mimic ischemia-induced 

pathology in humans. These models are categorized as either focal or global insults. 

Animal models designeci to rnimic global ischemic injury in humans include those where 

pemanent or transient occlusion of large blood vessels supplying the brain leads to a 



widespread H-1 episode. In contrast, focal animal models of ischemia involve transient 

or permanent occlusion of specific cerebral vessels and thus result in mute damage to 

locaiized brain regions. The ciifferences between these animal models can specifically 

address different types of stmke injury in humans. For instance, global ischemic insuits 

are most relevant to patients suffering fiom cardiac amst ,  but are also used to address 

pathophysiology associated with perinatal asphyxia, strangulation, severe shock or 

intracranial hypertension (Hossmam et al., 1 998). Focal ischemic insults are pertinent to 

brain injury in humans that has been induced by thrombotic stroke, an embolic occlusion 

or lacunar infarction (Hossmann et al., 1998). 

The Rice-Vannucci model of hypoxia-ischemia (H-I) is a hemi-global model of 

ischemia and is based on the Levine preparation in the adult rat (Levine, 1960). In this 

model, ligation of one common carotid artery (CCA) combined with a transient period of 

systemic hypoxia (8% oxygen, balance nitmgen) produces progressive and permanent 

brain damage that is limited to the cerebral hemisphere ipsilateral to the carotid artery 

occlusion. Within the ipsilateral hemisphere, susceptible bmin regions include the 

hippocampus, cerebral cortex and striatum (basal ganglia) (Gilby et al., 1997; Martin et 

al., 1997; Vannucci and Vannucci, 1999). The reason for the predilection of these 

regions to H-I is currently unknown. However, there is some evidence that rnetablic 

factors such as regionai cerebral glucose utilkation, may play a dominant mle (Vannucci 

and Vannucci, 1999). It is i n t e d g  that, in relation to conml animais, thete does not 

appear to be any change in blood flow to individual structures of the ipsilateral cerebrd 

hemisphere following unilateral occiusion (Vannucci and Vaaaucci, 1999). 

Measurements of systemic physiologic variables in rats dunilg the course of the hypoxic 

episode indicate that animais exhibit hypoxemia and hypocapnia that likely can be 

attributed to hyperventilation (Welsh et al., 1982). Mean s y d c  blood pressure also 

decreases by 25% -30% in animals during the course of systemic hypoxia (Vannucci et 

al., 1999). Neither the carotid artay ligation nor the hypoxic episode individuaily 

produce detectable neuronal damage in any brain region. Monover, despite the profound 

ce11 loss produced in selective brain regions of the ipsilateraî hemisphere foliowing H-I, 

there have ben  no reports of celi loss in any structure of the contralaterai hemisphere 

following H-1 insult (Gilby et al., 1997; Vannucci et d., 1999). 



Generally, the H-1 model is considered to be clinically s ignihnt  to many 

neurological disordem. Research has show that H-1 injury in humans caa lead to the 

development of neurological impairments that are relatively minor such as learning 

disabilities and motor disturbances and to more debilitating impairments including mental 

retardation, cerebral paisy and epilepsy (Vannucci, 1990; Williams et al., 1993; Volpe et 

al., 1995). In the past 10 years, the H-I protocol has been adopted as a model for stroke- 

induced brain injury, with particular devance to the pathology observed in the human 

brain following cardiac arrest (Hunter et al., 1995). This immature rat model has also 

gained wide acceptance as the animal model of choie to study basic physiologie 

biochemical and molecular mechanisnu of perinatal H-I-induced brain damage 

(Vannucci et al., 1999). 

There are several attributes of the H-1 model that encourage researchers to utiiize 

this model over other models of ischemia for stroke rescarch. First, the severity of the 

resultant injury can be conmileci in the H-1 model. For instance, the surgical protocol 

(unilateral or bilateral occlusion) andfor the duration of the hypoxic intemal have k e n  

manipulated by researchers in order to address spccific pathophysiological questions 

related to m k e  (Silverstein et al.. 1984; lkonomidou et al., 1989; Blumenfeld et al., 

19%; Munell et al., 1994; Dragunow et al., 1994). For instance, Rumpel et al. (1 995) 

demonstrated that the extent of brain damage to the ipsilateral hemisphere could be 

titrated by varying the duration of the hypoxic episode. Second, the H-1 mode1 alîows for 

prolonged loss of adquate b l d  flow (oxygenation) to the brain whereas in many other 

global ischemia paradigins animais are only able to withstand brief occlusion intervals. 

Rats wd in the Rice-Vannucci model arc capable of SUNiving in 8% oxygen for more 

tban 3 hours before appreciable mortality occurs (Vannucci et al., 1999). Third, the H-1 

model involves a relatively non-invasive surgicai procedure. A d incision in the 

throat to enable occlusion of one CCA bears little threat to the aaimal and r e q b  littie 

time under anesthesia (approximately 5 minutes), thereby m h h k h g  complications, 

such as hypothemia, that may anise h m  prolonged use of g e n d  anesthetic. F d y ,  

while the H-1 model is technically a permanent occiusion model, studies have shown that 

following the hypoxic episode there ïs, once again, aQquete oxygenation of the 

ipsilateral hemisphere which suggests that this model does aceomt for rrpemiSion injury 



(Gilby et al., 1997; Hunter et al., 1995; Vannucci et al, 1999). Moreover, becaw the H- 

I model perrnits adquate pemision of the compromised zone, in spite of the permanent 

occlusion, the true nemprotective ability of potential compounds can be assessed. in 

many other permanent occlusion ischemia models, the permanent decrease in blood flow 

to the ischemic zone (8-1 0% of normal) limits the access of systemically administered 

compounds to the ischemic core and thereby may cornplicate andlot reduce the potential 

effects of the compound (SydseB et al., 1995a). 

A major concem regardhg the applicability of any animal model to stmke 

research is the age of the animals used in experimentation. Moa human victims of stroke 

are affected in the later years of life yet most animals used in stroke experiments are 

relatively young. For example, rats useci in the H-1 model range between PND7 and 

PND25. Research has shown that M e  H-1 injury produced using the Rice-Vannucci 

protocol is profound in young animals, no cell death has been observed in any brain 

region of adult animais that undergo the same procedure (Vannucci et al., 1999). 

However, while important diffaences in pathophysiology may exist between PND7 and 

adult animais, few if any physiological differences have been observed between PND25 

and adult rats (Towf5ghi et al., 1991; Blumenfed et al., 1992; Hagberg et al., 1997). 

Thus, any pathopbysiological ciifferences between PND25 rats and aduits are likely more 

relevant to the predisposing factors of stroke a d o r  the ability of the animal to recover 

fiom the insuit, rathm than the etiology of ischemic insuit once initiated. 



Chapter 1: Post-hypoxic Administration of Clomethimole Provides Near Complete 

Newonid Protection Against Severe Global Ischemia. 



The ability of CMZ to prevent newonal death foliowing hypoxia-ischemia (H-X) 

in young male rats was investigated. Experimentd animals received an intraperitoneal 

(i.p.) injection of vehicle or 1 00,150 or 200 mgkg CMZ at 1,Z or 3 hours pst-hypoxia 

or 200 mgkg CMZ at 4 hours pst-hypoxia Several control animai groups were used in 

this experiment including naive animals, ligated controls, hypoxic controls and CMZ- 

injected naive anirnals. Analysis of cresyl violet stained sections revealed that CMZ 

administration at 3 hours post-hypoxia appeared to have a dose-dependent 

neuroprotective effect in H-I animals sacrificed at 7 days pst-hypoxia While 100 and 

150 mgkg CMZ did provide significant neuroprotection in susceptible cell layers when 

administered at 3 hours pst-hypoxia, the mean percentage neuronal death was higher in 

these animals than in those that received 200 mgkg at this tirnepoint. Significant 

neuroprotection was also observed in al1 susceptible ce11 layers of H-1 animals when 200 

mgkg CMZ was administered at 1 or 2 houn post-hypoxia. However, if administration 

of CMZ (200 mgkg) was delayed to four hours after the insult no neuroprotectioa was 

observed. This £Ming suggests that CMZ may exert its neuroprotective effect on an 

event that occurs w i t b  the acute phase (within 3 hours ) of ce11 death. In order to ensure 

that CMZ did not merely delay ce11 death following H-1, separate groups of vehicle- 

injected and CMZ-injected H-1 animals were sacrificed at 4 weeks pst-hypoxia In these 

animals, a significant neuroprotective effect was still evident in al1 susceptible cell layers 

of H-1 animals that received 200 mgkg CMZ at 3 hours pst-hypoxia. Sixniiarly, a 

significant level of neuroprotection was reached in the CA2 and CA3 ce11 layers of the 

hippocampus and in the parietal cortex of H-I animais that received 150 mgkg at 3 hours 

pst-hypoxia However, a significant degm of nemprotection was not aident in CA1 

of these animals. 

In order to exclude the possibility that any neuroprotective benefit provided by 

CMZ was aîtribuîable to hypothemia, a known nemprotedve physiologifal state, rectal 

body temperanue was m e a d  in dl animaln following H-1. Mean reaal temperatures 

did not fa11 below 37OC in either CMZ-injecteci or vehicle-injected H-I animals for at 

least 3 hours pst-injection. In conclusion, the results of this experiment suggest that 



irreversible neuronal damage does not occur for at least 3 hom following H-1 injury and 

that administration of CMZ is capable of preventing ineversible celluiar injury witblli 

this tirneframe. Moreover, the fact that rectal temperawes of al1 animais remained at 

normothermic Ievels suggests that it is unlikely that CMZ-induced neuroprotection 

against H-1 injury was attributable to the induction of hypothennia 



Introduction 

Clomethiazole (CMZ) edisylate (INN: Clomethiazole; BAN: Chlormethiazole 

edisylate, Heminevrlli, Distraneurin, Hemineurin, Dimeurine,  Zendra) is denved h m  

the thiazole moiety of thiamine (Charormat et al., 1957; Lechat, 1960, 1966 as sited in 

Green et al., 1998a). See Figure 1-1. For over 25 years, CMZ has been used clinicaily as 

a sedative, anxiolytic and hypnotic agent and to treat patients s u f f e ~ g  from alcohol 

withdrawal (Evans et al., 1986; Green et al., 1998a). CM2 has also been used 

successfully as an anticonvulsant in humans and has k e n  shown to inhibit 

c hemoconvulsions induced by bicuculline, picrotoxin, isoniazid and penty lenetetrazol 

(PTZ) in animal models (Ogren, 1986; Green and Murray, 1989). The anticonvulsant 

properties of CMZ have been demonstrated at doses of 50 and 100 mgkg in an aaimal 

model of N-methyl-DL-aspartate (NMDLA)-induced tonic s e k s  (Cross et al., 1993). 

Toxicological tests in animais, associated with C M 2  administration, have revealed that 

while CMZ is sedative in high doses, there are no problems of clinical relevance other 

than a risk of respiratory depression (personal communication; Astra Inc.). 

in addition to anticonvulsant, sedative, anxiolytic and hypnotic properties, it is 

now quite clear that CMZ has substantial neutoprotective efficacy in a variety of animal 

models of ischemia Cross et al. (1 991) observed near complete histological 

neuroprotection against bippocampai neuronal loss when C M  (100 m m  ip.) was 

administered 30 minutes pnor to a global ischemic insult in the Mongolian gerbil. 

Neuroprotection was also observed in that study when the NMDA antagonists, MK 801 

and ifenprociil, were substi~ed for CMZ. However, only CM2 (100 mgkg) provided 

hippocampal neuroprotection (70.80%) when Iiclministered 3 hours after the global 

ischemic insult. Compounds that can be admininmd at delayed pst-ischemic 

tirnepoints and still produce neuropmtection are of profound clinical relevance to stroke 

research. Thus, investigation into the neuroprotcctive benefits of CMZ in both focal and 

global animal models of ischemia may be kneficial to futrm nemtherapy. 

Shce the origiael hding, studies have shown a neuroprotective effect for CMZ 

in numerous animal models of ischemia Using Lister hoodeci rats, Sydseaet al. 

(1995a) demonsûated that CMZ adminisaetion was neuroprotective in a model of 



Figure 1-1 

The chernicd structure of CIomefhUudc. 

Clomethiazole (CMZ) edisylate (INN: Clomethiazole; BAN: Chlomethiazole 

edisylate, Heminevrin, Distraneurin, Hemineurin, Distraneurine, Zendra) is derived fiom 

the thiazole moiety of thiamine. This figure provides the structurai fornula for CMZ 

clornethiazo le hemiethanedisulphonate. 
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5 - (2-Chloroethy1)-4-methylthiazole hemiethanedisulphonate 

Figure 1-1 



traosient middle cerebral artery occlusion (tMCAO). in that study, pretkatment (60 

minutes prior to MCAO) or pst-treatment (10 minutes following the onset of 

reperfusion) with CMZ (1000 p o l  kg-') produced an a p p r o h t e  60% reduction in the 

volume of neuronal damage observed in both the cortex and striatum of CMZ-injected 

rats when compared to vehicle-injected rats. Similar neuropmtective effects were 

observed using Lister hooded rats in a model of permanent middle cerebral artery 

occlusion @MCAO) where administration of CMZ (1000 p o l  kg-') 1 hour following 

the ischemic event produced a near 60% reduction in the volume of ischemic damage 

(SydseB et al., 1995b). However, administration of the same dose of CMZ at 3 hours 

post-ischemia did not provide neuroprotection in that model of focal cerebral ischemia. 

On the other haad, a subcutaneous injection of CMZ (100 m a g )  administered to gerbils 

up to 4 hours following two vessel occlusion ( 2 4 0 )  produced substantial 

neuroprotection in that model of global ischernia (Shuaib et al., 1995). In the 

photochemicaliy-induced lesion model of ischemia (Rose Bengal), CMZ administration 

(200 mgkg) 5 minutes foiiowing focal cerebrai ischemia was shown to decrease infarct 

size by approximately 30.50% in treated versus control nits (Snape et al., 1993; Baldwin 

et al., 1994). interestingly, replacement of CMZ with the calcium antagonia nimodipine 

(0.5 mgkg) in that study did not provide neuroprotection in susceptible ce11 layers (Snape 

et al., 1 993). Moreover, neither MK8O 1 nor the AMPA antagonist, 2,3 - dihydroxy- 6- 

nitro- 7- sulphamoyl-benzo (F) quinoxaline (NBQX), provided any neuroprotection in the 

Rose Bengal ischemia paradigm (Baldwin et al., 1993~). Control experiments have 

indicated that the neuroprotective effect of CMZ observed in the Rosc-Bengal model of 

ischemia was the r e d t  of newoprotection rather than an effkct on anion transport or 

glutamate release (Green and Cross, 1994a). To date, there has been one study published 

that failed to demonstrate a neuroprotective effect for CMZ against ischemia-induced cell 

death. Thaminy et al., (1 997) investigated whether CMZ (1 00 mgkg) treatment 60 

minutes following four vessel occlusion (4-VO), a global model of ischemia, was of any 

neuroprotective benefit The findings of that study demonstrated that while there was 

consistently less celi death in CM.-treated animals tban in control animals statistical 

significance was not obtained. Thus, the authors of that study concluded that CMZ was 

not neuroprotective agaiast ischemic injury induced by 4VO. Collectively, these studies 



have demonstrated that C M 2  provides clear histological neuroprotection against ischemic 

injury. However, the exact mechanism through which CMZ achieved these 

neuroprotective effects is c m n t l y  unknown. 

The Phurmrrcology of CloniclikiozoIe 

Several active metabolites of C M .  have been identified in humaas, however, it is 

generally believed that the neuroprotective ability of CMZ resides in the activity of the 

parent compound (Witts et al., 1983; Green et al., 1998a). In gerbils, CMZ is 

metabolized into at least three known metabolites (5-(1 -hydroxy-2-chioroethyl)4 

methylthiazole [Company code: NLA-715],5-(1 -hydroxyethyl)4 methylthiazole N A -  

2721 and 5 acetyl4 methylthiazole [N'LA - 5 1 11). Unlike CMZ, injection of the 

individual metabolites at a dose of 600 pmoVkg did not provide any neuroprotection in a 

gerbil mode1 of global ischemia (Cross et al., 1998 as sited in Green et al., 1998a). In 

general, CMZ has a very short half-life (20-25 minutes in gerbils; 6.6 hours in humans) 

and a rapid clearance rate (1 03mVkg/min in gerbils; 15 mVkg/min in humans) 

(Pentilcainin et al., 1980; Cross et al., 1995; Green et al., 1998a). 

The first indication that CMZ selectively modulated GABAergic activity was 

documented in a study conducted by Le&-Lundberg et al. ( 1  98 1) that demonsttated 

CMZ could potentiate [3~-muscimol binding. Since then, several d e s  have indicated 

that CMZ selectively modulates the GABAA receptor h u g h  potentiation of GABAA- 

evoked responses and through direct activaiion of the receptor itself (Harrison and 

Simrnonds, 1983 ; Cross et al, 1989; Moody and Skolnick, 1989; Vincens et al., 1989; 

Hales and Lambert, 1992). There is presently no evidence to W e s t  that CMZ activates 

or modulates the activity of presynaptic GABAB receptors (Cross et al., 1989; Vincens et 

al., 1989). Thus, the GABAergic effects of this compound are generally ascribed to 

GABAA-receptor mediated evcnts. 

The pharmacologic activity of CMZ at the GABAAreceptor appuvs to bave some 

barbiturate-like properties, however, biochemicai studies suggest the intexaction is not 

identical (Green et al., 1998a). There is evidence thaî CMZ, üke barbituraies, prolongs 

the GABA charnel burst duration and enhances [3~-muscimol bïmding (Cross et al., 

1989; Hales and Lambert, 1992). Unlike barbituraies, CM2 is able to modulate the 



strychnine-sensitive glycine receptor and does not potentiate specific [3Hlil-flunitrazepam 

binding (Harrison and Simmonds, 1983; Cross et al., 1989; Hales and Lambert, 1992; 

Green et al., 1996; Zhong and Simmonds, 1997). Moreover, CM. actuaüy inhibits the 

stimulation of [)~]-flunitraze~am binding that is nonnaily induced by pentobarbitone 

(Cross et al., 1 989; Green et al., 1996). While CMZ does have weak binding activity at 

benzodiazepine (BZD) receptors, the kinetic properties of CMZ are different fiom 

benzodiazepines (BZDs). For instance, the BZD receptor antagonist Ro 15-1 788 had no 

effect on potentiation of GABA-evoked currents by CMZ but it did block the potentiation 

normally generated by the benzodiazepine, diazepam (Hales and Lambert, 1992). Thus, 

it is unlikely that CMZ interacts directly with the GABA or benzodiazepine receptor 

binding sites, although it does appear to influence the characteristics of these binding 

sites. 

There is cmnt ly  no evidence suggesting that CMZ alters the concentration of 

GABA in the brain, increases the rate of GABA synthesis (GAD activity) or increases 

GABA uptake into cerebrai tissue (Ogren et al., 1986; Cross et al., 1989; Vincens et al., 

1989; Green et al., 1998a). The GABA-potentiating effects of CMZ are, therefore, likely 

to be the result of an interaction with the GABAA receptor. There is evidence suggesting 

that CMZ c m  modulate GABA* chloride channel activity and thereby potentiate the 

GABAergic response in the absence of endogenous GABA (see review in Green et al., 

1998a). CMZ has been show to increase the rate of dissociation of [3S~]  butyl- 

bicyclo phosphothionate (TBPS) h m  a binding site associated with the chloride channel 

(Cross et al., 1 989; Moody and Skolnick, 1989; Vincens et al., 1989; Green et al., 1996). 

Further studies are requireà in order to determine the exact site of action for C M .  on the 

GABAA receptor complex and to ident* whether there is a specinc subunit 

configuration of the receptor that permits CMZ interaction. 

Snidies have been conducted in order to determine whether the neuroprotective 

efficacy of CM. in animal models of ischemia can be attributcd to an interaction between 

C M 2  and non-GABAergic systems. To date, there is no evidence to W e s t  that CM2 

inter- at any site on the NMDA receptor, however, it has been show to indirectiy 

inhibit NMDA-receptor-mediaîed function, possibly by decmsing cellular levels of 

cGMP (Cross et al., 1993a,b; Thom and Sjolander, 1993; Green et al., l998b). 



Similarly, C M 2  does not appear to interact with the AMPA/kainate or metabotropic 

glutamate receptoa at phanruicologically relevant doses but it has been shown to inhibit 

the downstream effects of AMPAkaiiiate receptor activation (Addae and Stone, 1988; 

Ogren, 1 986; MacGregor et al., 1997; Green et al ., 1998b). The effect of C M .  on 

adenosine fiinction, monoamine levels (noradrenaiin, dopamine and serotonin), histamine 

function and sodium, potassium and calcium charme1 activation bas also been 

investigated and the results of these studies cannot account for the neuroprotective effects 

of CMZ in ischemic animal rnodels (reviewed in Green et al., 1998a). 

Due to the number of experiments that have reported a neuroprotective eficacy 

for CMZ in animal models of ischemia, CMZ is now in clinical development for the 

treatment of acute ischemic stroke. A large clinical eial demonstrated that CMZ did, 

indeed, have a neuroprotective effcct in a pariicular subpopulation of patients that 

exhibited clinical symptoms indicative of a large infat volume or total anterior 

circulation syndrome (TACS) (Wahlgren et al., 1999). in that study, patients with acute 

ischemic stroke received an intravenous infusion of CMZ (75 mgkg) over 24 hours 

which produced a mean plasma concentration of approximately 13 pmoVL by the end of 

the infusion. Snidy inclusion criteria rquired that treatment k initiated within 12 hours 

of omet of symptoms. Fuctional outcome wa9 assesseci using the Barthel Index 3 

months following treatment with CMZ or vehicle. The te8son for the injurydependent 

success of CMZ in humaa patients is cumntly unknown, however, it may indicate a 

relationship between the severity andor type of ischemic insult and the efficacy of C M .  

administration. In this way, use of a severe herni-global animal model of ischemia, such 

as the Rice-Vannucci model, may be a ciinicaiiy relevant method to address the 

mechanism underlying the neutopmtective efficacy of CM2 in TACS patients. 

CM2 and Hypotkenniri 

Several stuiies have reported that even mild hypothermia can provide histological 

and fûnctional neuroprotection in various animai models of ischemia (Busto er al., 1987; 

Buchan and Pulsineili, 1990; Corktt et ai., 1990; Globus et al., 1995; Nurse and Corbett, 

1 996; Colbume et ui., 1998). It is generaüy believed that hypothermia may exert a 

proteaive effect by causing a decrcase in the ctliular dcmand for energy that uitimately 



decreases the impact of oxygen deprivation during an ischemic event. Altematively, it 

has been suggested that hypothemia rnay cause a reduction in cerebrocoitical productioa 

and release of nitric oxide (NO) and excitotoxins and thereby minimiïes the deleterious 

cellular response to ischemia (Thoresen et al., 1997). Hypothennia has also been shown 

to decrease glutamate efflux during ischemia and prevent subcellular redistribution and 

down regulation of both protein kinase C (PKC) and cakium/calmudulin protein kinase II 

(Busto et al., 1987; Chimi et al., 1990; Carde11 et al., 1991). In dents ,  the 

neuroprotective efficacy of pst-ischemic hypothermia depends on the duration of 

hypothermia A series of investigations into the neuroprotective effect of hypothermia 

reported that if hypothermia was maintained for 24 hours after ischemia in gerbils, 

neuronal protection was evident in the hippocampus up to 6 months pst-ischemia 

(Colburne and Corbett, 1995). Similady, hypothermia has proven to be an effective 

treatment against stroke in humans (Swain et al., 1991). It is generally believed, 

however, that compounds that achieve their neuroprotective effect through the induction 

of hypothermia are not "truly neuroprotective" since hypothennia m u t  be initiated 

during the ischemic event and maintained after the insuit in order to produce 

neumprotection (Swain et al., 1991). As in 0th animal models of ischemia, 

hypothennia-induced neuroprotection has ken reported in the KI model. Bona et ai. 

(1998) demonstrated an appmximate 25% reduction in neuronai damage in the cerebral 

cortex, hippocampus, basal ganglia and thalamus of PNDi rats, histologically assessed at 

1 and 6 weeks post-hypoxia, when m e a d  rectal temperature was msintained at 32°C 

for 6 hours pst-hypoxia In view of this finding, the effect of CMZ on rectal 

temperature following H-1 was investigated in this study. 



Animals 

Male Sprague-Dawley rats were purchased from Charles River Canada (Lasalle, 

Quebec). The animals were treated in accordance with the guidelines set by the Canadian 

Council on Aninid Care. Animals were housed in groups of 3- 1 1 in the Dalhousie 

Animal Care Facility and maintained on a 12: 12 h dark-light cycle with ad libitum access 

to both food (huina rat chow) and water. On pst-natal &y (PND) 25, rats (5060 g) 

were randomly assigned to treatrnent groups. 

H-I Animah 

PND 25 mimals were anesthetized by inhalation of a 2% halothane/oxygen 

mixture. A mal1 longitudinal incision was made in the throat to expose the lefi CCA, 

which was then ligated with a sterile 3 .O sïk non-absorbable surgical suture (Ethicon 

Inc.). The incision was sutured using stenle 4-0 absorbable surgical sutures @exon 1 1). 

Following surgery, the rats were monitored for any overt signs of impaired motor 

activity. After a 2 hour recovery p e n d  the animais were placed into an air-tight 

plexigiass cylinder with controlled air flow. The cylinder, containhg the rats, was placed 

in a 34°C circulating water bath. Prelimiaary experiments have indicated that holding 

water temperature at 34OC maintains the rectal temperature of the animals at 

normothennic levels (unpublished data). Compressed medical air (1 7% oxygen) was 

released into the cylinder and maintained at a constant flow rate for 30 minutes to allow 

the animal to habituate to the novel environment. The a n i d s  were then exposed to 

hypoxic air (8% oxygen, balance nitrogen) at the same flow rate for 60 minutes. 

Following the hypoxic episode, rats wm removed h m  the cylinder and retumed to their 

original housing conditions for recovery beneath a w h g  lamp intended to maintain 

rectal temperatures at normothermic levels for 4-10 houn. During this the, each animal 

was observed for any overt s i p  of seinue activity such as mastication, barre1 r o h g  or 

limb tonus and clonus. Ariimals that exhibiteci such behaviot were excluded h m  the 

study. Following the recovery/observaton period all anirnais were returned to the 

Dalhousie Animal Care Facility until d c e d .  



Some H-1 animais received an i.p. injection of either vehicle (distilled water), 

1 OOmgkg, 150mg/kg or 2Oûmgkg CMZ (dichlormethiazole ethanedisuiphonate; Astra 

Arcus, S d e d j e ,  Sweden) at 3 hom pst-hypoxia. Additional groups of H-1 animals 

received an injection (i.p.) of either vehicle or 200 m@cg CMZ at 1,2 or 4 hours post- 

hypoxia In order to determine whether hypothennia was induced in H-1 animals by 

CMZ administration, rectal temperame was monitored in vehicle- and CMZ-injected H-1 

animals every 1 0 minutes for at leest 1 80 minutes pst-injection (6 hours post-hypoxia). 

Conrrol Animals 

Animals in that served as ligated controls in this study were anesthetized using a 

2% halothane/oxygen mixture. A s m d  incision was made in the throat and the left CCA 

was ligated using sterile 3.0 non-absorbabie silk surgical suture (Ethicon Inc.). The 

incision was then sutured using sterile 4-0 absorbable surgical sutures (Dexon 1 1) and the 

animals were retumed to their on@ housing to recover h m  surgery beneath a 

wanning lamp. Hypoxic control animals did not undergo surgery but were placed 

àirectly into the plexiglass cylinder. The cylinder containing the rat pups was placed in a 

34OC circulating water bath (Canlab) and the rats were exposed to medical air followed 

by a 60 minute hypoxic episode in the exact marner detailed for H-I animais. Each rat 

pup was then retumed to the origioal housing conditions to recover beneaih a warming 

lamp. Animais uiat served as CMZ-injected controls did not undergo surgery or the H-1 

event but received an i.p. injection of either 100,150 or 200 mgkg CMZ in order to 

evaluate the effects of CMZ-administration alone. FinaUy, animals in the naïve control 

group received no experimental manipulation of any kind 

Adulr H-IAnimrrls 

Fifteen male rats, each weighing approximately 400 grams, were subjected to 

surgical ligation of the lefi CCA in a mariner identical to that outlined for the PND25 rats. 

Two hours following nirgery, each rat was placed in a glass chamber and subjected to 30 

minutes of medid air foliowed by 60 minutes of hypoxic air (8% oxygen, balance 

nitrogen) at m m  temperature. Following the hypoxic episode, each animal was removed 

fiom the chamber and placed benesth a wa&g lamp for at lest  6 hours post-hypoxia. 



During this t h e ,  animals were observed for any overt signs of seizure activity such as 

mastication, barre1 rollhg or limb tonus and clonus. Animals that exhibited such 

behavior were excluded h m  the study. Foilowing the ~coverylobsetvation period al1 

animals were returned to the Daihousie Animal Care Facility until sacrificed. 

Perfusion and Tissue Fixation 

Animals were sacrificed 1 or 4 weeks following their various treatments. Each rat 

pup was deeply anaesthetized with 65 mg&g of sodium pentobarbitol and was then 

perfused through the ascending aorta with 0.9% saline (60 ml) followed by cold 100 m M  

phosphate buffer containing 4 % paraformaldehyde (60 rnls). Braiils were removed and 

post-fixed in 100 mM phosphate buffer containing 4% pmformaldehyde at 4°C for at 

least 24 hours. Adult rats were p e k d  in the same manner, however, 120 mls of each 

perfusion solution was used. 

CresyI Holet AnorjSis 

Fixed brains h m  al1 animais were sectioned coronally (40 pn) through the entire 

hippocampus on a Series 1 0  Vibratome. Cresyl violet nissl stain was used to establish 

the profile of degenmting neurons in H-I animals anci, thmby, evaiuate the 

neuroprotective effect of CMZ ip H-1 animais sacrificed at 1 and 4 weeks pst-hypoxia 

For each rat pup, a series of representative 40 pm sections spanning the hippocampus was 

mounted directly onto chrom-alum, gelatin-coateâ slides and air-dned overnight. 

Sections were then dehydrated in a series of ethanols, defattcd with xylene, rehydrated 

and stained with 1 .O% cresyl violet acetate for viSUIlliZZItion of nissl substance. The slides 

were then washed in water, dehydrated in a series of ahaools and put back into xylene. 

Slides were coverslipped with Entelian (E. Merck, Damistadt, Gemiany). 



Quanti/iation of Ce11 Death 

The extent of neuronal death in CMZ- and vehicle-injected aaimals was azlstlyzed 

in both the ipsilaterd hippocampus and parietai cortex using Jandel Scientific 

Digitization Hardware and was conducted by an examiner that was blinded to g r o p  

assignments. For each animal, 4 to 6 cresyl-violet stahed sections cut through the 

hippocampus (40 p) were examined under the light microscope for evidence of 

ischemic neuronal death (pyknosis). Following cresyl violet stain, damaged neurons 

characteristically exhibit a shninken densely stained appemce and are pyknotic (no 

nucleus). The amount of ischemic damage was calculated using a representative section 

fkom each animal that was equidistant fkom Bregrna and the interaual plane. Regions of 

ischemia were delineated onto pre-matched stemtaxic maps aâapted fiom The Rat Brain 

in Stereotactic Coordinates (Paxinos and Watson, 3rd Edition) and the area of cortical 

injury on each map determined by digitizing the image (Jandel Sigrnascan Ro 4 

Software; Suwnagraphics Summasketch III hardware). Similarly, the degret of 

hippocampal injury was detemiined by tracing the cumulative length of the injured ce11 

regions (CAI, CA2 and C M ) .  Percentage neuronal death in the cortex was exptessed as 

the area of dead cells in the cortedtotal area of the cortex and the percentage length of 

damage to the hippocampus was expressed as length of dead selldtotal length of ce11 

layer. Mean group differences were statisticaliy d y z e d  using a non-patametric test 

(Kniskall-Wallis ANOVA with Duan's pst-hoc analysis, Jandel Sigrnasuit 4.0 software). 

Anatomical Terminoloev 

Anatomical terminology used in this snidy conforms maialy to that of Amaral and 

Witter (1 995). Refer to Figure 1-2. 



Figure 13 

Basic anatomy of the h@pocumpus. 

Photomicrograph of a coronal section of the rat hippocampus. Cornu aminonis I 

(regio superiore) denoted as CA 1 refers to a layer of s m d  pyramidal cells and their 

associated intemeurons. C m u  ammonis 2 (regio infiriore) denoted as CA2 refers to a 

small region of large pyramidal cells located between CA1 and CA3. Cornu ammonis 3 

(regio inferiore) is denoted as CA3 and includes the remaining layers of large pyramidal 

cells that extend fiom CA2 to the region between the two blades of dentate gynis. CA3 

can be further divided into CA3a which refers to the curved layer of CA3 adjacent to 

CM, CA3b which is located in the middle of CA3 and CA3c which refers to the large 

pyramidal cells adjacent to the dentate hilus. The cells that comprise the hilus (h) are 

located in the region between CA3c and the blades of the dentate gyrus. The upper and 

lower blades of the dentate gym are densely packed with granule cells (GC). The cortex 

and corpus callosum are labeled Ctx and cc respectively. The terminology used in this 

figure conforms mainly to that of Amad and Witter (1995). (Scale bar = 200 p) 



Figure 1-2 



Results - 
Gerterai Behaviour 

Approximately 10% of PNDX animals subjected to H-1 exhibited some form of 

overt seizure activity following removal fiom the hypoxic chamber. Six of 15 adult 

animals subjected to H-1 died during the hypoxic episode. Two of 15 adult animals 

exhibited motor seinire activity within 1 hour following the hypoxic episode. Any 

animal exhibithg motor seizure activity was excluded h m  the study. CMZ 

administration produced sedation in all Pm25 animals in an apparent dose-dependent 

marner, with the 200 mglkg dose r e n d e ~ g  the aaimals completely immobile for a 

minimum of 2 hours following the injection. Six of 42 mimals that received 200 mgkg 

CMZ died approximately 15 minutes following injection, presumably from respiratory 

depression. 

Histologv 

In PND25 rats, ligation of the left CCA in combination with 60 minutes of 

systemic hypoxia resulted in profound degeneration of cell layers in the ipsilateral 

hippocampus and ipsilateral parietai cortex by 7 days pst-hypoxia. The pyramidal 

neurons in the hippocampal CA1 sector were the most vuherable to H-1, becoming 

pyknotic between 12-24 hours pst-hypoxia. However, by 7 days pst-hypoxia only the 

dentate granule ce11 layer of the ipsilateral hippocampus was spared in these brain 

regions. As in previous nidies, neocorticai damage following H-1 was laminar in 

distribution, with layers 3,5 and 6 containing the highest number of injund neurons 

(Gilby et al., 1997; Vannucci et al., 1999). Specifically, H-I animals that received a 

vehicle injection at 3 hours pst-hypoxia (N = IO) exhibited a high mean percentage of 

neuronai death in CA1 (8O.l6%), CA2 (80.72%) and CA3 (54.3 1 %) of the ipsilateral 

hippocampus and parietal cortex (42.29%) by 7 &YS pst-hypoxia DBerences in mean 

percentage neuronal deaîh in either the parietai cortex or any celi layer of the 

hippocampus were not statistically signifiant between H-1 animals that received a 

vehicle-injection at 1 (N = Il), 2 (N = î), 3 (hl = 10) or 4 hours (N = 8) pst-hypoxia No 

neuronal degeneration was evident in any region of the contralateral hemisphere in H-1 



animals or in any brain region of the hypoxic or iigated contml animals sacrificed at any 

post-hypoxic timepoiuts (see also Gilby et al., 1997). See Figure 1-3. 

H@pocampus 

Statistical analysis, ushg the Kniskall-Wallis ANOVA on Ranks test detected 

significant differences between al1 susceptible hippocampai ce11 layers of vehicle-injected 

H-1 animals relative to CMZ-injected control animals (N = 15) (CA1 Q = 5.036; CA2 Q 

= 5.41 8; CA3 Q = 5.5 14; Pc0.05). Relative to vehicle-injected H-1 &s, a significant 

level of neuroprotection was observed in aii susceptible ce11 layers of the ipsilateral 

hippocampus (CAl, CA2, CA3) of various groups of CMZ-injected H-1 animals 

sacrificed at 7 days post-hypoxia (H = 6 1.789; DF = 9; Pe0.00 1). See Figure 1-3. 

Specifically, significant sparing of CA1 pyramidal cells was observed in H-1 animals that 

received 200 mgkg CM2 at 1 (N = 1 O), 2 (N = 10) or 3 hom (N = 17) pst-hypoxia (Q 

= 3.473; Q = 3.602; Q = 5.232 respectively; PQ).05). However, 200 mgkg of CMZ did 

not provide a significant level of neuroprotection in CA1 when administration was 

delayed to 4 hours pst-hypoxia (N = 14). The 100 mgkg dose of CMZ (N = 10) also 

provided significant (Q = 3.625; PQ).05) neuroprotection in CA1 when injected at 3 

hours pst-hypoxia However, the newprotection produced in CA1 by 150 mgkg (N = 

1 0) CMZ administered at 3 hours pst-hypoxia did not reach statistical sipificame. 

H-I animais that received 2 0  mgkg CMZ at 1,2 and 3, but not 4, hours pst- 

hypoxia demonstrated signifïcantiy (H = 82.058; DF = 9; P4).001) less neuronal damage 

in CA2 than vehicle-injectecl animals (Q = 3.863; Q = 5.016; Q = 5.629 mpectively; 

PcO.05). Similarly, H-1 animas that received lower doses of CMZ (150 and 100 mgkg) 

at 3 hours pst-hypoxia exhibited significant neuroprotection in CA2 relative to vehicle- 

inj ected animals (Q = 4.6 10; Q = 3 A66 respectively; P<0.05). Al1 animals that remived 

200 mgkg CMZ at 1,2 or 3 hours post-hypoxia exhibited a signiscant (H = 84.1 59; DF 

= 9; P<0.00 1) level of neumprotection in CA3 relative to vehicle-injected H-1 a . s  (Q 

= 4.273; Q = 5.105; Q = 5.592 respectively; P4.05). However, a delay in the 

administration of 200 mgtkg CMZ to 4 hours pst-hypoxia pmvided no protection against 

H-1-induced cell death in the CA3 celi layer. Animals that received lower doses of CMZ 



Figure 1-3 

Cr@ violor stained sections fron, vehicle- and CMZ-hjected H-I unimals sacrificed ut 

7 days posi-hypoxia 

H-1 animals received an ip injection of vehicle or 200 mg/kg CMZ 3 hours 

following H-1 and were sacrificed 7 days following the H-I event. Cresyl violet anaiysis 

was used to detect pykaotic cells in susceptible brain regions of H-I animals. Panel A) a 

representative hippocampal section from a vehicle-injected H-1 animal, Panel B) a 

representative cortical section fiom a vehicle-injected H-1 anima!, Panel C) a 

representative hippocampd section fiom a CMZ-injected (200 mgkg) H-1 animal, Panel 

D) a representative cortical section fiom a CMZ (200 mg/kg)-injected H-1 animal. (Scale 

bar = 50 p). The inserts in Panel B and D contain a higher rnagnification of  the cortical 

section show in that panel. (Scale bar = 50 pm). 





(1 50 and 100 mgkg) du, demonstrated significant neuroprotection in CA3 relative to 

vehicle-injected animais (Q = 5.105; Q = 3.883 mspectively; P<O.OS). See Figure 1-4. 

In order to ensure that neumprotection provided by CMZ administration was not 

the result of a delay in the neinodegenmtive process, the mean percentage neuronal 

death was calculated for H-1 animais sacrificed at 4 weeks post-hypoxia Analysis of 

cresyl violet stained sections h m  H-1 animals that received 200 mgkg CMZ 3 hours 

post-hypoxia (N = 7) demonstrated that neumprotection was evident in CA1 (Q = 2.887; 

P<0.05), CA2 (Q = 4.552; Pc0.05) and CA3 (Q = 4.632; P<0.05) of animals sacrificed at 

4 weeks pst-hypoxia Simiiarly, by 4 weeks pst-hypoxia, neuroprotection was evident 

in CA2 (Q = 4.408; Pe0.05) and CA3 (Q = 4.017; PcO.05) of H-I animals that meived 

150 mg/kg CMZ at 3 hours pst-hypoxia (N = 7). However, by 4 weeks post-hypoxia a 

significant level of neuroprotection was not evident in CA1 of H-1 a d s  that received 

150 mg/kg CM2 at 3 hours pst-hypoxia See Figure 1-5. 

Parietal Cortex 

The area of ceil deab in the parietal cortices of CMZ-injected contml animais (no 

H-1) was significantly (H = 79.552; DF = 9; P4I.00 1) different h m  vehicle-injected 

animals (Q4.999; Pc0.05). In fact, no ce11 death was detected in CMZ-injecteà KI 

animais. When animals were sacrificed at 7 days pst-hypoxia, signifiant 

neuroprotection was evident in the parietal cortices of H-1 animais that received 200 

mglkg CMZ at 1,2 or 3 hours post-hypoxia when cornparrd to vehicle-injected animals 

(Q = 4.308; Q = 4.628; Q = 5.193 respectively; Pc0.05). Similarly, substantial 

neuruprotection was p d u c e d  in the parietai cortex when lower doses of CMZ, nich as 

150 mgkg (Q = 3.870; P4.05) and 100 mg/kg (Q = 2.898; Pc0.05) were administered at 

3 hours pst-hypoxia A staîktically signincant difference in percentage ana of cortical 

damage was not detected baween animals that received 200 mg/kg CMZ at 4 hours pst- 

hypoxia and vehicle-injected animals. When H-X anirnals were sacrificeci at 4 weeks 

post-hypoxia, signifiant neuroprotection remaineci evident in the parietal cortices of H-I 

animals that received 200 mg/kg CMZ (Q = 3.048; @.05), but not 150 mg/& at 3 

hours pst-hypoxia 



Quantitative analpis of the neumprotective e m  of CM2 in the H-I modeL 

Graphic illustration of mean percentage neuronal death in al1 susceptible cell 

layen (CA1, C M ,  CA3 and parietal cortex) of vehicle-injected H-I animals and H-1 

animals that received various doses of CM2 (1 00, 1 50,200 mgkg) at 3 hours p s t -  

hypoxia. In addition, mean percentage neuronal death is provided for al1 ce11 layers of H- 

I animals that received 200 mgkg CMZ at 1,2 and 4 hours pst-hypoxia Al1 animds 

were sacnficed at 7 days post-hypoxia. A P value of < 0.05 was considered statistically 

significant. The data are presented as rneans t S.E.M. (* = significantly different fiom 

the same ce11 layer in vehicle-injected H-1 animais). 
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Quantitative anaiysis of the neuwprotectbe eflect of CMZ in H-I unimais sacriflced ut 

4 weekr post-llypoxia 

Graphic illustration of mean percentage neuronal death in dl susceptible ceIl 

layen (CA1, C M ,  CA3 and parietal cortex) of vehicle-injected H-1 animals and H-1 

animds that received either 150 or 200 mg/kg CMZ at 3 hours pst-hypoxia All animais 

were sacrificed at 4 weeks pst-hypoxia. A P value of < 0.05 was considered statistically 

significant. The data are presented as means f S.E.M. (* = significantly different from 

the same ce11 layer in vehicle-injected H-1 animais). 
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Rectal Temperatures 

At no time did mean rectal temperatures of either vehicle-injected H-1 animais or 

CMZ-injected (200 mgkg) H-I animais fd below nomothermic levels (37OC). 

However, a slight decrease in rectal temperature (0.34S0C) was observed in CMZ- 

injected H-I animais relative to vehicle-injected H-1 animals following injection. See 

Figure 1-6. 

Adult Animais and H-I lnjury 

No ce11 death was evident in any brain region of 5 out of 7 adult male rats that 

survived the H-1 event. However, discrete patches of pyknosis were observed in the 

medial CA1 region of the ipsilateral hippocampus in 2 of these animals by 7 days post- 

hypoxia. See Figure 1 -7. 



Graphie iilustrohon of meun rectal temperutures in vehicfe-injected and CMZ-injected 

H-I animak. 

Rectal temperatures were monitored every ten minutes following the hypoxic 

event in both vehicle- and CMZ- (200 mgkg) injected H-1 animals for at least 3 hours 

post-injection (6 hours pst-hypoxia). Mean rectal temperatures of animals in these 

neatment groups are illustrated graphically for ali post-hypoxic timepoints exarnined. 

The data are presented as means f S E M .  
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Cresyf violet stoined sections /rom duit  nrtk sacrt@ced 7 dqys fdowing M. 

Cresyl violet analysis was used to detect pyknotic cells in the ipsilateral 

hippocarnpus and cortex of adult H-1 animais sacrificed 7 days following H-1. Panel A) a 

representative section from the medial CA1 region of a naive adult rat, Panel B) a 

representative section fiom the medial CA1 region of an duit  H-1 rat, Panel C) a 

representative section fiom the parietal cortex of a naïve adult animal, Panel D) a 

representative section h m  the parietal cortex of an H-1 animal. Areas of pyhosis in H-1 

animals are indicated by the arrows in Panel B. (Scale bar = 100 pm). 



Figure 1-7 



Discussion 

Analysis of cresyl violet stained sections fiom PND25 male rats, sacrificed at 1 

and 4 weeks post-hypoxia, demonstrated that various doses of CMZ provided substantial 

neuroprotection against a previous H-1 injury. Specifically, significant neuroprotection 

was observed in H-1 animals, sacrificed at 1 week pst-hypoxia, when 200 mgkg was 

administered at 1,2 or 3 hours pst-hypoxia and when 100 or 150 mgkg were 

administered at 3 hours pst-hypoxia. Similar results have k e n  reported in a gerbil 

mode1 of global ischemia where administration of 100 mgkg CMZ, up to 3 hours pst- 

ischemia, produced a 70% reduction in resultant cell death (Cross et al., 199 1). in the 

present study, administration of 200 mgkg CMZ at 3 hours pst-hypoxia provided 

almost 100% neuroprotection in all cell layers of the ipsilateral hippocampus and parietal 

cortex. This profound neuroprotective effect was observed in CMZ-injected H-I animals 

sacrificed at 1 and 4 weeks pst-hypoxia Thus, the findings of this study strongly 

suggea that irreversible cellular damage does not occur before 3 hours pst-hypoxia in 

the H-1 model of global ischemia 

It is interesthg that the therapeutic window for CMZ was limited in this model 

such that, if the injection of CMZ was delayed to 4 hours pst-hypoxia no 

neuroprotection was evident in any ceIl layer of animals sacrificed at 7 days post- 

hypoxia A similar therapeutic window has been reported for in the gerbil model of 

global ischemia used by Cross et al. (1991) where, despite its efficacy at 3 hours pst- 

ischemia, CMZ (1 00 mgkg) did not provide neuroprotection when administered at pst- 

ischemic the-points beyond 3 hours (Cross et al., 199 1). Seemingly contradictory 

findings have been reported by Shuaib et al. (1 995) where subcutaneous administration 

of CMZ (100 mgkg) prodwed substantial neuroprotection agaiast global ischemia (2- 

VO) in the gerbil when admioistered at 4 hours pst-ischemia The discrepancy in the 

"apparent therapeutic window" for CMZ reported in the present study and by Shuaib et 

al. (1 995) may be due to differences in the severity of the initial insult inflicted by the 

two animal models of ixhemia As judged by histology profiles, the Rice-Vannucci 

model of H-1 appears to produce a more severe injury than does the 2 4 0  model of 
. * 

ischemia which may permit the delay in the ndministration of CMZ to be effective in the 



240 model. Differences in the length of the thmpeutic window for any 

neuroprotecime compound across various animal models of ischemia may help to define 

which cellular processes are important to the subsequent development of neuronal death. 

In the present study, mean percentage neuronal damage was higher in CA1 when 

the 200 mgkg dose of CMZ was administered at 1 or 2 hours pst-hypoxia than when the 

same dose was administered at 3 hours pst-hypoxia This result appears paradoxical 

since CMZ is thought to behave as a GABAA-modulator which have generally been 

shown to have superior neuroprotective efficacy when administered prior to or during the 

ischemic event rather thaa at delayed poahypoxic thepoints. However, this fïnding is 

in accordance with Shuaib et al (1995) who demonstnited that following global ischemia 

(240) in mongolian gerbils, a superior neuroprotective effect was observed when CMZ 

(1 00 mgkg) was administered at 4 hours rather than 1 hour pst-ischemia The reason 

for the increased efficacy of CMZ at delayed pst-hypoxic tirne-points in global animal 

models of ischemia is unclear. One possible explanation may be derived h m  a study 

conducted by Grondahl et al. (1998) that demo~l~trated a possible role for chloride in 

cellular injury during energy deprivation in hippocampal slices. Specifically, Grondahl et 

al. (1 998) suggested that while glutamate release is chloride-independent at late-pst- 

hypoxic tirnepoints, there may be an early chioridedependent glutamate reieax 

immediately following cerebral ischemia Thus, CMZ-induced potentiation of 

GABAergic activity at early pst-hypoxic thepoints may produce a chloride-dependent 

increase in glutamate release that partially counteracts is inhibitory effects. Altematively, 

the apparent tirnedependent effkct of CMZ may point to an interaction with a delayed 

molecular event that is not M y  active within the eariy pst-hypoxic tirnepoints. 

It is noteworthy that the tirnedependent effects of CMZ reported in the present 

study and in Shuaib et al. (1995) contradict the neuroprotective profile for CM2 reported 

in focal animal models of ischemia Specincally, using the pMCAO mode1 of ischemia, 

CMZ (1 00 mgkg) was shown to be nempmtective when administered at 1, but not 3, 

hours pst-ischemia in Lister rats ( S y W  et al., 1995b). The apparent contradiction in 

the efficacy of CMZ in these studies is likely the result of differences in the 

pathophysiology producd by focal versus global animal models of ischemia In 

permanent focal ischemia models, cellular changes are almost immediate and ischemic 



cells are evident within a few hours &er the insult (SydseBet al., 1995b). Permanent 

focal ischemia models aiso involve complete cessation of blood flow to a brain region 

thus, without the use of vasoactive compounds, an infarct zone is inevitable. This is not 

tme in global ischemia models where there is a severe reduction, but not complete 

blockage, of blood flow that does not produce obvious ce11 death until 12 to 24 hours 

post-hypoxia. This delayed progression in ce11 death elicited by global ischemia may 

alter the timepoint at which CMZ administration wodd be effective in global ischemia 

models relative to focal isc hemia models. Regardless, diffeences b e ~ e e n  the 

neuroprotective profile of CM2 in these models may indicate that there is a cntical pst- 

ischemic timepoint at which CMZ is effective and may, therefore, add to the evidence 

that suggests CM2 interferes with a particular event in the ischemic cascade. 

Neuroprotection studies using CMZ have indicated that there may be a critical 

dmg concentration required to produce a neuroprotective effect (Cross et al., 1995; Liang 

et al., 1 997; Thaminy et al., 1997). nie resuits of the present study demonstrate tbat 

CMZ, at bolus doses ranging between 100 mgkg and 200 mgkg, has a potent 

neuroprotective effect in the H-1 model. This finding is in accordance with several other 

studies that have reporteci neuroprotection in a variety of ischemia models using a bolus 

dose of CMZ, 100 mgkg (ip) or higher (Cross et al., 1991; Cross et al., 1995; Shuaib et 

al., 1 995; Liang et al., 1 997). Since dosages of CMZ below 1 00 mgkg were not used in 

the present study, it remains unclear whether lower doses of CMZ would have provided a 

significant degree of neuroprotection. A previous study has indicated that intravenous 

(iv) infusion of CMZ, reaching a constant non-sedative plasma concentration of 

approximately 10 pM (mnoVml) for 24 hours, provided complete neuroprotection in 

Mongolian gerbils following global ischemia (Cross et al., 1995). This finding may 

indicate that the presence of CMZ at a critical pst-ischemic timepoint is more important 

to its neuroprotective efficacy than the plasma concentration achieved. Funher research 

into the efficacy of a prolonged i.v. infusion of low doses of CMZ is of substantial 

clinical relevance. Despite the fact that very high plsrna concentrations of CMZ are 

well-tolerated in humans, they are highly seâative and are, therefore, not ideal for use in 

stroke patients (Scott et al., 1980). 

Several diffkrent therapeutic interventions have k e n  shown to d u c e  brain injury 



after H-1 in the short-term (7 days or less), however, in most neuroprotection studies 

long-texm histological evaluation has not been conducted. In order to mie out the 

possibility that CMZ merely delayed KI-induced neurodegeneration in the present snidy, 

we conducted long tenn histological analysis of cell death in CM-injected H-1 aairii'als. 

Animais sacriîïced at 4 weeks pst-hypoxia clearly demonstrated that 200 mgkg CMZ 

administered at 3 hours pst-hypoxia provided significant neuroprotection in al1 

susceptible ce11 layers. Following global ischemia, equivalent histological 

neuroprotection has been observed in Mongolian gerbils sacrificed at 5,14 and 2 1 days 

following ischemia when CMZ (1 00 mgkg, ip) was administered at 1 hour pst-ischemia 

(Cross et al., 1995). It is important to note that in the present study, when animals were 

sacrificed at 4 weeks post-hypoxia, a significant degm of neuroprotection was not 

evident in CA1 or the parietal cortex of H-1 animals that received 150 mgkg CMZ at 3 

hours pst-hypoxia Nevertheless, both 150 and 200 mg/kg of CMZ did produce highly 

significant neuroprotection in the H-1 model when administered at 3 hours pst-hypoxia. 

Collectively, the results of this study demonstrate that regardless of ce11 type, 

location or mode of cell death, an injection of CMZ as laie as 3 hours pst-hypoxia 

provided near cornpiete neuroprotection in the H-1 model. ûrighdy,  CMZ was not 

developed as a neuroprotective compound to combat ischemia-induced 

neurodegeneration but as a sedative hypnotic agent for Alzheimer's patients (Green et al., 

1998a). Thus, the neuroprotective efficacy of CMZ can not k rradily associated with 

any known pharmacological target for which CMZ was specifically designed (Green et 

al., 1998a). To date, the exact mechanism through which this agent confers 

neuroprotection is unknown. In Light of experimentation indicating that changes in body 

temperature can directly e t  thc degree of neuronal damage in the CNS after ischemic 

injury, rectal temperanires of H-1 aaimals following CMZ administration were 

investigated in the present study. Cerebd temperatures were not assessed in this 

experiment, however, a study conducted by Cross et ai. (1991) has shown that following 

CMZ administration in ischemia models, rectal temperatures corresponded with cerebrd 

temperatures measured using a thermocouple probe hplanted above the hippocampus 

(Cross et al., 199 1 ; Schwartz-Bloom et al., 1998). Many studies have reported no change 

in rectal temperature followiag CMZ administration in ischemia models (Cross et al., 



1 99 1 ; MacGregor et al., 1997). In this study, continwus monitoring of rectal 

temperatures for up to 6 hours pst-hypoxia (3 hours pst-injection) indicated that mean 

rectal temperatures of CMZ-injected H-1 animals did not fa11 below normothermic levels 

(37°C) and did not dBer fiom vehicle-injected H-I animais by more than 0.3-0.S0C at 

any tirne-point examined. It is unlikely that this slight decrease in rectal temperature was 

responsible for the profound neuroprotective effects of C M .  observed in this study and 

likely reflects a clifference in activity levels of sedated versus non-sedated animals d e r  

than an effect of the h g .  Moreover, a slight decrease in mean rectal temperature was 

noted in CMZ-injected versus vehicle-injected B I  animais pnor to injection. In general, 

hypothennia studies have indicated that there must be a prolonged &op in body 

temperature of at l es t  2OC in order to produce a neuroprotective effect following 

ischemia (Widmann et al., 1993). Furthemore, studies conducted in rats and gerbils 

have show that the neuroprotection produced by 3-12 hours of pst-ischemic 

hypothermia was either reduced or lost by 1-2 months pst-ischemia (Colbume and 

Corbea, 1995; Shuaib et al., 1995). nius, the findings of the present study extend the 

evidence demonstrating that the neuroprotective efficacy of CMZ in animal models of 

ischemia is not attributable to uncontrolled hypothermia (Snape et al., 1993; Green and 

Cross, 1994b; Shuaib et al., 1995). 

CMZ is one of ten classes of neuroprotective agents that have reached Phase III 

efficacy trials in stroke patients. Other than CMZ, compounds tested include calcium 

channel antagonists, NMDA antagonists, lubelwle, CDP choline, the free radical 

scavenger tirilizad, antiintracellular adhesion rnolecule- 1 (IC AM- 1 ) antibody, GM- 1 

ganglioside, the sodium channel antagonist fosphenytoin and piricetam (Hickenbottom 

and Grotta, 1998). Results peitaining to the muroprotective efficacy of these compounds 

in the treatment of human stroke patients are mixed. However, resuits generated using 

CMZ in human stroke patients have been quite promising. Thus, a better undetstanding 

of the mechanism responsible for the profound neuroprotective effefts of CMZ in the H-1 

mode1 may provide important insight hto the pathophysiology and treatment of stroke. 

Moreover, verifkation of the existence of such a mechanism would increase our 

understanding of the ce1 death capcade iaduced by ischemia and may have important 

clinical implications in a number of nemlogicai disorders. 



A particdarly novel hding of this study was the fact that the H-1 model produced 

ce11 death in the hippocampus of adult rats. One of the most criticized chctenstics of 

the Rice-Vannucci mode1 of H-I for use in stroke research has been that it does not 

produce cell death in addt aaimals. Revious studies have reported that the high level of 

collateral blood flow in adult rats prevents ischemia-induced celi death in the ipsilateral 

side of the brain following H-I (Vannucci et al., 1999; Vannucci and Vannucci, 1999). 

While the deletenous effects of H-1 in the present study were neither consistent nor of 

great magnitude, these fïndings indicate that the H-1 animal model may not be limited for 

use in neonatal or perinatal nits. Further manipulation of the Rice-Vannucci protocol is 

required in order to determine whether an equivalent amount of cell death cm be 

produced in adult and perinatal rats using the H-1 model. 



Chapter 2: An Investigation into the Newoprotective Effects of a Post-hypoxic Injection 

of Midazolam or Mureimol 



There is mbstantiai evidence indicating that CMZ bas GABA-potentiating 

properties at the GABAA receptor, however, it is not known whether these properties are 

responsible for its neuroprotective efficacy in animai models of ischemia. In order to 

address this issue, the present snidy was conducted to determine whether a pst-hypoxic 

injection of a known GABAA-agonist or modulator, muscimol and midazolam, could 

provide neuroprotection similar to that observed using CMZ in the H-1 model. In 

previous experiments, CMZ was shown to be highly effective against H-I injury when 

administered 3 hours following H-1. In the present study, the neuroprotective efllicacy of 

&rious doses of muscimol and midazolam were, therefore, examineci when these 

compounds were administered (ip) at 3 hours pst-hypoxia PND25 H-I animals received 

an injection of a vehicle (dH20), muscimol (1,1.5,2,2.5,3,3.5 or 4 mgkg) or 

midazolam (50,100,150 or 200 mgkg) at 3 hours pst-hypoxia and were sacnficed 7 

days later for histological evaluation. Mean percentage ce11 death in both the ipsilateral 

hippocampus and parietal cortex of midazolam and muscimol-injected H-I animals was 

evaluated through light microscopie d y s i s  of cresyl violet-stained sections and was 

compared to percentage ceii death in CMZ- and vehicle- injected H-1 aaimals. 

Histological analysis revealed thai, regardiess of dose, administration of muscimol at 3 

hows pst-hypoxia did not provide significant nemptection in any cell layers lcnown 

to be susceptible to H-1 injury. H o w e ~ t ,  high doses of midazolam (150 or 200 mgkg) 

administered a< 3 hours pst-hypoxia did provide significant protection throughout the 

ipsilateral hippocampus (CAI, CA2, CA3) and parietal conex when compared to vehicle- 

injected H-1 animals. It is noteworthy, howevcr, that collective statistical analysis 

conducted to compare percentage cell death in CMZ-, vehicle and midazolam-injecteci 

animals, indicated that the neuroprotective efficacy of midazolam was l e s  than that of 

CMZ regardless of the dose of CMZ used or whether CMZ was adiilinistered at 1,2 or 3 

hours post-hypoxia The inability of midazolam and muscimol to provide equivalent 

neuroprotection to that pmvided by CMZ in this model strongly suggests that the 

neuroprotective effects of c m  can not soiely be attributed to GABAA-potentiation. 



Introduction 

Stimulation of GABA receptors has been shown to cause membrane 

hyperpolarization via increased c hlonde influx, inhibit cytosolic ftee radical formation 

via phospholipase A2 activation and suppress excessive activity of excitatory neurons 

(O'Regan et al., 1995; Kahn et al., 1997a; 1997b; Schwartz et al., 1997). As such, it is 

conceivable that any loss in GABAergic influence fouowirig a neurological insult, such 

as ischemia, may be detrimental to ceil viability. While GABAergic aeurons appear to be 

relatively resistant to ischemic damage, a transient decrease in GABAergic 

neurotransmission has been documented foiiowing both focal and global ischemia 

(Tecoma and Choi, 1989; Johansen et al., 199 1 ; Nitsh et al., 199 1 ; Inglefield et al., 

1997). The exact mechanism responsible for the ischemia-induced reduction in 

GABAergic neurotransmission is presently unclear. However, using ischemic 

hippocarnpal slice preparations, Inglefield and Swartz-Bloorn (1 998) have s h o w  a 

reduction in the ability of muscimol, a GABAA-agonist, to increase inmicellular 

concentrations of chloride after 20 minutes of reoxygenation which may indicate a 

decrease in GABAA receptor sensitivity following ischemia T'us, it is conceivable that 

restoration of inhibitory neurotransmission following ischemia, by administration of 

compounds that potcntiate the GABA response, may protect susceptible cells h m  

ischemia-induced neurdegeneration untü endogenous inhibitory mechanisms can 

resurne fiinction. 

Several cited reports have indicated that administration of positive GABAergic 

modulators or agonists can have a neuroprotective effect in both focal and global auimai 

models of ischemia (Hallmayer et al., 1985; Araki et al., 1990; Shuaib et al., 1992; 1996; 

Kanai et al., 1994; Green et al., I998a). Most studies that have reporteci a 

neuroprotective effect for these agents have involved pre-ischemic administration of nich 

compounds as pentobarbitol, diazepam, muscimol and y-Mnyl GABA (HaUmayer et al., 

1985; Araki et al., 1990; Shuaib et al., 1992; 1996; Kanai et al., 1994; Green et al., 

1 M a ) .  There have, however, ken a few nported snidies that have claimed that pst- 

ischemic administration of certain GiiBAA-agonists or modulators can bc nempmtective 

in ischemia models (Lynden and Lom, 1994; Marie et al., 1994; Lynden et al., 1997). 



When an iv infusion of muscimol was administered to rats and rabbits within 5 minutes 

after focal cerebral ischemia, histological neuroprotection and fhctional sparing of 

susceptible ce11 layers was evident up to 18 days following the insult (Lyden and Lonzo, 

1994). A study that investigated the newoprotective efficacy of BZDs against transient 

cerebral ischemia showed neuroprotection when administration of these agents was 

delayed up to 90 minutes pst-ischemia in gerbils (Swartz-Bloom et al., 1998). In 

addition, Shuaib et al. (1 996) demonstrated that administration of y-vinyl GABA, 60 

minutes following transient global ischemia in gerbils, produced histological protection 

that was evident up to 7 days pst-ischemia However, in tbat study it was also reported 

that the histological neuroprotection provided by y-vinyl GABA in that study did not 

translate into functional sparing of neurons when these animals were subjected to Moms 

water maze testing. As with any potentially neuroprotective compound used in stroke 

models, neuroprotective efficacy at delayed post-ischemic tirnepoints is important to 

clinical relevame. Thus, m e r  research is needed in order to establish a therapeutic 

window for GABAA-potentiaîhg compounds in the ûeaûnent of stroke and to d e t e d e  

whether these agents are "tdy neumprotective" when administered at delayed pst- 

ischemic tirne-points. 

Since there are several aliosteric modulatory sites on the GABA* receptor, 

potentiation of GABAA-mediated neurotransmission can be achieved through various 

pharmacologicaIly distinct mechanisms (Vicini, 199 1). For instance, clinicaily sedative 

GABAA-modulators, such as benzodiazepines (BZDs) and barbitunites, both act as 

positive allosteric modulators of GABAa receptors, yet the marmer in which these agnits 

facilitate GABAergic neurotransmission is unique. BZDs bind to specific hi& a t y  

sites on the ce11 membraw, which are separate h m  but adjacent to the GABAA receptor. 

Once bound, BZDs enhance the atfiiity of GABAA receptors for GABA and thereby 

increase the opening frequency of the chloride chamel (Snidy and Barker, 198 1; Vincini, 

1 99 1 ). Aiternatively, barbiturates bind to a separate site on the GABA* receptor 

macromolecule and potentiate GABA-evoked currents by increasing the amount of time 

the chloride c h e l  remains in its open conformation (Twyman et al., 1989; Vincini, 

199 1). Nonetheless, compormds h m  both of these families of GABAA-rnoddators 

ultimately hyperpolarize the pst-synaptic celi and thereby decrrax its excitability. It 



has been s h o w  that CMZ is also a positive allosteric modulator of the GABA* receptor 

and acts to potentiate the actions of GABA and prolong the opening of the GABAa 

receptor associated ion channel (Harrison and Simmonds, 1983; Cross et al., 1989; 

Moody and Skolnick, 1989). However, neither the exact binding site for CM. nor the 

specific receptor subunit configurations with which CMZ interacts are currently known 

(Green et al., 1998a). 

It is conceivable that clifferences in the pharmacology of specific GABAA- 

potentiating compounds rnay affect their neuroprotective profile in animal models of 

ischemia. According1y, Watanabe et al. (1 999) demonstrated that administration of the 

highly selective GABAA-agonist, muscimol (2 mg/kg), or the benzodiazepine (BZD), 

rnidazolam, 15 minutes prior to two vesse1 occlusion ( 2 4 0 )  in gerbils provided 

significant neuroprotection in both the hippocampus (CAI) and the parietal cortex of 

these animals. However, in the same study, administration of a barbitunite, 

pentobarbitol, 15 minutes prior to forebrain ischemia did not provide neuroprotection to 

susceptible brain regions. In addition, using a mode1 of transient forebrain ischemia in 

gerbils, Swartz-Bloom et al. (1998) demonstrated that administration of the full BZD 

agonist, diazeparn (10 mgkg; ip), at both 30 and 90 minutes pst-ischemia provided 

protection (70% f 30%) in the CA1 ceIl layer of the hippocampus that was evident at 7 

and 35 days pst-ischemia Functional analysis of neuroprotection, using an eight ami 

radial maze, revealed that diazepam administration up to 90 minutes after ischemia also 

prevented the increase in working memory e m r  n o d y  associated with ischemia in 

gerbils. In the same study, however, administration of the parii*al GABAA-agonist, 

imidazenil(3 mgkg; ip), provided a similar level of neuroprotection to that provided by 

diazeparn when examined histologically at 7, but not 35, days pst-ischemia In addition, 

unlüce diazepam, administration of irnidiuenil did not provide funaonal sparing of CA1 

neurons. Similarly, Cross et d (1991) showed that CMZ (100 mgkg) injection 3 hours 

following transient forebrain ischemia in gnbils provided substantial protection to 

susceptible ce11 layers, however, administration of other GABA-potentiating compounds, 

including d a n ,  phenobahitol(100 mgkg) and pentobarbitol(30 mgkg) did not 

provide signincant levels of protection in this paradigm. Such differences, even baween 

compounds that ultimately elicit the same physiological response fimm cells, illustrate the 



difficulty in establishg the exact mechanism of action for a particultir d m g  and suggest 

that seemingly minor pharmacological differences can result in broad alterations in the 

neuroprotective profile of an agent. Thus, it may be the manner in which a compound 

interacts at the GA& receptor that is critical to its neiiroprotective profile in ischemia 

models. 

Muscimol and Midazolam 

Attempts to detemine whether a specific receptor interaction is responsible for 

the physiological effects of a compound has led mearchers to strategically compare the 

effects of known modulators of that receptor to the physiological effects produced by the 

compound of interest (Cross et al., 1993a; Swartz-Bloom et al., 1998; Watanabe et al., 

1999). Thus, the primary objective of the present study was to compare the 

neuroprotective efficacy of C M  in the H-1 model to that of hown GABAA-potentiators, 

muscimol and midazolam. In this way, the d e  of GABA-potentiation in the profound 

neuroprotective effects of CMZ in the H-1 model could be detemiined. 

Muscimol, an alkaloid derived h m  mushmoms, is well studied as an 

anticonvulsant and is highly specific to bicucdlhe-sensitive, strychnine-insensitive pst- 

synaptic receptors in the mammalian nervous system (Hill et al., 198 1). Muscimol is 

unusually potent at the GABAI, receptor, having an affinity 10 times that of GABA for 

the same receptor and a site of action that is likely distinct h m  other sedative and 

hypnotic GABAergic compouads. ûne of the ht indications that muscimol may be of 

some neuroprotective benefit agairist an excitotoxic insult, such as ischemia, was the 

finding that muscimol could depress spontaneous firing of pyramidal cells in rabbit 

hippocampus (Defrance et al., 1979). Since that publication, d e s  have reportai some 

degree of neuroprotection using muscimol in a variety of excitotoxic animal models. 

Long tenn intracerebralventricular (ICV) infusion of muscimol (1 0 ndpl), initiated 

within 1-2 hours and lasting 15 days afkr an injection of the excitotoxin ibotenic acid 

(IBO) into the substautia nigra pars reticulaîa (SNpr), provided complete protection 

against the delayed neuronal death normally seen in control rats (Saji and Reis, 1987). 

Shuaib et al (1993) demonstratecl that ICV iafusion of muscimol (20 @/)il) over a 7 day 

period, beginning just pnor to repetitive 2 minute periods of ischemia, provided 



neuroprotection to ai i  cell layers in rat brain susceptible to excitotoxic injury (CAI, C M ,  

substantia nigra, stria- and thalamus). Interest in muscimol for use in the present study 

was ignited by evidence that suggested muscimol may have a similar neuroprotective 

profile to CMZ. Co-administration of muscimol and MK 801 has been show to provide 

a higher degree of neuroprotection in susceptible ceU layers following focal cerebral 

ischemia than monotherapy with either dmg (Lyden and Loazo, 1994). Similady, CO- 

administration of CMZ and MK 801 proved to be more neuroprotective in a model of 

kainate-induced neurotoxicity than monotherapy with either drug (MacGregor et al., 

1997). In addition, neither muscimol nor CM2 require the presence of endogenous 

GABA in order to provide neuroprotection in animal models of ischemia (Hamson and 

Simmonds, 1983 ; Hales and Lambert, 1992; Anderson et al., 1 993). This is not mie for 

other families of GABAA-modulators such as BZDs and barbiturates (Green et al., 

1 998a). 

Since 1965, BZDs have been used to terminate seizure activity in animals and 

humans (Gastaut et al., 1 965; Davidson, 1 983; Deshmukh et al., 1 986). In generai, BZDs 

have a reasonably rapid onset of action that has traditionally made thcm an ateactive 

alternative to barbitunites and anesthetic agents in the control of excessive excitatory 

neurotransmission in the clinic. Information regarding the use of BZDs in ischemia 

models is limite& however, there is some evidence that administration of BZDs such as 

diazepam, imidazenil and midazolam, before and &er an ischemic event, can provide 

neuroprotection in animal models of ischemia (Swartz-Bloom et al., 1998; Watanabe et 

al., 1999). There is also evidence that suggests BZDs may be a better altemative than 

barbiturates in the matment of ischemia Administration of midazolam (50 mgkg) 15 

minutes prior to 2-VO in gerbils provided nemprotection in CAl, the parietal cortex and 

the lateral thalamus whereas administration of pentobarbitol(50 mgkg) at the same 

tirnepoint did not provide any neuropmtection in the 2 4 0  model (Ito et al., 1999). 

C M 2  administration has been show to potentiate [3w muscimol but not 

diazepam binding (Leeb-Lundberg et d., 198 1 ; Harrwn and Simrnonds, 1 98 3; Cross et 

al., 1989). This hding suggests thaî while CM2 and muscimol are likely to have 

different pharmacologicai profiles, the phamiacology of CMZ and BZDs may be similar 

at the GABAA receptor. Midazolam is a water-soluble 1,4, benzodiazepine and exhibits 



numerous properties that are characteristic of BZDs, ie, it is hypnotic and bas both anti- 

awiety and muscle-relaxant properties (Jaimovich et al., 1990). In addition, iike CMZ, 

midazolam has a very short half-iife (approximately 1.3-2.2 hours) in relation to other 

benzodiazepines mch as diazepm (tin = 30) (Cross et al., 1995; G a n  et al., 1998a). 

Also, like CMZ, midazolam has a large margin of saf'ety compared to other 

benzodiazepines and has demonstrated a similar solubiiity profile to CM. (Jaimovich et 

al., 1990). Thus, the neumprotective effect of midazolarn against H-1 injury was 

investigated in this study. 



Methods 

A n i d  

Male Sprague-Dawley rats were purchased fiom Charles River Canada (Lasalle, 

Quebec). The aniMals were treated in accordance with the guidelines set by the Canadian 

Council on Animal Care. Animais were h o w d  in groups of 3-1 1 in the Dalhousie 

Animal Care Facility and maintained on a 12: 12 h dark-light cycle with ad libitum access 

to both food (Puha rat chow) and water. On PND25, rats (50-60 g) were randornly 

assigned to treamient groups. 

H-I unimals 

The H-I protocol used in this s t~~dy  was identical to the protocol outhed in 

Chapter 1. Following the hypoxic event, one group of H-I animals received an ip 

injection of either vehicle (dH20) or one of varying doses of muscimol (1, 1.5,2,2.5,3, 

3.5 and 4 mgkg) at 3 hours pst-hypoxia A second group of animais received either a 

vehicle injection (ip) or one of many doses of midazolam (50,100,150 or 200 mgkg) at 

3 hours pst-hypoxia. hie to excessive sedation, the maximal dose of midazolam used in 

this study was 200 mgkg. Some animals served as drug-injected controls and received 

between 2-4 mglkg muscimol or between 100-200 mgtkg midazolam but did not undergo 

H-1. While animals that exhibited pst-hypoxic seizure activity were generally removed 

fiom the study, animals that seized as a d t  of a high dose of muscimol (3-4 mgkg) at 

3 hours post-hypoxia were not excluded h m  the snidy. In order to determine whether 

hypothermia was induced in H-I animals by hi& doses of muscimol or midezolam, rectal 

temperature was monitored in H-I animals that received eithcr 200 mgkg midazolam or 2 

mgkg muscimol every 10 minutes for et l e s t  90 minutes pst-injeaion (4.5 hours pst- 

hypoxia). 



Drugs 

Muscimol hydrobromide (C&N202 HBr) was obtained h m  Research 

Biochemicals International (RBr). Midazolam maieate (8-chloro-6- (2-fluropheny1)-1- 

methyl-4H-irnidazol[ 1,5-a] [ 1,4] benzodiazepine) was obtained fiom Roche (Lot # 

0403004). 

Assessrnent of Neumprotection 

Animals were sacrificed 7 days following their various treatments. Each rat was 

deeply anesthetized with 65 mgkg of sodium pentobarbitol and was then perfused 

through the ascending aorta with 0.9% saline (60 ml) followed by cold 100 mM 

phosphate buffer containing 4 % paraformaldehyde (60 ml). Brains were removed and 

post-fixed in 100 mM phosphate buf5er containhg 4% paraforrnaldehyde at 4OC for at 

least 24 hotus prior to sectioning and nainiag with cresyl violet. The protocol used for 

histology is outlined in Cbapter 1 .  The method of quantitation of ce11 death and statistical 

analysis used in this study was identical to the protocol outlined in Chapter 1 .  



GeneraI Behavior 

Both muscimol and midazolam produced sedation in H-1 and naîve rats, however, 

muscimol appeared to be less sedative than either midazolam or CMZ. High doses of 

muscimol (3.5- 4 mgkg) iaduced tonic seizures in both H-1 and naïve rats within 30 

minutes of injection. Seventy percent of H-1 animais injected with 3.5 or 4 mgkg of 

muscimol died withlli 1 hour of the injection. 

Muscimol 

Statistical analysis, using the Kruskail-Wallis ANOVA on Ranh (H=59.726; 

DF=12; P< 0.001) revealed that regardless of dosage, 1 (N = 8), 1.5 (N = 7), 2 (N = 8), 

2.5 (N = 6), 3 (N = 6), 3.5 (N = 5) or 4 mgkg (N = 3), muscimol administration at 3 

hours pst-hypoxia did not provide significant neuro protection in susceptible 

hippocampal cell layers (CA1, CA2, CA3) of H-1 animals when compared to vehicle- 

injected H-1 animals. See Figure 2-1 and Figure 2-2. Similady, no neuroprotectioa was 

evident in the ipsilateral parietal cortex of H-1 animais regardless of the dosage of 

muscimol injected. A significant difference (H = 3 1 .l46; DF = 6; P<0.001) was observed 

between the mean percentage neuronal damage in CA1 (Q = 4.645; P<0.05), CA2 (Q = 

3.062; P<0.05), CA3 (Q = 4.067; PcO.05) and the parietal cortex (Q = 3.247; P<0.05) of 

muscimol-injected animals (no H-1) when compared to vehicle-injected H-1 

animals. However, the mean percent neuronal damage in the parietai cortex of 

muscimol-injected naïve animals was 5.6%, not zero as it was in midazolam and CMZ- 

injected nafve animals. 

Midazolam 
As in CMZ-injected naïve animais, no ceil death was evident in midazolam- 

injected naïve animais. When compared to vehicle-injected H-1 animals, statistical 

analysis (H=3 1.146; DF = 4; P4.001) mealeci significant neuropmtection in CA1 cells 

of H-1 animais that received 100 (Q = 3.308; P<O.OS; N = 7), 150 (Q = 3.008; PG.05; N 

= 8) or 200 mg/kg (Q = 3.157; PeO.05; N = 9) midazolam at 3 hours post-hypoxia. 



Figure 2-1 

Cresyi violet anaiysis of H-I animkb that recebed un injection of mwcimol at 3 Lours 

post-hypoxia 

This figure contains photomicrograpbic representation of cresyl violet-stained 

hippocampal sections fiom H-1 animals that received a vehicie injection (B) or 1 .O mgkg 

(C), 1.5 mgkg @), 2.0 mgkg (E) or 2.5 mgkg (F) muscimol at 3 hours pst-hypoxia. 

Panel A contains a photomicrograph of a cresyl violet-stained hippocampal section fiom 

the contralateral hippocampus of an H-1 animal that received 2 mgkg muscimol. Al1 

animals were sacrificed at 7 days pst-hypoxia (Scale bar = 400 pm). 



Figure 2-1 



Figure 2 3  

Graphic ülustration of the neuroprotective effect of muscimol in the H-l mode& 

Mean percentage neuronal death is provided fiom al1 susceptible ce11 layea ( C M ,  

CA2, CA3 and parietal cortex) of vehicle-injected, CMZ (200 mgkg)-injected and 

muscimol (1,  1.5,2,2.5 and 3 mg/kg)-injected H-1 animals. Al1 animais were injected 

with one of the compounds at 3 hours pst-hypoxia and were sacrificed at 7 days pst- 

hypoxia. A P value of <O.OS was considered to be statistically significant. The data are 

presented as means + S.E.M. (* = significantly different h m  the same ce11 layer in 

vehicle-injected H-1 animais). 
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Significant (H = 20.842; DF = 4; PQ).001) neuroprotection was also evident in the CA2 

ce11 layer of H-1 animals that received pst-hypoxic injections (3 hours) of 150 (Q = 

3.457; PcO.05) and 200 mgkg (Q = 3.185; Pc0.05) midazolam when compared to 

vehicle-injected H-1 animals. Similarly, a statistically significant (H = 18.665; DF = 4; 

P<0.001) degree of wuroprotection was evident in CA3 of H-1 animals that received 

either 150 (Q = 3.245; PcO.05) or 200 mg/kg (Q = 3.726; P~0.05) midazolam at 3 hours 

post-hypoxia. Finally, statistical analysis (H = 19.557; DF = 4; P<0.001) revealed that 

both 150 (Q = 3.474; P~0.05) and 200 mgkg (Q = 3.992; P<O.O5) midazolam provided 

neuroprotection in the parietal cortex of H-1 animais when compared to vehicle-injected 

H-1 animals. Neuroprotection was not evident in any ce11 layer of H-1 animals that 

received 50 mgkg midazolam at 3 hours pst-hypoxia See Figure 2-3. 

In order to compare the neuroprotective effect of CM. and midazolam in this 

model, collective statisticai analy sis was conducted on vehicle-injected, CMZ-inj ec ted 

(1 00, 150 and 200 mg/kg at 1,2,3 and 4 hours post-hypoxia) and midazolarn-injected 

(50, 100,150 and 200 mgkg at 3 hours pst-hypoxia) H-1 animals. When ranked against 

CMZ-injected H-1 animals the neuroprotection provided by 150 and 200 mgkg 

midazolarn was no longer signifiant in CA1 or CA2 of the ipsilateral hippocampus. 

However, the neuroprotective effect of 200 mgkg midazolam remained signifiant (Q = 

3.154; P<0.05) in CA3 when compared to CMZ-injected H-1 animals (H = 1 16.743; DF = 

19; Pc0.00 1). Simüarly, statistical significance (H 418.126; DF = 19; Pc0.00 1) was 

still evident in the parietal cortex of H-1 animais that received 150 (Q = 2.744; P<O.OS) 

and 200 (Q = 3.263; Pe0.05) mgkg of midezolam at 3 hours pst-hypoxia 

Rectal Temperatures 

At no tirnepoint examineci did mean rectal temperatures of either midazolam (200 

mgkg) or muscimol-injected (2 mgkg) H-1 animals fail below 36'C. However, a slight 

decrease in rectal temperature was observeci in both midazolam- and muscimol-injected 

animais relative to either CMZ-injected or vehicle-injected H-1 anirnals by 1 O minutes 

following the injections. By 80 minutes pst-injection, rectal temperatures in both 

muscimol- and midazolam-injected aaimals haâ rcn~ned to normothermic levels. See 

Figure 2-4. 



Figure 2-3 

Graph ic ifiusîration of the neutopmtective eflecf of midclzoloin in the H-I mode& 

Mean percentage neuronal death is provided for d susceptible celi layers (CA1 , 
CA2, CA3 and parietal cortex) of vehicle-injecte& CMZ (200 mgkg)-injected and 

midazolam (50, 1 00, 1 50 and 200 mgkg)-injected H-I animals. AU animals received an 

injection of one of these agents at 3 hours pst-hypoxia and were sacrificed at 7 days 

post-hypoxia. A P value of c0.05 was considered to be statistically significant. The data 

are presented as means t S .E.M. (+ = significantly different fiom the same ce11 layer in 

vehicle-injected H-1 animais). 
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Figure 2-4 

Gruphic iuustrati'on of m a n  r e d  tempetaturis fdowing mro&olam or musciml 
injecrion iu H J  animak 

Mean rectal temperatures are provided for vehicle-injected, CMZ-injected (200 

mg/kg ), midazolam (200 mgkg)-injec ted and muscimoi (2 mgkg)-injected H-1 animals. 

Rectal temperature readings for ail animal watment groups were recorded every 10 

minutes following injection of the various compounds up to 1.5 hours pst-injection. The 

data are presented as means f S.E.M. 
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Discussion 

The results of this study have shown that neither midazolarn nor muscimol 

provided neuroprotection in the H-1 model that was comparable to that produced by CMZ 

when administered 3 hours pst-hypoxia Muscimol was unable to provide any 

significant reduction in neuronal damage when adrninistered et 3 hours pst-hypoxia. 

This h d i n g  is not surprishg since previous studies that have reported muscimol-induced 

neuroprotection in ischemia models administered muscimol prior to the ischemic insult or 

through a constant iv infusion that lasted 7- 1 5 days pst-ischemia (Saji and Reis, 1987; 

Shuaib et al., 1993; Lyden and Lam, 1994). Moreover, a study conducted by 

MacGregor et al. (1997) demonstrated that both CMZ and muscimol were able to 

attenuate kainate-induced n e m d  death (MacGregor et al., 1 997). In that study, CMZ 

(3.6 mgkg) administration also reduced mean [ 3 w - ~ ~ 1  1 195 binding to glia, which 

serves as an indicator of gliosis, by 33% and muscimol (27 pg/kg) decreased mean [ 3 ~ -  

PK 1 1 1 95 binding by 22% following kainic acid administration. Thus, muscimol and 

CMZ appeared to provide near equivaient neuropmtection in a model of kainate-induced 

excitotoxicity. It shouid be noted, however, that CO-administration of these agents 

resulted in a 73% decrrase in mean [ 3 H J - ~ ~ 1  1 195 binding which suggests that the 

neuroprotective effects of these compounds were additive in this model. Thus, even 

though CMZ and muscimol both potentiate GABAA-mediated activity and produce a 

similar neuroprotective effect in the kainate model, these compounds appear to exhibit 

different phamiacological effects in excitotoxic animal models. 

Administration of muscimol in the pnsent study produced a seemingly 

paradoxical effêct. High doses of muscimol induced tonic s e h s  in both H-I and naïve 

animals in spite of the fact that muscimol is a potent GABAA-agonist In addition, a 

small amount of pyhosis was observed in the parietal cortex of muscimol-injected 

contra1 animals that received between 3 4  mgkg. These findings are in accordance with 

studies that have show that some GABAA-agonists, including muscimol, actuaüy 

potentiate epileptifonn activity in the CNS (Scotti di Carolis and Massotti, 1978; King et 

al ., 1 979; Pedley et al., 1979; Vergnes et al., 1984, Chesnut and Swanii, 1989). W e  

prolonged ICV innision of muscimol (10 ndpl), beginning 1-2 hours der an injection of 



ibotenic acid (IBO) and lasting 15 days pst-injection, has been s h o w  to provide 

neuroprotection in the SNpr, infusion of high doses of muscimol (100 adpl) were 

neurotoxic in both IBO-injected and sharn-operated animals (Saji and Reis, 1987). An 

increase in the development of epileptifom activity foliowing administration of 

compounds that potentiate GABAergic activity has also b a n  observed in the clinical 

setting where use of progabide, in children, has resulted in increased seizure activity 

(Viani and Romeo, 1984; Dulac et al., 1985). Clearly, the seizure-inducing properties of 

muscimol may underlie the lack of neuroprotective efficacy for this compound in the H-1 

model. 

An alternate explanation for the iaability of muscimol to provide any 

neuroprotection in the H-1 model, despite its success in other excitotoxic animal models, 

may be that animais used in this study were only 25 days old. It has been s h o w  that 

GABAergic neurotransmission does not function at maximum capacity by PND25 in 

rodents (Swann et ai., 1987; Kapur and MacDonald, 1998). The kinetic properties of 

GABA-mediated inhibitory pst-synaptic potentiais (IPSPs) continue to develop up to 

PND6O in the dentate p d e  cells of the bippocampus (Kapur and MacDonald, 1998). 

While a substantial increase in the density of GABA receptoa and maximal chloride 

current has been documented between PNDlO and PND 28, an additionai enhancement 

of the maximal chloride current has also k e n  observed between PND 28 and PND 52 

(Swann et al., 1987; Kapur and MacDonald, 1998). Since the cytosolic chioride dynamic 

strongly interferes with the calcium cascade in neuronal systems, differences in maximal 

chloride currents existing between Pm25 animals and aduits may account for the 

inability of muscimol to provide neuroprotection in this particular model. However, if 

this explanation is valid then these studies would also imply that the neuroprotective 

efficacy of CMZ in this model can not be attributed to i n d  GABAergic 

neurotransmission. 



Midazolum and The Rin-Vannucci Mode& of H-I 

When administered at 3 hours pst-hypoxia, high doses of midazolam (1 50 and 

200 mgkg) provided significant protection in al1 susceptible celi layers of the ipsilateral 

hippocampus and parietal cortex following H-1. This finding is in accordance with 

existing evidence that has reported a neuropmtective effect for midazolarn, and other 

BZDs, in excitotoxic animal models (Jaimovich et al., 1990; Kochhar et al., 1991; 

Swartz-Bloom et al., 1998; Watanabe et al., 1999). As with muscimol, previous studies 

that have reported neuroprotective efficacy for BZDs in excitotoxic animal models have 

generally used a thepoint of administration that was either prior to or within 60 seconds 

of the insult. A study conducted by Swartz-Bloom et al. (1 998), however, did show that 

administration of diazepam (10 mgkg) up to 90 minutes following transient cerebral 

ischemia in gerbils provided neuroprotection (70% f 30%) in the CA1 pyramidal ceIl 

layer of the hippocampus. Thus, our results using midazolarn in the R I  model are in 

general agreement with those of Swartz-Bloom et al. (1998). It is also noteworthy that 

the neuroprotection provided by diazepam in the transient cerebral ischemia model was 

evident up to 35 days pst-ischemia However, in this study, cresyl violet analysis was 

not conducted on animais sacrificecl beyond 1 week pst-hypoxia, therefore, the 

possibility that high doses of midazolam may have only attenuated ischernia-induced ce11 

death can not be d e d  out. 

While the doses of muscimol us& in this study produced substantial sedation, the 

level of sedation appeared to be less than that pmduced by CMZ or midazolam. It is, 

therefore, possible that dinerences in levels of pst-ischemic sedation may play a role in 

the different neuroprotective profiles of these compounds in the H-1 model. However, a 

study conducted by Cross et al., (1995) has show that the neuroprotective effcct of CMZ 

was not diminished when non-sedative doses of this compound were administered 

following global ischemia in gerbils. 

In the present study, midazolam produced a slight decrease in rectal temperature, 

although rectai temperatun never feu betow 36OC and had rrtumed to baseiine levels by 

80 minutes pst-injection. Since midamlm and mwcimol produced a similar drop in 

temperature it is unlücely tbat the nemprotective effect of midezolam is due to a 

hypothermie effect In addition, midazolam Administration c a w d  rectal temperatures to 



drop below those observed in CMZ-injected animals and therefore demonstrate that the 

increased neuroprotective efficacy of CMZ cm not be attributed to unconûolled 

hypo therrnia. 

Collective statistical analysis of mean percentage neuronal damage in CMZ, 

midazolam and vehicle-injecteci H-1 animals masked the neuroprotective effect of 

midazolam in this model. This h d h g  indicates that the neuroprotective efficacy of 

midazolam was marginally less than that of CMZ. A possible explanation for the fact 

that high doses of midazolam provided only partial neuroprotection relies on the 

assumption that there is a component of ischemia-induced ce11 death that is attributable to 

sub-convulsive epileptiform activity. Considerable evidence has indicated that 

midazolam has substantial anti-convulsant activity. Jaimovich et al. (1990) demonstrated 

that an iv infusion of midazolarn (0.1 mgkg) completely ablated ictal activity following 

administration of PT2 (1 00 mgkg) in swine. Moreover, like other BZDs, midazolarn has 

proven effective as an iv agent for seinire control in humans (Jawad et al., 1986; Galvin 

and Jelinek, 1987). As such, the superior neuroprotective efficacy of CM. relative to 

midazolam may be due to the abiiity of CMZ to both inhi bit pst-ischemic epileptiform 

activity and interfere with other ischemia-induced events whereas midazolarn may only 

interfere with pst-ischemic epileptiform activity. This explanation may also help to 

explain the superior efficacy of midazolam relative to muscimol in this model, since 

administration of muscimoi appears to potentiate pst-ischemic epileptiform activity . 
Substantid diflerences in the anti-convulsant profiles of GABAA-agonists have been 

reported. For instance, Zhang et al. (1989) showed that microinjections of a wide dose- 

range of GABA and muscimol into the SN did not inhibit PTZ-induced s e b  activity 

whereas microinjections of midazolam, and other BZDs, produced a c h ,  dose- 

dependent inhibition of PTZ-induceci seizun activity when in- into the SN. An 

investigation into whether CO-administration of CMZ and midazolam would produce an 

additive neuroprotective effect following H-I may help to d e t e d e  whether these two 

cornpounds act through different mechanisms to produce neumprotection in animal 

models of ischemia 

In conclusion, while there is clear evidence that CMZ does exhibit GABAA- 

potentiating properties, behavioral and histological Merences were observed baween 





models of excitotoxicity the reverse has not been documented. Collectively, these 

hdings are highly indicative of an additive or altemate mechanism of action for CMZ 

that may account for its increased efficacy relative to other GABAA-potentiating 

compounds in animal models of ischemia 



An investigation into mechanisms responîible for CMZ-induced 

neuroprotection in the H-l mode! 



The response of the br in  to ischemic insult appears to involve a balance 

between the activation of endogenous neuroprotective mechanisms and the initiation 

of a senes of destructive changes that lead to ceil death. The implementation of these 

opposing processes following cellular stressors is regulated through the activation of 

specific genetic prognims. On the one hanci, increased expression of some genes may 

l h i t  ce11 loss and activate repair mechanisms to aid in cellular recovery. 

Alternatively, coordinated expression of "death-associated" genes may be ignited and 

play an active role in promoting neuronal demise. 

CM2 has been shown to provide near 100% neuroprotection in the H-1 model 

when administered at 3 hours pst-hypoxia. It has also been demonstrated that these 

neuroprotective effects are probably not the result of the GABAergic properties of 

this compound or the induction of hypothermia Thus, the exact mechanimi through 

which CMZ provided neuroprotection in the H-1 model, and in other animal models 

of ischemia, is currently ~ o w n  The fact that C M .  was effeçtive when 

administered after the ischemic injury suggests that the dnig may interfere with 

delayed molecular events that ultimately determine ceil fate following H-1. It is, 

therefore, important to determine whether C M 2  facilitates constitutive 

neuroprotective mechanisms or actively interfixes with "cell de&-inducing" events 

following KI.  The following section details a number of molecular experiments 

designed to identiQ and characterize differences in gene expression between vehicle- 

injected H-1 animals and H-1 animals that have received a bolus dose of CMZ (200 

mgkg) at 3 hours pst-hypoxia While other doses and tirne-points of admiamtion 

for this agent did provide substantial neuioprotection in the H-1 model, the 200 mgkg 

dose of CMZ Rdministered at 3 hours pst-hypoxia produced the most diable and 

complete level of neuroprotection and was, therefore, used for molecular 



C ha pte r 3 : Suppression of Heat Shock Protein Expression by CM-Induced 

Neuroproiection in H-I Animais 



The objective of this study was to determine whether CMZ-induced 

neuroprotection in the H-1 model could be attributed to potentiation of endogenous 

neuroprotective mechanisms. Numerous snidia have shown that the induction of 

various heat shock proteins (Hsps) can enhance cellular siirvival in ischemically- 

injured cells. Thus, we wanted to determine whether Hsps are involved in the 

neuroprotection provided by CMZ in the H-1 model. We used young male rats in the 

Rice-Vannucci model of unilateral global ischemia and examineci the resdtant 

expression patterns for krp70,40 and 27 mRNA and Hsp7O and 27 protein in CMZ- 

inj ected versus vehicie-inj ected H-1 animals. S peci f i d  y, P m 2 5  male H-1 animals 

received a vehicle injection (ip) or an injection of 200 mgkg CMZ at 3 hours pst- 

hypoxia. In situ hybridization analysis of brain sections h m  these animals reveaied 

that H-I produced high levels of krp27, 40 and 70 mRNA in vehicle-injecteci animals 

sacnficed at 1,2,3, and 12 hours pst-injection. However, a significant reduction Ui 

al1 h p  transcripts was observed in CMZ-injecteci (200 mgkg) H-1 aaimals, relative to 

vehicle-injected H-1 animal% by 2 hours pst-injection. Moreover, expression levels 

of these transcripts were at basal levels in CMZ-injected animais by 12 h o m  pst-  

injection. Immunohistochemicd andysis demonstrateci that vehicle-injected H-I 

animals exhibited high levels of Hsp70 and 27 protein at 12,24,48 and 72 hours 

post-injection. However, H-I animals that received 200 mgkg CMZ show4 little to 

no expression of these proteins at any time point investigated. These redts suggest 

that CM-induced neumprotection is not achieveà thugh an enhancement or 

prolongation of Hsp expression foliowing H-1. In fw a neuopmtective dose of 

CMZ (200 mgkg) a p p d  to selectively preveut the translation of these degedly 

protective proteins in ai l  ce11 layers normally susceptible to H-1 injury. 



Introduction 

One route through which CMZ might facilitate endogemus neuroprotective 

mechanisms is through the induction of heat shock proteins (Hsps). Throughout 

evolution, Hsps have been highly conserved in both prokaryotic and eukaryotic cells 

and are expressed under both normal and pathological conditions (Nowak et al., 

1985; 1990; Kiang and TSO~OS, 1998). Such high conservation of these proteins may 

indicate that Hsps play a critical role in fûndamental cellular processes. One of the 

most interesting characte~stics of this family of proteins, with respect to 

neuroprotection, is their preferential induction in injured cells despite the fact that the 

synthesis of most other protek is significantly reduced (Lindquist and Craig, 1988; 

Higashi et al., 1994; Koroshetz and Bonventre, 1994). Hsp induction has k e n  

observed following a variety of stresshl and ben@ cellular stimuli including 

exposure to amino acid d o g u e s ,  glucose analogues, heavy metals, protein kinase C 

(PKC) stimulation, ischemia, sodium arsenite, microbial inféctions, nitnc oxide, 

hormones, antibiotics, cellular development, growth, differentiation and aging 

(Zimmemüui et al., 1983; Lowenstein et al., 199 1 ; Kiang and Tsokos, 1998). Under 

these conditions, the duration and degree of Hsp induction appears to be âirectly 

related to the nature, severity and duration of cellular exposure to stress. 

The marnmaiian genome contains six distinct families of Hsps, h p  lO,gO,  2 7, 

60.40 and 11 0, some of which are constitutively expressed while others are highly 

inducible (Feige and Polia, 1994). Members of the Hsp family are reporteci to have 

different cellular functions and locaiizations (cytosol, mitochondna, endoplasmic 

reticulurn (ER) and nucleus) which enable them to partake in protective or adaptive 

responses against cellular stress (Yost and Lindquist, 1986; Morimoto et al., 1990; 

Kiang and Tsokos, 1998). Prefmtial induction of Hsps has been linked to the 

ability of individuai cells to survive many endogenous and exogenous cellular 

stresson, including ischemia (Mailhos et al., 1994; Plumier et al., 1995; Yenari et al., 

1998). Little is known about the exact mechanism through whkh Hsps protect 

injured ceils, pariicularly because it is not known which apoptotic or necrotic event is 

critical to cell death. For the most part, members of the Hsp family are thought to act 



as molecular chaperones during intracellular processing of other proteins. Simply, 

Hsps transiently bind to unfolded proteins and ensure their correct synthesis, folding , 
assembly, transport and degradation (reviewed in Hartl, 1996). Under stressa 

conditions, this binding helps to stabilize the conformation of proteins and prevent 

their denaturation, misfolcihg or aggregation and also assists in the refolding or 

removal of damaged proteuis. Once an Hsp binds to an imparable protein that has 

been damaged by stress, the damaged protein is often delivered to the proteolytic 

rnachinery of the ce11 for degradation (Dice et al., 1994). 

Specific, m i e n t  expression of the highly inducible 70,000 mol. wt. Hsp 

(Hsp7 1 in rats; Hsp72 in humans) has been observed in anatomic regions hown  to be 

susceptible to various cellular stressors and is thought to be a diable indicator of ce11 

stress or injury ( C h e  and White, 198 1 ; Gubits et al., 1993; Kiang and Tsokos, 

1998). hmunohistochemical analysis targeting Hsp7O has revealed that Hsp7O 

induction, following numemus cellular stressors, is predominantly located in newons 

(ischemia) but has occasionally been obsented in glia (kat shock) and endotheliai 

cells (Sharp et al., 199 1 ; Simon et al., 199 1 ; Nowak et al., 1994; Armstrong et al., 

1996). As is characteristic of the Hsp femiy of proteins, muroprotective benefits 

obtained fiom Hsp7O expression are thought to be due to its action as a molecular 

c haperone (Beckmann et ai., 1 992; Pallems et al., 1 99 1). Specifically , Hsp70 appears 

to maintain the tertiary structure of normal and denatured proteins, which prevents 

their aggregation. Hsp7O has also been shown to remove denatured protek h m  the 

celî, assist in new protein synthesis and facilitaie protein transport across membranes 

of the rnitochondria and endoplasmic nticulurn (Deshaies et al., 1988a; 1988b; 

Welch, 1993; Nowak et al., 1994). The manner in which Hsp7O executes such a 

variety of functions has not been M y  detennined. However, it hm been s h o w  that 

removal of Hsp70 C-terminal amino acids, necessary for localization, abolished the 

neuroprotective effects of this protein whereas removal of the N-terminal amino 

acids, necessary for ATP binding, did not alter the fiinctioa of this protein (Li et al., 

1992). In light of the fûnctional hetemgeneity, it is easy to see why control of the 

level of expression of Hsp70 in the brain has been proposed as a clinical stnitegy for 

neuroprotection against neurodegenerative disorders. 



The 27,000 mol. wt Hsp (Hsp27) is a small, highiy conserved oligomeric 

protein related to the a-crystallin proteins (Kiang and Tsokos, 1 998). In contrast to 

Hsp70, Hsp27 expression bas primarily been localized in glial cells foliowing injury 

to the brah (Kato et al., 1994). Plumier et al. (1996) have shown that following 

kainic acid treatment, Hsp27-positive cells also stained positive for glial fibriliary 

amino acid protein (GFAP) indicating that these ceils were likely reactive astrocytes. 

Cellular exposure to a variety of stresshg stimuli has ken shown to cause a rapid 

phosphorylation of Hsp27, transcriptional activation of the Hsp27 gene and 

accumulation of the protein (Arrigo and Lanàry, 1994). Like Hsp70, molecular 

chaperoning-like properties have been reported for Hsp27 (Jakob et al., 1993). 

However, Hsp27 can also function as a phosphorylation-reguiated F-actin capping 

protein that is capable of inhibithg actin polymerization (Miron et al., 1991). There 

is also evidence that Hsp27 may be d i d y  linked to the inhibition of ce11 

proliferation (Knauf et al., 1992). 

The 40 000 mol. wt. pmtein Hsp4O is the mammalian homologue of the 

bacterial protein known as DMJ (Yamane et al., 1995). Hsp40 is constitutively 

expressed at a very low concentration but is highly inducible following cellular stress 

(Sugito et al., 1995). HspQO protein functions as a collagen-specific molecular 

chaperone, thus, its expression always correlates with that of collagen in the 

endoplasmic reticulum (Nagata et al., 1991). Specifically, Hsp40 may participate in 

the processing or secretion of procollagen in the ER (Nagata et al., 1988; Nakai et al., 

1992). HsMO has aiso been shown to intemct with Hsp70 in order to ensure the 

correct folding of newly synthesizcd proteins (Frydman et ai., 1994). In facf the 

interaction of HM0 with Hsp70 has been shown to stimulate the ATPase activity of 

Hsp7O seven-fold (Hartl, 1996). In this way, it is beiieved that Hsp4O may play a 

distinct role in the recovery of susceptible tissues foilowing various types of brah 

damage. 



Hsps and ApoifosiF 

Delayed ce11 death foliowiag a variety of cellular stmsors, includhg 

ischemia, ofien occurs through an ordered pathway of selfdestruction termed 

apoptosis or programmed cell death (PCD) (Mosser et al. 1997). While the 

neuroprotective effects of Hsps have g e n d y  been ascribed to their ability to 

chaperone nascent and denatured proteins, recent reports have suggested that several 

memben of the Hsp family may act as negative regulaton of PCD (Ahn et al., 1998; 

C hen er al., 1 999; Schett et al. 1 999; Wang et al., 1 999; Yaglom et al., 1 999). PCD is 

an active, genetically controlled, cellular process that results in characteristic 

morphological changes to the cell that include condemed regions of nuclear material, 

intemucleosomal DNA cleavage and membrane blebbing (Wyllie et al., 1980). 

Numerous experirnents have shown that PCD-inducing stimuli trigger the 

activation of protein kinase cascades, such as the Ras-regulated mitogenic cascade 

SAPKIJNK (Stokeo et al., 1992; Dubois and Bensuade, 1993). Thus, it has been 

proposed that inhibition of protein kinase signai transduction pathways may prevent 

the execution of PCD. Recent evidence has shown b t  elevated cellular levels of 

Hsp7O may inhibit the activation of specific protein Linases following heat shock, 

tumor necrosis factor a P a )  application or ceremide application (Mosser et al. 

1 997; Buzzard et al., 1 998). Specifically, it has been proposed that Hsp70 interferes 

with the stress-induced activation of c-Jun N-iemllnal kinase (M), an essential 

component in the heat-induced PCD pathway (Gabai et al., 1997). hdeed, Mosser et 

d. (1997) demonstrated that in nsponse to heat and cdde- induced  PCD in vino, 

activation of J N K  was strongly inhibited in ceîis that overexpressed Hsp70. It is 

possible that the suppression of JNK activation by Hsp70 may have been achieved 

through inhibition of the repression of JNK dephosphorylation tbat normally occurs 

following stressful treatments (Wei et cil., 1995; Dix et al., 1996; Volloch et al., 1998; 

Menin et al., 1 999; Yaglom et al., 1999). W e  these findings are interestllig, they 

are made more complicated by in vino studies that showed neuroprotection in stably 

transfected ceils that chronically overexpress Hsp72, even when JNK activity was not 

inhibited (Gabai et al., 1 997). Moreover, Gabai et al, (1 997) found protein 

aggregation itseif to be an activator of JNK and p38 kinases indicating that the ability 



of Hsp70 to interfere with the activation of these kinase pathways may, in fact, be due 

to its chaperonhg ability. An overall hypothesis provided by Gabai et al. (1997) has 

suggested that, in unstnssed cells, Hsp7O associates with an upstream component of 

the kinase cascade and holds it in its inactive form. Following cellular stress, 

depletion of fkee cellular Hsp7O by accumulated abnormal proteins may cause the 

bound Hsp70 to dissociate fiom the upstream component of the kinase cascade and 

thereby lead to downstream activation of kinases. See Figure 3-1. Furthemore, 

evidence provided by Buizard et al. (1 998) and Mosser et al., (1997) has suggested 

that Hsp70 may also actively interfere with the PCD pathway at a site downstrearn 

fiom INK activation. See Figure 3-2. Mosser et al. (1997) demonstnited a reduced 

processing of the Caenorhabditis elegans death gene (CED-3)dateci proteases 

known as cqase-3 (CPP32Namdapopain) in Hsp7Osverexpressing cells which 

caused a reduced cleavage of the cornmon death substrate protein poly (ADP-ribose) 

polyrnerase (PARP). However, Hsp70-ovmxpression did not reduce the activity of 

the mature caspase-3 enzyme in that study. 

Neuroprotection observed following Hsp27 induction has also been linked to 

an anti-PCD mechanism. Hsp27 expression has been reportecl to protect murine 

fibrosarcoma cells (L929) fiom damage following exposure to the protein kinase C 

(PKC) inhibitor, staurosporine, by blocking the activation of the celi surface receptor 

Fas/Apo 1 which, in tum, uihibits the activation of the pro-PCD enyme caspase-3 

(Mehlen et al., 1995; 1996). Collectively these d e s  indicete that control of Hsp 

expression in the brain may serve as an anti-PCD neuroprotective strategy in the 

clinical paradigm (Sato et al., 1996). 

Hsps and Ischeini. 

The first indication that Hsp expression might inmase the likelihood of ce11 

nwivd  following various cellular stressors was a study conducteci by Gemer and 

Schneider (1975). In that study, themotolerance, a transient resistance to heat 

induced by prior exposure to high temperature, provideci neufoproteaion against mild 

hyperthermia-induced ce11 death. The level of cellular thexmotolerance in that study 

was quantitatively nlated to the absolute levels of Hsps obsmed. Moreover, a study 



Ptoposed role of Hsp lO In protein kinase activation fdowing ceUulw sîress. 

Various cellular stressors lead to an intracellular accumulation of abnormal 

proteins that cause a depletion of unbound Hsp70. A decrease in fke intracelldar 

Hsp70 ultimately leads to the activation of stress kinases and subsequent PCD events. 

However, when Hsp7O is overexpressed in ceüs, stress kinase activation can be 

prevented and may thereby block the initiation of PCD-mediated events. (Adapted 

fiom Gabai et al., 1997). 
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Hsp 70 expression muy inhibit caspase-3 acîivatbn folowing txposure to PCP 

inducing stimuii 

A cellular stressor, such as heat shock, may activate the MEKKl 

(MAPK/ERK kinase) pathway directly or indktly  by causing an increase in 

intracellular levels of ceremide and/or abnormal proteins. Elevated levels of MEKKl 

ultimately lead to the activation of the pro-PCD protease cascade and caspase-3. 

Hsp70 overexpression may interfere with the progression of the MEKKl pathway or 

it rnay bind to Bcl-2 and prevent the activation of caspase-3. Increased 

concentrations of abnormal proteins following cellular stressors also lead to an 

increase in p38 (a subgroup of MAP kinases) which phosphorylates Hsp27 protein. It 

has been postulated that the conformational state of Hsp27 determines its fûnction. 

As a rnultimenc molecule, Hsp27 may f'unction as a molecular chaperone whereas 

Hsp27 in a monomeric state it rnay be involved in the regulation of actin dynamics. 

(Adapted fiom Mosser et al., 1997) 
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of proteins that were newly synthesized afler focal cerebral ischemia in rats 

demonstrated that two polypeptides (27 kDa and 70 kDa) dominated residual protein 

synthesis following severe ischemia (Jacewicz et al., 1 986). Subsequently, both 

direct and indirect evidence has suggested that the induction of some memben of the 

Hsp family may play a pivotal role in the fate of ischemic cells (Nowak et al., 1990; 

Kirino et al., 1991; Kitigawa et al., 1991 ; Mailhos et al., 1994; Yellon and Marber. 

1994; Plumier et al., 1995; 1997). 

Several efforts have been made to determine whether the highly inducible 

Hsp7O is neuroprotective in animal models of ischemia Somewhat of a controversy 

has evolved regarding the significance of Hsp7O expression to ischemic cells. Some 

research has shown that Hsp70 is expressed only in ce11 populations that will 

ultimately recover fiom cerebrai ischemia (Gonzalez et al., 199 1 ; Kinouchi et al., 

1993). Conversely, other studies have found Hsp7O expression in ce11 populations 

destined to die following excitotoxic injury (Chopp et al., 199 1 Simon et al. 199 1). 

The question of whether Hsp70 is only expressed in dying ce11 populations is 

important, but correlational snidies cari not directly address the function of Hsp7O in 

ischemic cells. However, there has been some direct evidence indicative of a 

neuroprotective role for Hsp70 in ischemic cells. First, overexpression of Hsp72, 

established using a retrovirus vector, was shown to be neuroprotective against 

ischemic stress in cultured peripherd neuions (Amin et al., 1996; Papadopoulos et 

al., 1996). Second, Sato et al. (1996) used antisense oligonucleotides (AONs) to 

detemine whether Hsp70 was essential to the neuroprotective effect of heat shock 

pre-conditioning. In brief, that study first dernonstrateci that heat shock (42OC for 30 

minutes), which results in an elevdon of Hsp70 for approximately 6 hours, 

significantly increased the number of surviving neurons in primary culture following 

a change to senun-free medium. However, when Hsp7O was "hocked down" in 

neurons using AONs the neuroprotective effect of heat shock against the serum 

change \kas abolished. Third, Yenari et d (1998) demonstrateci that gene tramfer 

therapy with defective herpes simplex virus vectors that overexpress hrp70 improved 

neuronal sumival against subsequent focal cerrbral ischemia or kainic acid 

administration. In that study, bilatemi vector implantation 12 hours before a 60 



minute MCAO or kainic acid administration was nempmtective in dentate grande 

cells (64.4%) and striata1 neurons (95.4%). Finally, studies using tramgenic animds 

that overexpress Hsp72 have demonstrated increaseci cellular survival in susceptible 

tissues following ischemia and other cellular stressors (Marber et al., 1995; Plumier et 

al., 1995; M o r d  et al., 1996; Plumier et al., 1997). It is interesting, however, that 

GABAergic neurons do not express Hsp70 following transient forebrain ischemia in 

the grrbil but they are the most resistant cells to ischemic insult (Ferrer et al.. 1995). 

Gene transfection studies have indicated that overexpression of Hsp27 may 

also confer resistance against heat shock and oxidative stress (Landry et al., 1989; 

Huot et al., 1991 ; Lavoie et al., 1993; Mehien et al, 1995 and Huot et al., 1996). 

Following MC AO, Hsp27 was expressed primatil y in microglia approximately 4 

hours after the insult and was then expressed in reactive astrocytes (Kato et al., 1995). 

in that study, expression of Hsp27 was also noted in neurons 1 day followhg MCAO 

(Kato et al.' 1995). The wide distribution of Hsp25 in glial cells following ischemia 

suggests that this protein may be involved in pst-ischemic repair and restorative 

processes (Kato et al., 1995). Interestingiy, midies have shown that there is far less 

expression of Hsp27 following focal cerebral ischemia than global ischemia (Siesjo, 

1992% b). At present, it is still uncertain which Hsp, if any, is responsible for 

neuroprotection observed in animal models of ischemia In fact, there is some 

speculation that protective effects observed in various ischemia models were not due 

to one Hsp but may have required the cci-ordinate synthesis of al1 the Hsps (Mailhos 

et al., 1994). 

As in other animal models of ischemia, high levels of Hsp7O expression have 

been observed following H-1 injury (Dwyer et al., 1989; Ferriero et al., 1990; 

Blurnenfeld et al., 1992; Gilby et al., 1997). Thus, the primary objective of this senes 

of experiments was to determine whether CMZ-induced neuroprotection disrupted the 

normal expression patterns for hsp70,27 or 10 mRNA and/or proteins following H-1 

in PND25 male rats. Examination of the expression patterns of Hsps may enable us 

to determine whether amplincation or manipulation of an endogenous 

neuroprotective mechanism (Hsps) is respomible for the neuroprotective effects of 

C M 2  in this model. 



Animais 

Animal procedures used in this experiment were identical to those outlined in 

Chapter 1. Three hours pst-hypoxia, H-1 animals received an i.p. injection of either 

vehicle (distilled water), 100mgkg or 200mg/kg CMZ. Naive animals and ligated 

and hypoxic control animal groups were included in this study. hg-injected control 

animals received an i.p. injection of either 100 mg/kg or 200 mgkg CMZ but did not 

experience the H-1 event. Following treatrnent, each animal was observed for any 

overt signs of seinue activity such as mastication, barre1 roiiing or lirnb tonus and 

clonus. Animals that exhibited such behavior were excluded fiom the study. 

Perfusion and Thsue Fixation 

Animals were sacrificed at varyhg thepoints following their repective 

treamients. Each rat was deeply anesthetized with 65 mgkg of sodium pentobarbitol 

and was then pemised through the ascending aorta with 0.9% saline (60 mls) 

followed by cold 100 mM phosphate butrer containhg 4 % p a d o d d e h y d e  (60 

mls). Brains were rernoved and pst-fixed in 100 mM phosphate buffer containing 

4% paraformaldehyde at 4OC for at least 24 hours. 

In situ hybridbtion 

Fixed brains were sectioned at 40 pm on a Series 1000 vibratome, mounted 

ont0 s u p e r ~ r o p  (Fisher Scientific) slides and permitteci to dry ovemight before 

W e r  processing. Once dry, fixed Sections were dehydrated in a series of increasing 

ethanol concentrations (50% - 100%)). defaned in xylene and rehydrated in decreasing 

concentrations of ethano1 (100% - 50%). Slides containing the k e d  sections were 

rinsed in 1X phosphate buffered saline (PBS) (3 x 5 minutes), and put into 2X sodium 

chloride citrate (SSC) for 20 miautes and left to air dry for at l e s t  1 hour. 

Oiigonucleotides designed to target specific mRNAs were 3' end-labeled with 

[ a 3 3 ~ ]  - dATP for 90 minutes at 37OC using terminal deoxynucleotidyl transferase 

(henham). Unincorporated radionucleotides were rernoved h m  the labeled 



probes using a Sephadex G-25 spin column (Phamüicia). The labeled probes were 

added to hybridization btûfer (50% formamide, 5X SSC, 10% dextran sulfate, 1 X 

Denhardt's reagent, 20 m M  sodium phosphate, pH 6.8,0.2% SDS, 5mM EDTA, 10 

p g h l  poly A, 50 pgh l  sheared salmon spem DNA, 50 pg/ml yeast RNA) in such a 

proportion that lm1 of hybridization buEer contaiwd 5 x 106 cpm of radio-labeled 

probe. 200 pl of the hybridization mixture was added to each slide containhg the 

brain sections and a piece of parafilm was placed on top to contain the hybridization 

mixture. Sections were then incubated ovemight at 42OC in a humidified chamber. 

The next &y parafilm coverslips were removed in 1X SSC and the slides were 

washed Ui 1X SSC (4 x 30 minutes) at 5S°C, 0.5 x SSC (4 x 30 minutes) at 55OC and 

finally in 0.25 x SSC (1 x 30 minutes) at rmm temperature. Following the washes, 

sections were dipped in DEPC water and air dried ovemight. When dry, the slides 

were exposed to Kodak Biomax MS film (Intersciences, Markham, ON) for 2-4 days 

in order to visuake the hybridkg oügonucleotide probe. 

An hsp70 oligonucleotide probe, specinc for the inducible hsp70 mRNA 

(hspi), was synthesized commercially (Marine Gene Robe Lab, Daihousie University, 

Halifax, Nova Scotia) with the following sequence: 5' CGA TCT CCT TCA TCT 

TGG TCA GCA CCA TGG -3'. This sequence is complimentary to nucleotides 568- 

53 9 of the rat hsp70 mRNA (Genbank Assession Number: L 16764). The hsp2 7 

oligonucleotide probe used to target @27 mRNA had the following sequence: 5' 

GAA TGG TGA TCT CCG CTG ATT GTG TGA CTG CTT TG-3' which was 

complimentary to nucleotides 1653- 1687 of the rat hsp27 cDNA (GenBank Assession 

Number: S6775). The oligonucleotide probe synthesized by Genosys hc.  designed to 

target hrp40 mRNA had the following sequence: 5' CCT GGC TCC AGT CCT 

GGTTCT TGG K T  CCT TCA CC 3' and was complimentary to nucletides 797-83 1 

of the rat Dd-like protein mRNA (Genbank Assession Number: U53922). 



Immunohisrochemktty 

Hsp70 

Coronal sections (40 p) cut through the hippocampus were washed in 100 

mM Tris buffer (pH = 7.6; 3 x 5 minutes) and incubated with 1% hydrogen peroxide 

in Tris buffer for 30 minutes with gentle agitation. Sections were then washed in Tris 

b a e r  for 5 minutes, then 0.1% Triton X in Tris buEer (Tris A) for 15 minutes 

followed by a 1 5 minute wash in 0.1 % Triton X plus 0.005% bovine semm albumin 

(BSA) in Tris (Tris B). Sections were incubated for 1 hour at room temperature in 

Tris B containing 10% normal horse sem (Vector Laboratories, Burlingarne, CA, 

USA) and then washed in Tris A for 15 minutes followed by 15 minutes in Tris B. 

Following washing, sections were incubated for 48 bours at 4OC in primary mouse 

monoclonal antibody r a i d  against human Hsp7O (StressGen Biotechnologies Corp, 

Victoria, BC, Canada) at a dilution of 1 5000 in Tris B. Foiiowing the incubation 

perioâ, the sections were washed 15 minutes in Tris A, 15 miautes in Tris B followed 

by 60 minutes in Tris B containing a rat absorbed biotinylated horse aatibody raised 

against mouse (1 :400; Vector Laboratories Inc.). Subsequent to the incubation, the 

sections were washed in Tns A for 15 minutes, then in 0.1% Triton X in 55 mM Tris 

BufFer (Tris D) for another 15 minutes. Sections were then incubated for 1 hour in 

avidin-biotin-horseradish peroxidase complex (ABC Elite; Vector Laboratones) at a 

dilution of 1 : 1000 made up in Tris D foliowed by 3 x 5 minutes in 100 rnM Tris 

buffer. Sections were then treated with 0.05% diaminobernidine-tetrachlonde @AB) 

(Sigma Chemical Co.) made up in Tris buffer containing 0.1 mgll O0 ml glucose 

oxidase, 40 mg/100 ml ammonium chloride and 200 rng/lûû ml b-D(+) glucose 

(Sigma Chemical Co.) for approximately 15 minutes. Siaineci sections were then 

washed 3 x 5 minutes in Tris bu&r and mormted on gelatinized slides. Once air- 

dried (overnight), the slides were dehydrated in a series of *haaols (50- 1 00%)- 

defatted with xylene and then coverslipped using Entellan (E. Merck, Darmstadt). 

Hm27 

Sirnilm procedures to those of Hsp7O imrnunohistochemistry were used for 

detection of Hsp27 protein with some exceptions. Sections were first washed in PBS 



(3 x 10 minutes) and incubated in 3% hydrogen peroxide in PBS for 30 minutes. 

Sections were again washed in PBS (3 x 10 minutes) and put directly into a rabbit 

anti-mouse Hsp27 polyclonal primary antibody (1 5000; StressGen Biotechnologies 

Corp.) made in PBS containing 2% goat senun and incubated ovemight at 4OC. The 

next day sections were washed in PBS (3 x 10 minutes) and then incubated in a 

biotinylated goat anti-rabbit secondary antibody (1 :400; Vector Laboratories Inc.) for 

60 minutes. Following incubation sections were washed in PBS (3 x 10 minutes) and 

then incubated for 1 hour in avidin-biotin-horseradish peroxidase complex (ABC 

Elite; Vector Laboratories) at a dilution of 1 : 1000 in PBS followed by 3 x 10 minutes 

in PBS. Sections were then treated with 0.05% di-obeasidine-tetrachloride 

(Sigma Chernical Co.) in PBS containing 0.1 mg1100 ml glucose oxidase, 

4Omg/lOOml ammonium chloride and 200mg/1 O û m i  b-D(+) glucose (Sigma 

Chernical Co.) for approximately 15 minutes. Subsequently, stained sections were 

washed 3 x 10 minutes in PBS, rnounted on gelatinized slides and coverslipped. 

Previous unpublished work in our laboratory, using this antibody, has demonstrated 

that this polyclonal antibody selectively recognizes rat Hsp27, the homologous 

protein to mouse Hsp25. 

Western Blot Anuk'ysis 

Extracted hippocampal tissue was homogenized in 0.32 M sucrose and the 

total protein concentration in was determined in uich sample. Homogenate samples 

containing 20 pg of protein were solubilized in SDS sample bufFer [l0% glycerol, 5% 

P-mercaptoethanol, 3% SDS in upper Tris buffer (0.125 M Tris-HC1 pH = 8.8/0.1% 

SDS), boiled for 10 minutes and then loaded into a polyacrylamide gel (2.5% upper 

gel, 7.5% running gel). Proteins within the samples were f'tactionated 

electrophoretically (7SV for one hour then 125V for 2 hours) and electroblotted onto 

an Immobilon-P membrane (Millipore, Mississauga, ON) at 40 volts for 18 hours and 

then air dried. 

In preparation of immunohistochemical detection, membranes were fht  

saturated in methauol, rinsed with 1X PBS and then incubated in 5% skim m W l %  

bovine serum albumin (BSA) in 1X PBS for 1 hour at 37OC to block non-specinc 



antibody binding. Pnmary mouse monoclonal antibody specific for the inducible 

form of Hsp7O (StressGa Biotechnologies, Victoria, BC, Canada) was diluted 

1 : 1 000 in 5% skim mi W 1 % (BS A). Membranes were incubated with primary 

antibody at 4OC for 18 hours with gentle agitation. To remove excess primary 

antibody, membranes were washed 3 x 20 minutes in 1X PBS/O.Z%Tween 80 at 37°C 

then incubated 1 hour at 3 7 T  with peroxidase-labeled horse anti-mouse IgG (Vectors 

Laboratories Inc., Burlingame, CA) at a 15000 dilution in PBS skim milk 1 % BSA. 

To remove any unbound secondary antibody, blots were washed 1 x 15 minutes and 4 

x 15 minutes in 1X PBS/O.2%Tween 80 at 37OC. Immunolabeled proteins were 

detected using the electrogenerated cherniluminescence (ECL) Western Blot 

Detection Kit (Amresham, Arlington Height, IL). In order to ensure that the relative 

concentrations of protein loaded in each lane were approximately equal the 

membrane was counter-stained with Amido Black. 

Densirometric Ana&sis 

Densitometric analysis of mRNA expression on in situ autoradiograms was 

perfomed using the Optical Density-Mode1 GS0290 Ixnaging Densitometer and 

Molecula. Analyst (Biorad) software to determine the optical density (OD) of the 

radio-labeled brain rcgions. Animals h m  all control groups were analyzed as one 

group for statistical and graphical analysis. Any differences in mean transcnpt 

expression were statistically analyzed using a 1-way Aaaysis of Variance (ANOVA) 

followed by Tukey ' s pst-hoc analysis. 



In situ Hybrùiizatioion 

Densitometric analysis of hsp 70, hp40 and hsp2 7 mRNA expression was 

conducted on CAI, CA3 and the dentate gynis in the ipsilateral hippocarnpus and on 

parietal cortex of vehicle-injected and CMZ (200 mgkg)-injected H-1 animals. At no 

time were any of these transcripts expressed in any cell layer of naïve, ligated, 

hypoxic or hg-hjected control animals used in this saidy. 

hm 70 

In order to compare relative patterns of hsp7O expression across treatrnent 

groups, vehicie- and CMZ-injected H-I animals were sacrificed at 1 (N = 8; N = 10 

respectively), 2 (N = 6; N = 6 respectively), 3 (N = 6; N = 5 respectively), 12 (N = 7; 

N = 7 respectively) and 24 (N = 7; N = 7 respectively) hours pst-injection. Mean 

hsp70 expression was found to be sigxificantly higher in the CA1 pyramidal ce11 

layers of both CM-injected and vehicle-injected H-I animals thau it was in control 

animais (N = 1 6) at 1 (q = 12.47; q = 13.809 respectively; P<O.O5), 2 (q = 1 4.979; q = 

8.2 19 respectively; P<O.OS) and 3 (q = 16.687; q = 9.98 mpectively; P<0.05) hours 

post-injection. Mean hsp70 expression in CA1 of vehicle-injected animais was also 

found to be significaatly higher than in conml anirnals at 12 hours pst-injection (q = 

8.308; P<0.05). However, mean expression of this transcript in the CA1 cell layer of 

CMZ-injected H-1 animals was not si@cantly different h m  control animals at this 

tirne-point. In aaimals scdîced at 24 houn pst-injection, the reverse was true 

where mean h p  70 expression in CA1 of vehicle-injecteci animais was not 

significantly düferent h m  control animals but was siBnificantly elevateà in CA1 of 

CMZ-injected H-I animals (q = 5.276; PQ).05) at this time-point. In a p M s e  

cornparison betwem CMZ-injected and vehicle-injected H-1 animals oniy, w 

sigaificant difference in mean CA1 hïp 70 expression mrs evident at 1 hour post- 

injection between these mamient groups. However, mean hsp70 expression was 

found to be si@cantly higher in CA1 of vehicle-injected animals than it was in 

CMZ-injected animals at 2 (q = 6.005; P<0.05), 3 (q = 4.832; Pa.05) and 12 (q = 



7.0 1 7; Pc0.05) hours pst-injection. 

Mean hsp70 expression in the CA3 ce11 layer of the hippocampus was 

significantly higher in both vehicle- and CMZ-injected H-1 animais than it was in 

control animais at 1 (q = 15.207; q = 19.786 respectively; P<O.O5), 2 (q = 16.79; q = 

1 1.55 respectively; Pd).05) and 3 (q = 19.183; q = 10.21 0 respectively; P<0.05) 

hours post-injection. Significandy higher mean krp70 expression was ais0 obsewed 

in CA3 of vehicle-injected H-1 animals, relative to control anirnals, at 12 hours pst-  

injection (q = 9.5 10; Pc0.05) whereas CMZ-injected H-1 aaimals did not show an 

elevation of this transcript at this time-point. Mean hp70 expression in the CA3 ce11 

layer of both treatment groups was near baseline level by 24 hours pst-injection. An 

investigation into differences in mean hsp70 expression in CA3 between CMZ- and 

vehicle-injected H-1 animals revealed a significantly higher expression of this 

traascnpt in vehicle-injected H-I animais at 3 (q = 6.527; P<O.OS) and 12 (q = 8.541; 

P<0 -05) hours post-injection. 

Mean hsp70 expression in both vehicle- and CMZ- injected H-I animais was 

significantly higher in the granule cells of the dentate gynis (DG) than it was in 

control animals when sacrificed at 1 (q = 1 8.6 16; q = 24.443 respectively; P<0.05), 2 

(q = 22.034; q = 12.81 respectively; P<O.OS) and 3 (q = 23.91; q = 13.30 1 

respectively; Pc0.05) hours pst-injection. However, this elevation in tmnscript 

expression was only detected in vehicle-injected anllnals at 12 houn pst-injection (q 

= 12.08; P4.05). Mean hrp70 expression in the DG of both treatment groups was no 

longer significantly higher than control animals by 24 hours pst-injection. At 2 (q = 

7.646 P<O.O5), 3 (q = 7.648; PQ).05) and 12 (q = 10.434; Pa).OS) hours pst- 

injection, mean hsp70 expression was significantly higher in the dentate grande cells 

of vehicle-injected H-1 animals than in CMZ- injected H-1 animals. 

Mean hsp70 expression in the parietal cortex was found to be significantly 

higher than control animals in both vehicle- and CM-injected H-1 animals at 1 (q = 

19.602; q = 22.35 respectively; PQ].05), 2 (q = 26.684; q = 19.2 respectively; Pd).O5) 

and 3 (q = 25.848; q =  14.832 respectively; Pa.05) hom pst-injection. By 12 

hours pst-injection a significant elevation in mean hsp70 expression was observed in 

the parietal cortex of vehicle-injected H-1 animals (q = 21.434; Px0.05) relative to 



controls, but was not evident in the parietal cortex of CMZ-hjected animals at the 

same the-point. By 24 hours pst-injection, mean h p  70 expression in CA3 of both 

treatment groups had returned to control levels. Mem hsp70 expression in the 

parietal cortex of vehicle-injected animals were found to be significantly higher thaa 

CMZ-injected animals at 2 (q = 6.206; P<0.05), 3 (q = 7.884; P<0.05) and 12 (q = 

18.343; P4.05) hours, but not at 1 or 24 hours pst-injection. See Figure 3-3. 

hp40  

Vehicle- and CMZ-injected animais were sacrificed at 1 (N = 1 1; N = 7 

respectively), 2 (N = 5;  N = 7 respectively), 3 (N = 6; N = 1 1 respectively), 1 2 (N = 1 5; N 

= 12 respectively) and 24 (N = 6; N = 7 respectively) following injection of vehicle or 

CMZ. A significant elevation in mean hsp40 expression was observed in CA1 of 

vehicle-injected animals relative to control animals (N = 13) at 1 (q = 5.410; P<O.OS), 2 

(q = 6.894; P<0.05), 3 (q = 6.97; PK0.05) and 12 (q = 7.961; P<O.O5) hours pst- 

injection, but haà retumed to control levels in this ce11 layer by 24 hours pst-injection. 

In con- the only tirne-point at which mean hp40 expression was significantly higher 

in CA1 of CMZ-injected H-I animals than in control animais was at 2 hours post- 

injection (q = 6.55 1; P<O.OS). Regardless, in pairwise cornparisons between CMZ- and 

vehicle-injected animais, ciifferences between these treatment groups only reached 

statistical significance at 12 hours (q = 4.704; PQ).OS) pst-injection. 

In the CA3 pyramidal cell layer, a significant elevation in mean @4O expression 

was observed between vehicle-injecteci animals relative to control animals at 1 (q = 

5.773; Pe0.05) and 2 (q = 9.59; P<O.OS) hours pst-injection. Mean hsp40 expression in 

CA3 of CMZ-injected animals, however, did not cliffer h m  that in conml animals at 

any tirne-point examineci. A significant Merence in mean hrp40 expression in CA3 

benveen vehicle-injected and CM-injectai aaimals was not evident at any the-point 

examined. 

Mean hp40 expression in the dentate gyrus of vehicle-injected H-1 animais was 

sigmficantly higher than in conml animais at 1 (q = 6.216; P<O.O5), 2 (q = 8.1 15; 

P<O.OS), 3 (q = 5.492; P4.05) and 12 (q = 4.757; P4.05) hours pst-injection but had 

renimed to basal levels by 24 hours pst-injection. However, a signifîcant elevation in 



Figure 3-3 

Erpression of hsp lO niRNA U, vehicfe- and CMZnjected H-I o n i d .  

Mean density of krp7O mRNA expression in ai l  hippocampal and cortical ce11 

layers of control, CMZ-injected and vehicle-injectecl H-1 animds across various poa- 

injection tirnepoints. A) Mean density of hsp70 expression in CA1 of anirnals fiom 

treatment groups. B) Mean density of hp7O expression in CA3 of animals fÎom both 

treatment groups. C) Mean density of hsp70 expression in DG of anirnals fiom both 

treatment groups. D) Mem density of hp7O expression in the cortex of aaimals from 

both treatment groups. A P value of a).O5 was considered to be statistically significant. 

The data are presented as means t S.E.M. (* = significantly different fiom transcript 

density in control animals; = signincantly different h m  transcnpt density in vehicle- 

injected H-1 animais sacrificed at the same tirnepoint). 
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mean hsplO expression in the dentate gyrus of CMZ-injected animals was only evident at 

3 hours pst-injection (q = 4.863; PeO.05) when compared to control anitnals. A 

significant differeace in mean hsp40 expression in the dentate gynis was evident between 

vehicle- and CMZ-injected animals at 2 hours post-injection only (q = 6.83; P<0.05) 

Finally, mean hplO expression in the parieral cortex of vehicle-injected 

animais was found to be significantly higher tban control anhals at 1 (q = 6.25; 

P<0.05), 2 (q = 7.77; P<O.OS), 3 (q = 5.38; Pc0.05) and 12 (q = 7.99; P<O.OS) houn 

post-injection. In contrast, elevation of this eanscript did not attain statistical 

significance in the parietal cortex of CMZ-injected bals when compared to control 

animais at any tirne-point examined. A significant difference in mean kp4O 

expression was evident only at 2 (q = 5.405; PcO.05) and 12 (q = 6.271; Pc0.05) 

hours post-injection. See Figure 34. 

hW25 

Vehicle- and CMZ-injected H-1 animals were sacrificed at 1 (N = 6; N = 6 

respectively), 2 (N = 7; N = 6 respectively), 3 (N = 7; N = 6 respectively), 12 (N = 6; N = 

5 respectively) and 24 (N = 5; N = 6 respectively) hours pst-injection. Statistical 

aaalysis revealed that a significant elevation in mean hsp25 expression was evident only 

in CA1 of vehicle-injected animals relative to control animais when sacrificed at 2 (q = 

7.665; P4.05) and 3 (q = 6.037; PxO.05) hours pst-injection. Similady, mean hsp25 

expression was not significantly different h m  control animals in CA1 of CMZ-injected 

H-1 animals at any the-point examind A signifiant difference in mean hsp25 

expression was not evident between CMZ- and vehicle-injected animais at any time-point 

examined. 

In CA3, mean hsp25 expression in vehicle-injected H-1 animds was significantly 

higher than in control animals at 1 (q = 6.01; P4).05), 2 (q = 7.232; P<O.O5), 3 (q = 

5.609; P<O.OS) and 12 (q = 7.189; PG.05) hours pst-injection. However, a signincant 

elevation of this eanscript in CA3 of CM.-injected animals was only evident at 2 houn 

pst-injection (q = 5.78; P4.05). Mean hsp25 expression was sigdicantiy higher in 

CA3 of vehicle-injected animal?r t h  in CM'-injected aaimas S8cri£iced at 12 hours 

pst-injection (q = 5.44; PG.05). 



Figure 3-4 

Expression of hspl0 &A in wllicle- und CM-injected H-1 unimals. 

Mean density of hsp4O expression in al1 hippocampal and cortical ce11 layers 

of control, CMZ- and vehicle-injected H-1 animals. A) Mean density of hsplO 

expression in CA1 of animais h m  both treatment groups. B) Mean density of hp8O 

expression in CA3 of animais h m  both treatment groups. C) Mean density of hpJO 

expression in DG of animais fiom both treatment p u p s .  D) Meaa density of kp?O 

expression in the cortex of aaimals h m  both treatment goups. A P value of ~0 .05  

was considered to be statisticaily significant. The data are presented as means + 
S.E.M. (* = significantly different h m  transcnpt density in control animals; m = 

significantly different h m  transcript density in vehicle-injected H-1 anirnals 

sacn ficed at the same thepoint). 
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No significant merence in mean kp25 expression was observed in the dentate 

gynis of either vehicle- or CMZ-injected animais relative to control animals, or relative to 

each other, at any the-point examined. 

Mean cortical hsp25 expression was found to be significantly higher in 

vehicle-injected H-1 animais than in control animals at 2 (q = 7.759; P<O.OS), 3 (q = 

7.03 5; Pe0.05) and 12 (q =5.495; Pc0.05) hours pst-injection. Similarly, CMZ- 

injected animals exhibited significantly higher levels of hrpZ expression in the 

parietal cortex than did control animals at 2 (q = 6.983; PqO.05) and 3 (q = 5.295; 

Pc0.05) hours pst-injection. A significant difference in mean hp25 expression was 

noted between CMZ- and vehicle-injected animais at 12 hours pst-injection (q = 

4.930; P4).05). See Figure 3-5. 

Immunohlctochemistry 

Immunohistochemical analysis of vehicle-injected H-1 anllnals revealed that 

Hsp7O protein was expressed in the dentate granule cells and in some hilar cells of 

these animais at 1 (N=13), 2 (N=5), 3 (N = 4) and 6 (N 4) hours pst-injection. By 

12 hours pst-injection Hsp70 staining was obsewed in patches of the DG and 

throughout CA3c and layer 3 of the parietal cortex. Staining was also evident in CA1 

at this tirne-point (N = 5). Nearly identical staining pattem for Hsp7O were obsewed 

in vehicle-injected H-1 animals at 24 hours pst-hypoxia (N = 5). However, animais 

sacrificed beyond the 24 hour pst-injection time point exhibited a variable pattern of 

Hsp70 expression. At 48 hours pst-injection one aaimal showed basal levels of 

Hsp70 expression (114) whereas in some animals Hsp7O expression was observed in 

al1 hippocampal pyramidal ceils, in patches of the DO and in hughout  the parietal 

cortex (3/4). Similady, by 72 hom pst-hypoxia some animais demonstrateci basal 

levels of Hsp70 expression (3/5) while some showed expression in the hilus, CA3, 

and in iayer 3 of the parietal cortex (as). 
The expression pattern for -70 in CMZ-injectecl H-1 animals exhibited 

ciramatic differences when corn@ to the expression profile for -70 in vehicle- 

injected anirnals. CMZ-injecteci H-1 animais sacrificed at early pst-injection tirne 

points such as 1 (N=7), 2 and 3 (N=5) hours pst-injection did show fkint 



Figure 3-5 

Expression of hsp2 7 mRNA in vehkle- and CMZ-injected H-I animah. 

Mean density of hp27 expression in al1 hippocampai and cortical ce11 layers 

of CMZ- and vehicle-injected H-1 animais. A) Mean density of hp27 expression in 

CA 1 of animals from both matment groups. B) Mean density of hsp2 7 expression in 

CA3 of animais from both treatment groups. C) Mean density of kp27  expression in 

DG of animais from both treatment groups. D) Mean density of hsp27 expression in 

the cortex of animais fiom both treatment groups. A P value of <O.OS was considered 

to be statistically sigmfïcant. The data are presented as means f S.E.M. (* = 

significantly different fiom transcript density in control animais; i - significantly 

different from transcript density in vehicle-injecteci H-1 anllnals sacrificed at the same 

tirnepoint). 
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staining in DG cells. However, animals sacrificed at 6 (N=8), 12 (N=8), 24 (N=4), 48 

(N=6) and 72 (N=6) hours pst-injection expressed basal levels of this protein in al1 

brain regions. See Figures 3-6 and 3-7. 

H-1 animals that received 100 mgkg CMZ at 3 hours post-hypoxia 

dernonstrated variable expression patterns for this protein. Some animals sacrifked at 

12 hours post-injection showed basal levels of expression (24) while others 

dernomtrated staining in the DG, hilus, hippocampal pyramidal ce11 layea and in 

layer 3 of the pa,rietal cortex (2/4). At 24 hours post-injection, basal levels of 

expression were observed in 416 animais that received 100 mgkg CMZ at 3 hours 

post-hypoxia, while 2/6 animals demonstrated expression patterns sirnilar to that seen 

in vehicle-injected anirnals. However, ai l  animals that received 100 mgkg CMZ that 

were sacrificed at 48 (N=5) and 72 hours ( W 3 )  pst-injection demonstrated basal 

levels of expression. 

Immunohistochemical detection of Hsp27 protein revealed that al1 vehicle- 

injected H-I animais that were Sacnficed at 1 (N=l1), 2 (N=4), 3 (N=5) or 6 (N=4) 

hous pst-injection exhibited basal levels of Hsp27 expression. However, by 12 

hours post-injection, 415 vehicle-injected animals exhibited high levels of Hsp27 

expression in basket celis of the DG and in the hilus. Sporadic glial expression was 

observed around al1 hippocampal pyramidal celi layers and in the infarct zone of the 

parietal cortex. Basal levels of Hsp27 expression were observed in 115 vehicle- 

injected animals sacrificed at this t h e  point. By 24 hours post-hypoxia 414 animals 

exhibited very high glial expression amund aN hippocampai pyramidal cell layers, 

expression in the ceii bodies and processes of CA3 neinons and basket celis and 

intensive neuronal and glial expression in the infmt zone in the parietal cortex. By 

48 hours pst-injection, 414 vehicle-injecteci animais derno~l~trated Hsp25 expmsion 

in dl remaining viable pyramidal neurons and in glia throughout the hippocampus 

and parietal cortex. By 72 hours pst-injection, expression patterns were variable in 

vehicle-injected animals with 315 animais exhibiting basal levels of Hsp27 expression 

in al1 susceptible brain regions and 2 5  animais exhibiting both glial and neuronal 

expression in remaining pyramidal cell layers of the hippocampus and in the inf'arct 

zone of the parietal cortex. Neuronal expression of Hsp27 is show in Figure 3-8. 



Figure 3-6 

Hsp 70  essi si on in the h@pocampcrr ufvebicIt- and CMZ-injected H-1 anUMLF oi 

varying post-lypoxic tintepoints. 

Photomicrographie representation of Hsp70 expression in the ipsilateral 

hippocampus of vehicle-injected (A, C, E, G) and CMZ-injected (B, D, F, H) H-1 

animais. Animals were sacrificed 6 (A, B), 12 (C, D), 24 (E, F) and 48 (G, H) hours 

post-injection. (Scale bar = 400 p). 
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Figure 3-7 

Hsp 70 expression in the panPtal coila of vehicle- und CMZ-ijected H4 uni& 

ïxt vatying post-hypaxie tirnepoints. 

Photornicrographic representation of Hsp7O expression in the ipsilateral 

parietal cortex of vehicle-injected (A, C, E, G) and CMZ-injected (B, D, F, H) H-1 

animais. Animals were sacrificed 6 (A, B), 12 (C, D), 24 (E, F) and 48 (G, H) hours 

post-injection. (Scale bar = 400 jm). 
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Neuronal expression of Hsp27pmtein. 

Hsp27 protein expression was detected in hippocampal neurons (A) and 

cortical neurons (B) of vehicle-injected H-1 animais at various pst-hypoxic 

tirnepoints. Specific neuronai staining in the hippocampus and cortex is indicated by 

arrows. (Scaie bar =50 pm ) 



Figure 3-8 



H-1 animals that received the M y  protective dose of CMZ at 3 hours p s t -  

hypoxia exhibited basal levels of Hsp27 expression in al1 animais sacrificed at 1 

(N=4), 2 (N=5), 3 (N=3), 6, (N=6), 12 (N=12), 24 (N=4), 48 (N4) and 72 (N=8) 

hours post-injection. Similar to the results produced using Hsp70 

immunohistochemical analysis, H-I animals that had received 100 mgkg at 3 hours 

post-hypoxia exhibited varying profiles of Hsp27 expression at 12 ( N 4 )  and 24 

(N=6) hours post-injection but were at basal levels by 48 (N=5) and 72 (N=4) hours 

post-injection. See Figures 3-9 and 3-10. 

Western AnaiysrS 

Specificity of the anti-Hsp70 m o w  monoclonal antibody was continned by 

immunohistochemical analysis of total pmtein that had k e n  electrophoretically- 

hctionated by one-dimensional polyacrylamide gel electrophoresis (PAGE). The 

anti-Hsp7O antibody recognized one band of approximately 70 kDa in the 

hippocampal homogenate derived h m  the ipsilateral hippocampus of 4/4 vehicle- 

injected H-1 animals. Faint expression of Hsp70 was noted at both 12 and 24 hours 

pst-injection in the ipsilateral hippocampus of 3/7 CMZ-injected animais while 417 

of these animals exhibited basal levels of this protein. No expression of Hsp70 was 

detected in any contcol animals examined using this altibody. 



Figure 3 3  

Hsp2 7 expression in the hippocampus of vehicle- and CMZ-injected H-I animah at 

varying pst-Aiyparie tirnepoints. 

Photornicrographic representation of HspD expression in the ipsilateral 

hippocampus of vehicle-injected (A, C, E, G) and CMZ-injected (B, DY F, H) H-1 

animals. Animals were sacrificed 12 (A, B), 24 (C, D), 48 (E, F) and 72 (Gy H) hours 

post-injection. (Scde bar = 400 p) 





Hsp27 expression in the parietal cortex of vehicle- and CMZ-injected H-I amimais 

a? varying post-LypawC tirnepoints. 

Photomicrographie representation of Hsp27 expression in the ipsilateral 

parietal cortex of vehicle-injected (A, C, E, 0) and CMZ-injected (B, D, F, H) H-I 

animals. Anirnals were sacrificed 12 (A, B), 24 (C, D), 48 (E, F) and 72 (G, H) hours 

post-injection. (Scale bar = 400 p). 





Discussion 

In spite of evidence that has indicated that both CMZ and Hsps provide 

neuroprotection in animal models of ischemia, this study was the fïrst to investigate 

putative interactive effects between CMZ and the endogenous stress response. The 

resdts of this study, however, did not support an involvement of Hsps in CMZ- 

induced neuroprotection against H-1 injury. In fact, CMZ administration at 3 hours 

post-hypoxia had a negative efEect on the levels of hsp mRNA induced by H-1 that 

was detectable by 2 hours post-injection. Moreover, CMZ administration at 3 hours 

post-hypoxia appeared to selectively prevent the translation of these transcripts in 

protected ce11 layers. These findings may indicate that CMZ administration interrupts 

the ischemic cascade upstrem of Hsp activation in order to achieve its 

neuroprotective effect. 

As in other ischemia snidies, neuronal expression of hsp7O mRNA and protein 

was up-regulated in a temporal and graded fashion in vehicle-injected H-1 animals 

used in this study (Gonzakz et al., 1991; Simon et al., 199 1 ; Kobayashi et al., 1995). 

Specifically, a profound induction of hsp70 mRNA was o b w e d  thughout the 

ipsilateral hippocampus and cortex of H-1 aaimals for at least 12 hours following a 

vehicle injection (1 5 hours pst-hypoxia). This tirneline of expression for hsp70 

mRNA is in accordance with tirnelines reported using other animal models of 

ischemia (Kobayashi et al., 1995; W a g M  et al., 19%). In contrast, H-1 animais that 

received a CMZ (200 mgkg) injection at 3 hours pst-hypoxia showed high levels of 

k p 7 0  mRNA expression for up to 3 houn pst-injection in the ipsilateral 

hippocampus and cortex, however, expression of this transcript was at basal levels in 

al1 ce11 layers of these animals by 12 hours pst-injectioa When pairwise 

cornparisons were made between hp7O mRNA expression in CMZ-injected and 

vehicle-injected H-1 animals, mean density of hsp7O expression was found to be 

significantly higher in susceptible cell layers of vehicle-injected H-1 animals at 2,3 

and 12 hours pst-injection. Thus by 2 h o m  pst-injection the, seemirigly 

synchronous, negative effects of CM2 adnunistreri . . 'on on hrp 70 expression were 

evident. However, at 24 hours pst-injection a secondary increase in hsp70 mRNA 



expression, specifk to the CA1 pyramidal cell layer, was observed. This delayed 

elevaîion may be indicative of delayed neuronal death and may correspond to the 

siight increase in mean neuronal death observed in some CMZ-injecteci (200 mgkg) 

H-1 animals sacrificed at 4 weeks, relative to 1 week, pst-hypoxia (see Chapter 1). 

Thus, while early hsp70 expression rnay not predict subsequent ceil death, a 

secondary induction of tbis ttanscript may siiify ixnpending ce11 death. This finding 

may also explain the neuroprotective success of a prolonged infusion of low dose 

CMZ against ischemic injury, reporteci by Cross et al. (1995), as the presence of 

CMZ at delayed post-hypoxic tirnepoints may interfere with events responsible for 

the secondary increase in hsp70 mRNA expression. 

One explamtion for the CMZ-induced reduction in kp70  mRNA levels may 

be that, once administered, CMZ inteMpted additional transcription of this &NA. 

Altematively, since hsp70 mRNA has been shown to have a relatively long half-life 

(12-24 hours), the rate of reduction in the level of this Psuiscnpt observed in this 

study may indicate that CM2 administration increased the degrsidation of hsp70 

mRNA (-en et al., 1988; Kirino et al., 1991). A finding reported by Yenari et al., 

(1998) is particuiariy relevant to this hypothesis. Yenari et al., (1998) infected striatal 

neurons of rats with a Wal vector containhg sequences for both hp70 and /% 

galactosihe (&al), under two separate promoters, 12 hours pnor to focal cerebral 

ischernia (MCAO). Gaie transfer therapy with the hsp70 overexpressing vector 

improved neuronal SUMval followhg MCAO, whereas infection with conml vectors 

was of no neuropmtective benefit. Mected nemm exposed to cerebral ischemia in 

vivo exhibited CO-expression of Hsp70 protein and 8-gai up to 18 hours pst-injection 

(6 hours pst-ischemia). However, by 36 h o m  pst-injection immunohistochemical 

analysis no longer detected Hsp70 expression, yet the levels of P-gal staining 

remained high in infêcted nemm up to 60 hours pst-injection. The authors 

determined that the discrepancy in expression patterns of these proteins mis not iikely 

due to ciifferences in the duration of expression of the two promoters, as both 

promoters (a4 and a22) were immediate early promotors of the herpes simplex virus 

(HSV) and would, therefore, be expected to show similar kinetics of expression (Ho 

et al., 1995). Considering the striata1 nemm infécted with the hrp7hntaining 



vector were protected against subsequent ischer.uk i d t  (12 hours later), these 

fmdings may indicate an active suppression of hp7O expiession following ischemia 

in protected celis. It is not known whether the effects observed in that study were due 

to a decrease in hsp 70 transcription, an increased degradation of kp7O mRNA a d o r  

a block in the translation of Hsp7O protein. However, it is interesting that the 

neuroprotective effect of CMZ, observed in the present study, caused a rapid decrease 

in k p 7 0  &A expression and prevented the translation of Hsp7O in ail protected 

ce11 layers following H-1. 

It is coaceivable that CMZ administration reduced hq70 mRNA expression 

following H-I by causing a premature translation of this tninscript into its hctional 

protein. Thus, immunohistochemical analysis was conducted to determine whether 

CMZ aitered Hsp70 protein expression patterns foliowing KI. Hsp70 expression was 

first detected in the dentate gynis (DG) and in the cortical infarct zone at 1-2 hours 

post-injection in vehicle-injected animals. By 12 hours pst-hypoxia, Hsp70 

expression was evident in al1 susceptible ce11 layers and remained at detectable levels 

for at least 48 houn pst-injection. This finding is in agreement with 0 t h  reports 

documenting Hsp70 expression following an excitotoxic injury (Welsh et al., 1992; 

Kinouchi et al., 1993; Armstrong et al., 19%; h g  et al., 1996). in contrast, 

immunohistochemical analysis of sections h m  CMZ-injectecl H-1 anirnals, sacrificed 

between 1 hour and 7 days pst-injection, demonstratecl that Hsp70 protein was not 

expressed in any brain region. Thus, CMZ administration did not induce a premature 

translation of kFp7O mRNA in susceptible celi laym in this model. In fact, CMZ 

administration appeared to prevmt translation of Hsp70 in aii cell layers that would 

nonnally have died following H-1, brit not in celi layers known to be highly resistant 

to H-1 injury, such as the DG. 

Differential induction patterns were noted for hsp27 mRNA expression across 

susceptible cell layers following H-1. In vehicle- injd H-1 animds, signincant 

detection of hsp27 was first evident in CA3 at 1 hour pst-injection. At 2 and 3 h o m  

pst-injection, hsp27 expression was sigaificantly elevated in CA1 , CA3 and in the 

cortex of these animais. At 12 hours pst-injection, signifiant expression of hsp27 

remained in CA3 and in the cortex but had diminished in CAI. An injection of CMZ 



(200 mgkg) in H-1 animals at 3 hom pst-hypoxia duced  hspr7 mRNA expression 

in both CA3 and the cortex and prevented sipificant induction of hspî7 in CA1 cells. 

It is also noteworthy that k p 2  7 mRNA was never expressed above control levels in 

the DG of vehicle- or CMZ-injected H-1 aaùnals, which is the one ce11 layer in the 

hippocampus that is resistant to H-I injury. Immunohistochemical analysis of 

sections fiom vehicle-injected H-1 animals uidicated that Hsp27 protein expression 

remained at control levels in al1 cell layers for up to 6 hours pst-injection. However, 

by 1 2 hours post-injection Hsp27 protein was detected in the basket cells of the DG 

and was sporadically expressed in glia around pyramidal ce11 layers in the 

hippocampus and in the penmbral region of the cortex. High levels of Hsp27 

expression rernained up to 3-4 days pst-hypoxia in vehicle-injected H-1 aaimals. 

Hsp27-positive cells in these animals appeared to be predominantly glial in origin. 

Previous midies have indicated that, foUowing kainic acid administration, Hsp27- 

positive cells are likely reactive astrocytes ancilor microglia (Plumier et al., 1996). 

However, in the present study, Hsp27 was also detected in neurons of the ipsilateral 

hippocarnpus and cortex of vehicle-injected H-1 animais approximately 24-72 hours 

pst-injection. Hsp27-postive cells w m  not detected in any ce11 layea of CMZ- 

injected H-1 animals at any pst-hypoxic tirnepoint examinai. Thus, regardless of 

ce11 type, administration of a neuroptective dose of C M .  (200 mgkg) at 3 hours 

post-hypoxia completely prevented the expression of HspZ in H-I animals. This 

finding strongly suggests that Hsp27 is not involveâ in CMZ-induced 

neuroprotection. Reports have indicated that Hsp27 expression is also prevented in a 

preconditioning paradigm of neuroprotection. Keto et al. (1994) demonstrated that 

preconditioning the rat brain with sublethal cmbrai ischemia ptoduced tolemce to a 

subsequent lethal period of ischemia. In con- to non-preconditioned animals, no 

expression of Hsp27 was evident in brai. regions of preconditioned animals 

following ischemia. Furthemore, any Hsp27 expression thai had been induced by 

exposure to the sublethal preconditioning ischemic event in that snidy was 

predominantly detected in @al celis which indicates that -25 expression was not 

directly involved in the neuronal protection provided by ischemic preconditioning. 

Signifïcandy elevated levels of hrp40 traascnpt were observed in CAl, the 



DG and the cortex of vehicle-injecteci H-1 animais at 1,2,3 and 12 hours post- 

injection. High levels of krp4U w m  also detected in CA3 of these animalsy however, 

statistical significance was only attained at 1 and 2 hours pst-injection. As with the 

other k p  tramcripts, CMZ (200 mgkg) administration altered the expression patterns 

for this transcript such that the expression of kp4O mRNA did not reach significant 

levels in C M ,  the DG or in the cortex of CMZ-injected H-I animals at any tirne point 

examuied. Moreover, significant hsp40 expression was only detected in the CA1 

layer of CM-injected H-I animals at 2 hours pst-injection. Cell layen that 

demonmted an elevation of hplO mRNA in vehicle- or CMZ-injected H-1 animais 

did not exhibit any correlation with ultimate ceil fate. 

To date, studies that have suggested a nemprotective role for Hsps have 

shown that overexpression of these proteins either prior to or during a cellular stress 

is neuroprotective (Marber et al., 1995; Chen et al., 1998; Mosser et al., 1997). Sato 

et al. (1 996) demonstrated that prior hest shock (42OC for 30 miautes), which causes 

increased hsp70 expression, significantly i n c d  the n u m h  of surviving rat 

hippocampal neurons in primary culture upon addition of s e m  fk media 

However, treatment with an hsp70 antisensc oligonucleotide (AON) suppressed the 

neuroprotective effet of heat shock to control levels indicating that Hsp7O expression 

was essential to the neuroprotective efféct of prior heat shock. However, pre- 

induction of these proteins in ischemia models is associated with a host of changes in 

protein expression and metabolinn which d e s  it difncult to ensure that Hsps play a 

pivotal role in mediating neuropmtection in these models. hdeed, protection in 

ischemic tolerance studies has been nported even when Hsp synthesis has been 

blocked (Smith and Y a e ,  1199). Furthemore, Busard et ai. (1 998) demonstrated 

that activation of SAPWJNK following a letfial stressor was stmngly inhibiteci in 

thermotolerant celis that exhibited high levels of Hsps. However, cells that 

constitutively over-expressed -70, but were not made thamotolerant, did not 

demonstrate decreased SAWJNK activation following e x p o m  to lethal stressors. 

Thus factors, other than Hsp70 expression, induced by the thermotolerant state may 

have reduced the activation of the PCD cascade in that ShDdy. AS SUC~, it is presently 

not known whether an increase in Hsp expression at pst-ischernic tirnepoints is of 



any neuroprotective value. Certainly, studies have shown that even very hi& cellular 

levels of h p  70 mRNA and protein following a severe excitotoxic insult is not 

sufficient to prevent neurodegeneration (Armstrong et al., 1996; Gilby et al., 1997). 

In conclusion, we have shown that CMZ does not augment the endogenous 

stress response in order to provide neuropmtection in the H-1 model. In fact, the 

decreased expression of h p  transcripts in CMZ-injecte& relative to vehicle-injected 

H-1 animais, at 2,3 and 12 hours pst-injection may suggest that C M .  administration 

actively terminates the transcription or promotes the degradation of these mRNAs. 

Such an active reduction of all k p  mRNh and proteins following admuiimtion of 

this compound may indicate that CMZ interferes with H-1 induced events upstrearn of 

Hsp activation. A clear understanding of the induction mechaaisms for Hsps may, 

therefore, implicate a route through which CM2 administration interferes with the 

expression of these transcripts and selectively blocks their translation in protected 

tissues. It has been reported that increased intraceiîuiar levels of calcium induce 

h p 7 0  mRNA and protein (Kiang et al., 1994). In addition, the activation of many 

Hsp genes in yeast is caused by reduced intracellular CAMP levels (Fuhr et al., 1976; 

1977; Kiang and Tsokos, 1998). lncreased activation of inositol 1,4,5-triphosphate 

(InsP3) and PKC has also been shown to increase Hsp70 production whereas a 

decrease in InsP3 reduced Hsp7O expression (Kiang et al., 1994; Kimg and Tsokos, 

1998). Several studies have dso indicated that protein udolding is required to elicit 

stress-induced expression of hsps (Ananthan et al., 1986; Morimoto et a/., 1994). 

Finally, the induction of H s p i O  has km observai in response to increased levels of 

ceremide, a second messager in the apoptotic cascade (Ahn et al., 1999). Clearly, 

the results of this study can not determine whether CM directly or indirectly 

intereferes with any one of these events in order decrease hsp mRNA expression or to 

Mt Hsp7O translation. However, friture studies directed towards the determination of 

the mechanimi through which CMZ reduces the expression of Hsps may provide 

information applicable to the neuroprotective actions of C M  in ischemia moâels. 



Chaplcr 4: An Imestigation into Putative mRNAs Linkd so CMZ-lnduced 

Neuroproection in the H-l mode1 



Summa y 

In this series of experiments, the predictive validity of the differential display 

protocol was first examined in the H-I model ushg c+ mRNA as a positive conml. A 

c-fos-targeted primer set was used during PCR ampiifkation of cDNA derived nom RNA 

samples extracted fiom the ipsi la td  hippocampus of control animals and the ipsilateral 

and contralateral hippocampii of vehicle-injected H-1 animals. When the tesultant PCR 

products were electrophoretically ktionated, increased expression of a fragment that 

corresponded to rat c-fos mRNA was observed in the ipsilateral hippocampus of H-1 

animals at 3 and 6 hours pst-hypoxia on a Werential display autoradiogram. However, 

expression of this fragment was not detected in control tissues at these tirnepoints. An 

identical pattern of egos mRNA expression was observed on a northem blot when the 

isolated fragment or a manufactured c-fos oligonucleotide was used as a hybridization 

probe. T'us, the expression pattern of c-fos mRNA produced on a differentiai display 

autoradiogram following PCR amplification was identical to that observed in the original 

RNA populations contained on a northem blot. 

Once the predictive validity of the differential display protocol was established in 

the H-1 model, this technique was used to examine differential gene expression in 

susceptible ce11 layers of vehicle-inj ected and CMZ-injected H-1 animals sacrificed at 1 2 

and 24 hours pst-injection. A putative neuroprotection-related fragment was isolated 

using differential display that corresponded to secpence h m  rat culmodulin mRNA. On 

the differential display autoradiogram, the cuImodulin hgment was expressed in al1 

cDNA populations examined except those derived h m  the ipsilateral hippocampus of 

CMZ-injected H-1 animals sacrifïced at 12 and 24 hours pst-injection. This expression 

pattem was replicated ushg northern blot analysis where calmodulin mRNA was 

significantly increased relative to control animals in the ipsilaterai hippocampus of 

vehicle-injected, but not CMZ-injectesi, H-I animals secrificd at 12 and 24 hours pst- 

injection. The results of this study indicate h t  PCR-amplified cDNA samples used in 

differential display can accmtely reflect relative tmmcript expression in template 

mRNA populations. In addition, the reâuced expression of culmodulin mRNA in the 

hippocampus of CMZ-injected H-1 a d s  W c e d  at 12 and 24 hours pst-hypoxia 



may indicate that CMZ-induced neuropmtection is achieved through direct or indirect 

antagonism of calmodulin mRNA expression. 



Introduction 

There are approximately 50 000-100 000 genes in the h u m  genome, however, 

both the identity and number of genes expresscd in a given ce11 may vary with t h e ,  

physiologicd conditions and disease states (Wang et al., 1996). As such, the ability to 

detect and characterize Merences in gew expression is centrai to the understanding of 

rnolecular rnechanisms involved in both normal and pathological states. Determination 

of factors that control the activation andor suppression of these molecular mechanisms 

may provide some insight toward the discovery of new rnolecular targets for 

pharmacological manipulation and dnig development (Wang et al., 1 996). W ithin the 

last decade, the emergence of rnolecular biological tools, such as differentiai display, has 

enabled scientists to examine changes in gew expression induced by a variety of 

pathological states including ischemia, heari disease, diabetes and certain cancers (Liang 

and Pardee, 1 992, 1995; Mok et al., 1994; Nishio et al., 1994; Utans et al., 1994). 

Differential display is a powemil, PCR-baseci, molecular technique that permits 

the simultaneous screening of large nurnbers of M p t s  and can be use& in 

combination with DNA sequencing, to detect mRNAs that are unique to a particular ce11 

type, tissue or developmentai stage (Liang and Pardee, 1 992). Briefly, the methodology 

used in differentiai display involves the use of 3'9nchored primea to reverse transcribe 

cellular mRNA to single-stranded cDNA, which is then used as a substrate for a series of 

polymerase chah reactions (PCR). Specinc PCR cycling parimeters and primer sets (an 

arbitrary upstream primer and an anchond do- primer) are w d  to generate a 

subpoplation of cDNA fbgments that correspond to the 3' ends of the -As present in 

the original total RNA population. Foiiowing electrophoretic ktionation of the radio- 

labeled PCR products, potentiaiiy interesting fhgments (cDNAs) can be excised h m  the 

dried gel, cloned and sequenced in order to d e t e d e  their identity. Several molecular 

techniques have k e n  used to confmn the diflierential expression of specific mRNAs that 

correspond to fkgments isolated h m  the différentid display gel. These techniques 

include quantitative reverse transcription-polymerase chah d o n  (RT-PCR), RNase 

protection assays and use of the excised hgment as a hybridization probe in northem 

blot or dot blot analyses (Callard et al., 1994). 



Although the utility and power of differential display as a rnolecular tool is well 

established, a few technical difnculties remain (Callard et al., 1994; Bertioll et al., 1995). 

The detection of differential gene expression from ktionated cDNA relies on 

differences in PCR product abundance between samples. However, the kinetic 

parameters goveming the amplification of products via PCR are complex. This is 

especially true in reactions, such as those used in differential display, where many 

products are generated in the same tube. For instance, it has been show that, in the late 

cycles of PCR, the amplincation rate of abundant PCR products generally declines faster 

than the amplification rate of less abundant products in the same tube (Mathieu-DaudS et 

al., 1996). This e f k t  is due to the high concentration of PCR products at late cycling 

stages in the PCR reaction which increases the pmbability that the PCR product strands 

will re-meal during the low temperature phase of each PCR cycle (Gilliland et al., 

1990). Therefore, differences in initial p d u c t  abundance may diminish as the number 

of PCR cycles increase and result in an underestimate of the %ue dBerences" in starting 

template concentrations. This phenornenon is known as the "Ct effect" (Mathieu-DaudS 

et al., 1996). Furthemore, Callard et al. (1994) demo-ted that cDNAs isolated fiom 

the differential display gel may be contaminated with unrelated cDNA sequences of a 

similas size that are actuaily not differentially expressed. Such contamination may lead 

to the artificial isolation of 'Ydse positive" Gagments, as detected by autoradiography, 

fiom electrophoretically hctionated c D W  Thus, even in experiments where samples 

are processed in parallel using identical buffers, polymerase concentration and cycling 

parameters, it is not always possible to amplify al1 p d u c t s  such that their nnal 

concentration accunitely reflects their relative starting concentrations. These inherent 

difficulties are further amplined when Werential display is used to examine changes in 

gene expression within specinc brain regions that have a complex mRNA population 

a d o r  a heterogeneous cell population (Sutcliffet al., 1983). In view of these 

difficulties, it is important to design dflerential display experiments that include controls 

for as many sources of experimentai variab'ility as possible. Previous attempts to 

circumvent these problems have focusseà on such variables as RNA prepamtion, primer 

length variation and better experimental design (Liang and Pardee, 1995). 

It is also conceivable that inclusion of a paradigm-specific positive conml in the 



initial differential display of any series of experiments would be useful. Specifically, the 

initial differential display for a set of PCR-generated samples should be carrieci out using 

a primer set that has been designed to ampli@ a cDNA -ent that corresponds to a 

mRNA with a bown pattem of expression within that paradigm. For instance, if the 

induction pattem of a specific mRNA has been established by northem blot or in situ 

hybridization analysis in an experhentd paradigm, then use of a primer set designed to 

target that gene in the same RNA population should produce a banding pattern on a 

differential display autoradiogram that is identical to the banding pattern on a northern 

blot. in this way, it can be detemiined whether the PCR-amplified samples accurately 

reflect known changes in gene expression within an experimental paradigm. However, 

choosing a positive control mRNA that would be applicable to any experimental 

paradigm has proven àiffïcult. Ideally, selection criteria would include genes that have a 

robust expression and are induced by a number of cellular events. 

c-fos, an immediate-early gene (IEG), is rapidly but ûansiently activated in the 

brain following many endogenous and exogenous stimuli and is considered to be a 

marker for neuronal activation (Herrera and Robertson, 1996). While the cascade of 

intracellular events that lead to the expression of c-fos has yet to be Mly mapped, c-/s 

induction appears to occur through multiple sigaaling pathways that involve different 

second messenger systems (Sheng end Greenbeig, 1990; Morgan and Curran, 199 1 ; 

Hisanga et ai., 1992). Generally, the activation of any intracellular messenger that can 

bind to the Ca/CRE and SRE elements in the c-fos promotor c m  initiate its tnuiscnption 

(Herrera and Robertson, 1996). In pheochromocytoma cells (PC 12), th= are at lem 

three difTerent second rnessenger systcms that cm activate c-fos transcription, those 

being : diacy lglycerol @AG)-protein kinase C, CAMP and calcium-calmodulin 

(Greenberg et ai., 1985; Greenberg et al., l986a; Morgan and Curran, 1986). 

Consequently, c-fos induction has been mported in a multitude of experimental 

paradigms ranging h m  the endogenous circadien rhythm to neurodegenerative diseases 

(Hughes et al., 1992; Hdegen et ai., 1995; Guido et d., 1999). In this way, c-fos 

mRNA may be an ideal candidate for use as a paradigm-specific positive control in the 

initial differential display experiment useà in a number of experimental paradigms. 

The nrst objective of this series of eXpmments was to determine the predictive 



validity of the differential display protoc01 in the H-1 model by comparing c-fos 

expression, as detected on a northem blot by a rnanufactwed oligonucleotide probe, to c- 

fos expression on a differential display autoradiogram generated using c$os- targeted 

primen. The second objective of this experiment was to use differential display to 

identiQ changes in gene expression that may be related to H-1 induced delayed ce11 death 

or to CMZ-induced neuroprotection in H-1 tissue. Molecular screening of mRNA 

populations generated fkom ischemic and control tissue may identa important changes 

in gene expression, of known or unknown seqwnce, linked to ischemia-induced delayed 

ce11 death. In the H-1 animal model, delayed neuronal death (12-24 hours pst-hypoxia) 

is observed in the pyramidal and hilar regions of the ipsilateral hippocampus and in layers 

1-6 of the ipsilateral parietal cortex, however, al1 ceii layers in the contralateral 

hemisphere remain completely intact (Gilby et al., 1997). Thus, differences in gene 

expression that may be responsible for ischemia-induced cell death cm be identified in a 

single animal through cornparison of gene expression in the ipsilateral versus 

contralateral brain structures following H-1. In this way, the contralateral brain structures 

can serve as an interna1 hypoxic control. Furthemore, cornparison of differentiai gene 

expression in susceptible ipsüateral brain stnictures between vehicle and CMZ (200 

mg/kg)-injected H-1 animals may reveal the identity of genes that are relevant to the 

neuroprotection provided by CMZ in H-I animals. 



Methods 

The animals useà in this expriment were treated in an identical manner to the 

protocol outlined in Chapter 1. Ali animals were decapitated at 3,6, 12 or 24 hours post- 

hypoxia, or, when appropriate, at 12 or 24 hours pst-injection. The differential display 

method used in this set of experiments was similar to the methodology described in 

Denovan-Wright et al. (1999) and was based on the commercially available Clontech 

Delta RNA fingerprintingm protocol (The Delta Fingerprinting Kit; CLONTECHniques, 

X, 5). Disposable sterile plasticware was used wherever possible to avoid RNase 

contamination of samples. 

RNA extraction 

Brains were removed h m  control, vehicle-injected H-I and CMZ-injected H-1 

animals and the ipsilateral and contralateral hippocampii and corticies were extracted. 

These tissues were immediately h z e n  in liquid nitrogen and put into cryovials for long- 

term storage in liquid nitrogen. Tissue samples h m  some animals were pooled (3 

animals) while some samples only contained tissue h m  a single animal. Total RNA was 

isolated fiom these samples ushg TRIZOP ragent (Gibco BU). First, h z e n  tissue 

was added to a centrifuge tube containhg 1 .O ml of TRlzol per 50 mg of tissue and 

homogenized using a polytron until the sample was d o r d y  dissociateci. 200 pl of 

chloroform per 1 ml of Trizol used for homogenization was then added and the tubes 

were shaken vigorously and iacubated for 3 minutes at m m  temperature. The 

homogenate was ceneifuged at 12,000 g for 15 minutes at 4OC. A colorless upper 

aqueous phase formed that contained the RNA. The aqueous phase was remove& placed 

in a sterile microfbge tube and mixed with 0.5 ml isopropanol per 1 .O ml Trizol used in 

the initial extraction. The solution was then pmnitted to precipitate at room temperatute 

for 15 minutes and centrifiiged at 12,000 g for 15 minutes at 4'C. The supematant was, 

once again, removed and the RNA pellet was washed using 75% ahanol. Following the 

ethanol wash, ail remaining ahanol was ranoved and the RNA pellet was permitted to 

dry at m m  temperature before muspension in 30 pi of âHfi. The sample was then 

heated to 6S°C for 10 minutes. The concentration of the RNA in each sample mis 



detemüned using a spectrophotometer. 

Reverse Transcription 

Following RNA extraction, 10 pg of RNA fiom each wunple was added to 5 pi of 

i OX One-Phor-Al1 Plus b e e r  (Pharmacia), 1 pl of  asin in^^ (Promega) 20 Wpi, 1 pl of 

RQ1 RNase-fiee DNase (Promega) 1 Uipl and dH20 to a final volume of 50 pl. Samples 

were then incubated at 37OC for 30 minutes. The DNase-fiee RNA sample was extracted 

using 100 pl of Trizol reagent in a marner identical to the protocol w d  in the initial total 

RNA extraction procedure. The resultant RNA pellet was resuspended in 9 p1 of DEPC- 

treated H20. 

Ln order to reverse-tmnscribe the DNase-treated RNA into single-stranded cDNA, 

2pg of each RNA sample (4 pl of the 500 ng/pl DNase-treated sample) was added to 1 pl 

of 1 pM oligo dT (12-lamer), heat-denatured at 70°C for 3 minutes and put on ice for 3 

minutes. Once denatured, 5 pl of first-strand cDNA master mix [2 pl of 5X first strand 

cDNA buffer (250 m M  Tns-HCI, pH 8.3,375 mM KCI, 15 mM MgCl2, 50 mM 

dithiothreitol), 2 jd 5mM dNTP and 1 pl of M-MLV reverse transcriptase (Gibco B U )  

for each reverse transcriptase d o n  to be performed)] was added to the chilled 

RNNoligodT mixture and incubated at 42OC for 60 minutes. Following incubation, 

mixtures were heated to 80°C for 5 minutes in order to heat-inactivate the reverse 

mcriptase. The single-stranded cDNA mVaures were thea diluted to a final volume of 

100 pl using dH20 and stored at -20°C. 

PCR Ampli~catioion 

The differential display master mix included the following reagents: 6.6 pi of 

dH20, 1 pl of 10X KlenTaq B d e r  (ClonTech), 0.1 pi of 5 mM m, 0.1 pl [~."P]~ATP 

(2000Ci/mmol), 0.5 pl of 5' (P) primer (20 pM), 0.5 pl of 3' (l') primer (20 CIM) and 0.2 

pl of 50X ~ d v a n t a ~ e ~ ~  KIenTaq polymerase mix (Clontech). Mer &g, 9 pl of the 

differential display master mix was added to 1 pl of each cDNA reaction. The resuitant 

mixture was subject to the following PCR conditions: 1) 94'C for 5 min, 2) 40°C for 5 

min, 3) 68OC for 5 min 4) 94OC for 2 min 5) 40°C for 5 min 6) 68OC for 5 min 7) Repeat 



steps 46 ,  1 time 8) 94OC for 1 min 9) 60°C for 1 min 10) 68OC for 2 min + 4 sedcycle 

1 1) Repeat steps 8-1 O, 26 times 12) 68OC for 7 min 13) O°C soak. 

Primers used in Di@ierentiril Diplay 

The 5' primers (P 1 -P 1 O) used in these experiments consisteci of 1 6 nucleotides 

that correspond to the T3 polymerase recognition site. The 5' primers also contain a 9 

nucleotide sequence that is involved in the initial priming of the cDNA during the £ k t  

few low temperature annealing reactions (Denovan-Wright et al., 1999). The 3' primen 

(T LT9) contain the recognition site for T7 polymerase and nine T residues followed by 

two nucleotides that are either A, C or G. The nine T residues enable the 3' primer to 

anneal to al1 cDNA that contains a poly A sequence (Denovan-Wright et al., 1999). 

A specific primer set was designed to xlectively ampli@ c-fos cDNA during the 

PCR amplification reactiom. The 5' primer (5' ATT-AAC-CCT-CAC-TAA-AGG-TTC- 

CTG-G 3') has the T7 polymerase recognition sequence followed by 8 nucleotides that 

would anneai with single-maaded c-fos cDNA. The 8 3' terminal nucleotides of this 

oligonucleotide primer correspond to nucleotides 1734-1 741 of the c-fos cDNA 

(Genbank Accession number X06769). The last two nucleotides of the 3' primer (5' 

CAT-TAT-GCT-GAC-TCA-TAT-CTT-m-TIT-TGC 33 used to target c-fos could 

anneal with the two nucleotides that piecede the poly A tail of egos transcripts in 

addition to a large number of other üanscipts. 

Gel Electrophoresis 

Following the PCR amplification, 10 pi of standard denaturing loading dye 

(deionized formamide, 1 OmM Na2EDTA; pH 8.0, O. 1% w/v xylene cyanol, 0.1 % w/v 

bromophenol blue) was added to each sample end then beated at 92OC for 3 min and 

chilied on ice. Samples (4 pi) were then loaded on a standard sequencing gel in a 

Genomyx machine (6% polyacrylamide, 8 M m a  gel). Electrophorrtic fbctionation of 

the PCR products o c c d  under the following conditions: 50°C, 3000V, 100 W. Once 

the gel had run for appmximately 4 hours (until xylene cyan01 ran off the bonom of the 

gel) it was dned until urea crystabtion was visable on the surface of the gel. The urea 

was then rinsed h m  the gel with M20. The rehydrated gel was t r a n s f d  to Whamuin 



3 MM paper and retumed to the Genomyx machine mtil completely dried. The dried gel 

was exposed to Biomax MR film (Kodak) overnight at room temperature and then re- 

aligned with the dried gel. Fragments that appeared to be dinerentially expressed in a 

banding pattern of interest were excised h m  the dried geV3M.M paper using a razor 

blade. 

PCR Reamplification Profocol 

Once isolated, putative cDNA bands of interest (geV3MM paper) were rehydrated 

in 40 p1 of dH20 and incubated at room temperature for 10 minutes. Samples were then 

heated to 9S°C for 5 minutes to dissolve the gel aud cooled on ice. Once cooled, 8.5 pl 

of the solution was added to 10.75 pi of dH20, 1 .X pl of the 3' and of the 5' primer (20 

PM) that had been used to generate the cDNA, 2.5 pi of 10X rTaq bufTer (Pharmacia), 

0.5 pl of 5 mM à N P  and 0.25 fl of rTaq polymerase (5 U/p.l). The cDNA band was 

then reamplified using the following PCR conditions. 1) 94OC for 1 minute 2) 94OC for 

30 seconds 3) 58°C for 30 seconds 4) 6S°C for 2 minutes + 4 seconds/ cycle 5) Repeat 

steps 2,3 and 4, nineteen times 6) 68OC for 7 minutes 7) O°C. An aiiquot of the resultant 

mixture was electrophoretically separated on a 1% agame geVEtBr (5 plM) in order to 

visualize the reamplified PCR products. The PCR products cut nom the agarose gel were 

gel-purified using QLAquick Gel Extraction Kit (Qiagen) and cloned using pGem-T 

cloning vector (Promega) according to the manufactwen' recommended protocol. 

Electrocompetent inv cells (invitmgen) were transfomied using one-tenth of the ligation 

mixture (fragment + vector). DNA was extracted h m  recombinant bacterial colonies 

using the Qiagen mini-prep kit and several clones were subjected to dideoxy DNA 

sequencing using the T7 seqwnchg kit (Phsvmacia) and the Ml 3 Universai forward and 

reverse sequencing prima. The sequencing reactiom were fhctionated on a 6% 

acrylamide denaturing sequencing gel using the standard methodology (Sambrook et al., 

1989). DNA sequence obtahed using this technique was analyzed using BlastN (Altshul 

et al., 1990). 

Northem Hybridization h toco f  

Aliquots (1 0 pl) of total RNA sarnples isolated h m  hippocampal and cortical 



ce11 layers of control, H-1 and CMZ-injected H-I animals were fractionated on a 1% 

formaldehyde agarose gel and transferred to a Zetaprobe nylon membrane (Biorad) using 

standard methodology (Sambrook et al., 1989). Once the RNA transfer was complete, 

the membrane was stained with methylene blue in order to visualize the relative 

concentrations of 28s and 18s r i b o s o d  RNA ui each lane. The membrane containing 

hctionated RNA was ikst pre-hybndized ovemight in 50% fornamide, 5X SSC, 1X 

Deohardt's reagent, 20 mIi4 sodium phosphate, pH 6.8,0.2% SDS, 5mM EDTA, 10 

p g / d  poly A, 50 pglml sheared sahon spem DNA and 50 pg/ml yeast RNA at 42OC. 

In order to use cDNA clones as probes for Northem analysis, the rearnplified PCR 

hgment was radiolabeled by random hexamer priming using [aOJ2p] dCTP 

(3000Ci/mmol) and a Ready-to-Go DNA labeling bead (Amersham Phannacia Biotech 

Inc.). This mixture was incubated at 37OC for at le& 15 minutes and nui through a 

Sephadex G-25 spin column (Phamiacia) to remove unincorporated radionucleotides. 

Once labeled, the probe was denatured at 95OC for 5 minutes, put on ice for 3 minutes 

and then added to hybridization bu£Eer to a final concentration of 2 x 1 o6 cpmlml. 

Hybridization buffer consisted of 50% formamide, 5X SSC, 10% dextran sulphate, 1 X 

Denhardt's reagent, 20 mm sodium phosphate, pH 6.8,0.2% SDS, 5mM EDTA, 10 pg/ml 

poly A, 50 p g / d  sheared salmon sperm DNA and 50 pg /d  yeast RNA. The 

hybridization mixture was added to the membrane and held at 42OC ovemight. The next 

day, hybridization b a e r  and non-specific labeling was washed away from the blot using 

2X SSC, 0.1 % SDS (1 x 20 minutes) at 42OC; 2X SSC, 0.1 % SDS (2 x 15 minutes) at 

S O C ;  1X SSC, 0.1% SDS (2 x 15 minutes) at 5S°C and 0.5X SSC, 0.1% SDS (2 x 15 

minutes) at 55OC and exposed to Biomax MS (Kodak) autoradiography film at -70°C for 

2 or more days. An oligonucleotide probe designed to target egos mRNA was 3'end 

labeled with [a-32~] dATP (3000Ci/rnmol) for 90 minutes at 37OC using terminal 

deoxynucleotidyl tramferase (Arnersham). 

Densiiometïy 

Densitometric analysis of mRNA expression in each lane on a northem blot 

autoradiogram was performed using the Opticai Density-Model OS0290 Imaging 

Demitometer and Molecular Anaiyst (Biorad) software to determine the optical density 



( 0 ~ l m m ~ )  of transcript hybridization in specific brain regions. The relative density of 

labeling was compared to the density of 18s and 28s ribosomal RNA @RNA) visible on 

the northem blot membrane once s h e d  with methylene blue and on the 

spectrophotometric d e t e d t i o n  of the concentration of RNA in each sample. Animais 

from al1 control groups were analyzed as one group for statistical and graphical analysis. 

Any differences in mean transcnpt expression were statistically adyzed ushg a 1-way 

ANOVA followed by Tukey's pst-hoc d y s i s .  



A total of 35 primer sets were used to PCR-amplify cDNA denved from total 

RNA extracted fkom the ipsilateral hippocampii and conicies of control animals, vehicle- 

injected and CMZ-injected H-1 animals. These primer sets were also used to PCR- 

ampli@ cDNA populations denved h m  the contralateral hippocampus of vehicle- 

injected H-I animals which was used as an interna1 hypoxic control. These primer sets 

generated numerous hgments that conformed to an expression pattern of interest. Once 

sequenced some of these fragments were identified to share a very high sequence 

similmity to genes such as calmodulin, transferrin, B 1 SINE, acyl CoA oxidase, c-fos and 

thymidylate synthase. However, some of these fragments did not share sequence with 

any known genes recorded in ûenBank. 

Predicîive Vaikfüly of the D~;OrerentiaI D@@ Protocol 

A c-fo-targeted 5' primer and an oligodT 3' primer (T6) were used to ampli@ 

reverse tmmcribed template mRNA isolated fiom the ipsilateral hippocampus of ligated 

control animals and the ipsilateral and contralateral hippocampü of H-1 animals. The 

resdtant PCR products were then fiactionated on a denaturing acrylamide gel. The 

majority of CO-migrating bands on the differential display autoradiogram were present in 

al1 lanes of the autoradiogram. Only one fragment on the autoradiogram confomed to 

the baading pattern of interest. Specifically, the W e n t  was present in the ipsilateral 

hippocampus of H-1 animals sacrificeci at 3 and 6 hom pst-hypoxia It is noteworthy 

that a fauit band was also noted in the lane tbat corresponded to the contralateral 

hippocarnpus of H-1 animals sacrificed at 6 hours pst-hypoxia See Figure 44A. As 

judged by the relative mobility of this PCR m e n t  in relation to a DNA sequencing 

ladder, the m e n t  was estimated to be approximately 420 base pairs (bp) in length. 

When the 420 bp fragment was used as a hybridization probe for northem blot analysis a 

single, 2.5 kB band was observeci in RNA sarnples h m  the ipsilateral hippocampus of 

H-1 mimals at 3 and 6 hours pst-hypoxia and in the contralateral hippocampus of H-1 

animals at 6 hours pst-hypoxia See F i p  44B. 



Figure 4-1 

Selective ampI~jiccrtrin of c-/w M A  using egos targeted primers in a dtgerential 

display qer iment .  

c-fos targeted primers were designed to selectively amplie c&s mFWA during 

PCR. Panel A) a portion of a differential display autoradiogram depicting a fragment that 

is expressed in the ipsilateral hippocampus of H-1 animals sacrificed at 3 (Lane 3) and 6 

(Lane 6) hours post-hypoxia. Elevated levels of this m e n t  were also noted in the 

contralateral hippocampus of H-1 h a i s  sacrificed at 6 hours (Lane 5) pst-hypoxia. 

This fiagrnent was not present in the ipsilateral hippocarnpus of ligated control animais 

(Lanes 1 and 4) nor in any tissue samples fiom ligated control or H-1 animais sacrificed at 

12 hours pst-hypoxia (Lanes 7,8 and 9). Lanes 10- 1 8 represeat a dupficate experiment. 

Panel B) northern blot probed with the isolated fragment; Lanes 1 and 4 contain total 

RNA isolated fkom the contralateral hippocampus of H-1 animais sacrificed at 3 and 6 

hours pst-hypoxia respectively. Lanes 2 and 5 contain total RNA extracted fiom the 

ipsilateral hippocampus of H-1 anllnals sacrificeci at 3 and 6 hours pst-hypoxia 

respectively. Lane 3 contains total RNA isolated h m  the ipsilateral hippocarnpus of 

ligated control animals sacrificed at 6 hours pst-hypoxia. Lanes 6-1 1 contain totai RNA 

extracted fiom the same tissues h m  the same animal groups sacrificed at 12 and 24 

hours pst-hypoxia The lower blot in Panel B contains a scan of the same membrane 

probed with P-actin to control for lane loading. Panel C) northern blot pmbed using a 

manufactured c$os oligonucleotide probe; Lanes 1 and 4 contain total RNA isolated fkom 

the ipsilateral hippocampus of ligated contml animais sacrificed at 3 and 6 hours pst- 

hypoxia respectively. Lanes 2 and 5 contain total RNA isolated h m  the contralateral 

hippocampus of H-I animals sacrificed at 3 and 6 hours pst-bypoxia respectively. Lanes 

3 and 6 contain total RNA extracted h m  the ipsilateral hippocampus of H-1 animais 

sacnficed at 3 and 6 hours post-hypoxia respectively. Lanes 6-1 1 contain total RNA 

extmcted fiom the same tissues h m  the same aaimal groups sacrificed at 12 and 24 

hours pst-hypoxia The lower blot in Panel C contains a scan of the same membrane 

stained with methyiene blue for detection of rRNA to contml for lane loading. 
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DNA sequencing of recombinant plasmids containing the differentially displayed 

hgment demonstrated that the fhgnent was derived from rat c-jos -A. Specifically, 

the estimated 420 bp fiagrnent exhibited 98% nucleotide identity (E value = e-'25) with 

the 3' end of the rat c-fos cDNA (nts 1732-1981; Genbank Accession number X06769). 

A synthetic oligonucleotide probe was then used to confirm the pattern of c-fos mRNA 

expression following H-1. The oligonucleotide probe also annealed to a 2.5 kB band on a 

northem blot in lanes that contained RNA samples isolated from the ipsilateral 

hippocampus of H-I animals sacrificed at 3 and 6 hours pst-hypoxia and fiom the 

contraiateral hi ppocampus of H-1 animais sacrificed at 6 hours pst-hypoxia. See Figure 

4-1C. 

Calmodulin 

The primer set P9, T4 was used to ampli@ cDNA populations produced h m  the 

ipsilateral hippocampus of ligated control animals, the contraiateral and ipsilateral 

hippocampus of vehicle-injected H-1 animals and the ipsilateral hippocarnpus of CMZ- 

treated H-1 animals. A parailel set of cDNA samples was also amplified h m  the parietal 

cortex of these animal groups. Visual analysis of the ciifkentia1 display autoradiogram 

revealed a fbgment that was expressed in ail cDNA populations, except those derived 

from the ipsilateral hippocampus of CMZ-injecteci (200 mgkg) H-1 animais sacrificed at 

12 and 24 hours pst-hypoxia See Figure 4-2A. DNA sequencing of recombinant 

plasmids containing this £@ment revealed that the m e n t  shared a 93% sequence 

identity with mRNA for the rat calcium binding protein, culmodul»r (E = and 

corresponded to nucleotides 43784284 (Genbaak Accession number XO5 1 17). 

The isolated cDNA fragment was used as a hybridization probe on northern blots 

containing total RNA isolated h m  the ipsilateral hippocampus and cortex of naïve and 

ligated control animals, the contralateral and ipsilateral hippocampus and cortex of 

vehicle-injected H-1 animals and the ipsilateral hippocampus and cortex of CMZ-injected 

H-1 animals. It is noteworthy that two of the northern blots probed using this cDNA 

fragment contained pooled RNA samples in each lane (3 mimalsliane) while others 

contained RNA samples g e n d  h m  1 animal in each lane. Regardless, each lane was 

counted as a single sample. The cDNA probe detected a single hybridization signal in dl 



Figure 4-2 

Decreased expression of colwwdulin M A  mqy k liniked to CMZ-induced 

neuroprotection in the H-I model. 

îhe  primer set P9, T4 amplified a fragment that corresponded to rat calmodulin 

mRNA. Panel A contains a portion of a differential display autoradiogram containing 

PCR products generated fiom the ipsilateral hippocampus and cortex of ligated control 

animals (Lanes land 5 respectively), the contralateral hippocampus and cortex of vehicle- 

injected H-1 animals (Lanes 2 and 6 respsectively), the ipsilateral hippocampus and 

cortex of vehicle-injected H-I aaimals (Lanes 3 and 7 respectively) and the ipsilateral 

hippocampus of CM.-injected H-1 animals (Lane 4) sacrif iced at 12 hours pst-injec tion. 

Lanes 8-1 1 contain PCR products from the ipsilateral hippocampus of ligated control 

animals, the contralateral d ipsilaîeral hippocampus of vehicle-injected H-1 animals and 

the ipsilateral hippocampus of CMZ-injected H-1 animais sacrificed at 24 hours poa- 

hypoxia respectively. The fragment of intemt (arrowhead) was expressed in al1 lanes 

except those that correspond to the ipsiiateral hippocampus of CMZ-injected H-1 animais 

sacnficed at 12 (Laue 4) and 24 (Lane 1 1) hours pst-hypoxia Panel B) Northern blot 

containing total RNA isolated h m  the ipsilateral hippocampus of ligated control animais 

at 1 2 hours post-hypoxia (Lane 1 ), the ipsilateral hippocampus of vehicle-injected H-1 

animals at 12 (Lanes 2 and 3) and 24 hours (Lanes 6,7  and 8) and h m  the ipsilateral 

hippocampus of CMZ-injected H-1 animals Sactificed at 12 (Lanes 4 and 5) and 24 hours 

(Lanes 9 and 10) pst-injection. The lower blot in Panel B is the same membrane stained 

with methylene blue for detection of rRNA to contd for lane loading. 
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RNA populations examined. However, the density of the band in lanes that corresponded 

to the ipsilaterai hippocampus of vehicle-injected H-1 animds sacrificed at 12 and 24 

hours post-injection was substantially higher than the density of bands detected in RNA 

populations isolated h m  the ipsilateral hippocampus of control (N = 6) or CMZ-induced 

H-I animals sacrifïced at 12 and 24 hours pst-injection. See Figure 4-2B (Al1 data 

points are not shown in figure). Statistical analysis of relative differences in the density 

of bands across animal groups indicated a signincant ciifference between mean density 

( 0 ~ / m m ~ )  of bands corresponding to the ipsilateral hippocampus of vehicle-injected H-1 

animals (N = 5) and CMZ-treated H-1 animals (N = 3) sacrificed at 24 hours pst- 

injection (q = 5.425; P4).05). See Figure 4-3. The mean density of calmodulin mRNA 

in the ipsilateral hippocampus of vehicle-injected H-1 animals was significantly difTerent 

fiom control animals (N = 3) at 12 (q = 5.143; Pq0.05; N = 3) and 24 hours (q = 5.68 1 ; 

Pc0.05; N = 4) post-injection. However, the mean density of calmodulin mRNA 

expression in the ipsilateral hippocarnpus of CMZ-injecteci H-1 animais was not 

significantly different fiom control animals at 12 (N = 4) or 24 (N = 3) hours post- 

injection. Significant differences in mean density calmodulin expression were not 

observed in any RNA samples extracteci h m  the cortices of these animal groups. 

Acyi-coA aridae mRNA 

The primer set P6, T6 generated a fragment that was expressecl in the ipsilateral 

hippocampus of CM-injected H-I animals at 12 and 24 hours and in vehicle-injected H-1 

animals sacrinced at 12 hours pst-injection but was not present in any other cDNA 

populations examined. Sa Figure 44A. DNA sequencing revealed that this W e n t  

shared a 95% sequence identity with nucleotides 3344-355 1 of the rat acyl-coA oxidme 

mRNA (E = 5ed9; G e n W  Accession number J02752). When the fhgment was used as 

a cDNA probe for northern blot analysis, two hybridization si@s depicting bands of 

different sizes were were detected on an autoradiogram. See Figure 44B. The 

hybridization signal h m  the lower molecular weight band (low band in the figure) 

appeared to have a higher density in tissue isolated h m  the ipsilateral hippocampus of 



Figure 4-3 

Densitometric analysis of calmoddin expression in vehicle- and CMZ-injected HH-l- 

anhals ut 12 and 24 houm post-hyparia 

Graphical illustration of the mean density of the hybridization signai (calmodulin 

mRNA expression) detected across animal groups examined using northem blot analysis. 

Al1 animals were sacrificed at 12 or 24 hours pst-injection. RNA populations used for 

quantitation included RNA h m  the hippocampii of control animals (C), the ipsilateral 

hippocampus of vehicle-injected H-1 animals (VM), the ipsilateral hippocampus of 

CMZ-injected H-1 animais (CH), the ipsilateral cortex of vehicle-injected H-1 animals 

(WC) and the ipsilateral cortex of CMZ-injected H-1 aaimals (CIC). For quantitative and 

graphical analysis, the control gmup used was a collective representation of the density of 

hybridization signal in the ipsilateral hippocampus of ligated and naïve control animals 

and fiom the contralateral hippocampus of vehicle-injected H-1 animals. A P value of 

<0.05 was considered to be significant. The data are presented as meam f S.E.M. (* = 

significantly different from control animals; i = significatltly different fiom CM-injected 

H-I animals sacrificed at the same tirnepoint). 
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Figure 4-4 

Increased expression of Aeyl CoA oxidase inRNA mqy be linked tu CMZ-iAduced 

neuroprotection in the H-I model. 

The primer set P6, T6 amplified a m e n t  that conesponded to rat Acyi CoA 

oxidase mRNA. Panel A) portion of a differential display autoradiogram containing PCR 

products generated from the ipsilateral hippocampus and cortex of ligated control animals 

(Lanes 1 and 5 respectively), the contralateral hippocampus and cortex of vehicle-injected 

H-1 animals (Lanes 2 and 6 respsectively), the ipsilateral hippocampus and cortex of 

vehicle-injected H-1 anirnals (Laws 3 and 7 respectively) and the ipsilaterai hippocarnpus 

of CMZ-injected H-1 animais (Lane 4) sacrificed at 12 hours pst-injection. Lanes 8-1 1 

contain PCR products h m  the ipsilateral hippocampus of ligated control animals, the 

contralateral and ipsilateral hippocampus of vehicle-injected H-1 animals and the 

ipsilateral hippocampus of CMZ-injected H-1 animals sacnficed at 24 hours pst-hypoxia 

respectively. The fragment of interest (arrowhead) was expressed in lanes 3,4 and 1 1 

which correspond to the ipsilateral hippocampus of vehicle and CMZ-injected H-I 

animals d f i c e d  at 12 hours and the ipsilateral hippocampus of CMZ-injected KI 

anllnals sacrificed at 24 hours pst-hypoxia respectively. Panel B) norihem blot 

containing total RNA isolated h m  the ipsilateral hippocampus of naïve animals (Lane 

l), the contralateral and ipsilaterai hippocampus of vehicle-injected H-1 animais 

sacrificed at 12 (Lanes 2 and 3 respectively) and 24 hours (Lanes 5 and 6 respectively) 

and from the ipsilateral hippocampus of CMZ-injected H-1 animals sacrificed at 12 (Lane 

4) and 24 hours (Lane 7) post-injection. The lower blot in Panel B contains a scan of the 

same membrane stained with methylene blue for detection of rRNA to control for lane 

loading . 



Figure 4-4 



CMZ-injected H-1 anirnals sacrificed at 12 (N= 3) and 24 (N = 4) hours pst-hypoxia 

than in any other tissue examined. However, statistical analysis of the densitometry 

indicated that the mean density of these bands were not significantly different in any 

tissues exarnined. See Figure 4-5. 



Figure 4-5 

Densitometric anaijsis o fAg1  CoA taxidase qression in vehicle- und CMZ-injected 

H-I -animuIs at 12 and 24 hours pst-hypariP 

Graphical illustration of the me& density of hybridization signal ( A S  CoA 

oxidase mRNA expression) detected across animal groups examined using northern blot 

analysis. Al1 animals examined were sacrificed at 12 or 24 hours pst-injection. Animal 

groups used for quantitation included the control animals (C), the ipsiiateral hippocampus 

of vehicle-injected H-1 aaimals 0, the ipsilateral hippocampus of CMZ-injected H-1 

animais (0, the ipsilateral cortex of vehicle-injected H-1 animals (WC) and the 

ipsilateral cortex of CMZ-injected H-1 aallnals (CIC). For quantitative and graphical 

anal y sis, the control poup used was a collective representation of the density of the 

hybridization signal detected in the ipsilateral hippocampus of ligated and naïïe control 

animals and from the conûaiateral hippocampus of vehicle-injected H-1 animais. A P 

value of ~0.05 was considered to be significant. The data are presented as means f 

S.E.M. 
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Discussion 

The resuits of this experiment demonstrate that the differentia.1 display protocol 

exhibited predictive validity in the H-1 paradigm. The c-fo-targeted primer set annealed 

with the complementary nucleotides of the c-fos single-stranded cDNA aad amplified a 

fiagrnent that was expressed in H-I tissue at 3 hours pst-hypoxia and corresponded to 

the 3' end of rat c-fos mRNA. When the cDNA fiagrnent was used as a hybridization 

probe in northem blot analysis, a single trmscript, of the size previously reported for rat 

c-fos mRNA (2.5 kB), was detected in tissues known to express c-fos mRNA at 3 hours 

following H-1 injury (Blumenfeld et al., 1992; Gubits et al., 1993; Aden et al., 1994; 

Dragunow et al., 1994; Munell et al., 1994). These results clearly demonstrate that PCR 

primer sets can be selected to anneal with specific cDNAs that have a known pattern of 

expression in a particular paradigm and can replicate that pattem of expression on a 

differential display autoradiogram. Paradigm-specific positive controls can, therefore, 

c o n f '  the integrity of the original RNA samples and ensure that differentially expressed 

PCR-amplified cDNAs accurately reflect differrntially expressed mRNAs in the total 

RNA population. The success of targeted PCR primer sets may also increase the utility 

of the differential display protocol. For instance, différentia1 display has generally k e n  

conducted such that random primer sets generate differentiaily expressed bards on 

autoradiograms that are subsequently substantiated using northm blot adys i s  or in situ 

hybridization. Although this method has obvious merit, it does not demonstrate that 

diflerential display can reliably be uxd for more than a random search for differentially 

expressed mRNAs. On the other hanci, use of PCR primer sets that are targeted for 

highly conserved regions of genes may enable a scatch for relative expression patterns of 

mRNAs h m  a particular farnily of genes that can be simultaneously examined on a 

differential display autoradiogram. 

Once the integrity of the differentiai display protofol had been established, a 

number of RT-PCR differential &play experiments were conducted to identify mRNAs 

that may be differentiaily expresseà in the ipsilateral hippocampus or cortex of vehicle- 

injected or CMZ-injected H-1 snimals in relation to each other or to control cDNA 

populations. DifEerentially displayed fhgments specific to the ipsilateral structures of 



vehicle-injected H-1 animals may idenhfy genes involved in ischemia-induced ce11 death. 

Differentially displayed fragments that are specific to the ipsilateral structure of CMZ- 

injected H-1 animals may be relevant to the mechanism through which CMZ provides 

neuroprotection in the H-1 model. 

Calmodulin 

In this study, a fnigment that corresponded to rat caZmodulin rnRNA was detected 

in dl PCR-amplified cDNA populations with the exception of the cDNA populations 

denved fiom the ipsilateral hippocampii of CMZ-injected H-1 animals sacrificed at 12 

and 24 hours post-injection. Calmodulin is a major calcium binding protein within the 

CNS and has been implicated in a number of cellular functions through the activation of 

calmodulin-dependent enzymes Uicluding phosphodiesterase, protein kinase and protein 

phosphatase (Zhou et al., 1985; James et al., 1995). When bound to calcium, calmodulin 

appears to contribute to cellular pathology by activating calcium-dependent enzymes 

such as phospholipases, proteases, endonucleases and nitric oxide (NO) synthase 

(Hajirnohammadreza et ai., 1995; Kuroda et al., 1997). Thus, calcium influx and its 

subsequent binding to calmodulin, have been implicated in the initiation of cellular 

events that culminate in ischemic ce11 death (Picone et al., 1989; Sun et al., 1997). A 

number of studies have s h o w  that calmodulin antagonists d u c e  ischemia-induced ce11 

death in both heart and CNS tissue (Beresewicz, 1989; Gabaeur et aï., 199 1 ; Kimura et 

al., 1 992; O m i  et al., 1992; Sargent et al., 1992). Kuroda et al (1 997) demonstrated that 

the calmodulin antagonist, Trifluoperazine, was neuroprotective in Wistar rats when 

administered (ip) 5 minutes foiiowing a 2 hou  MCAO and then re-administered 24 hours 

later. However, an ip injection of Trifiuperazine administered at 1 or 2 hours following 

MCAO was not neuroprotective. Furthexmore, Sato et al. (1999) recently demonstrated 

that an iv infusion (0.25,0.50 or 1.00 mg/kg/hr) of 3-[2-[~3-chloro-2-metbylphenyl~ 

1 -piperaziny 11 ethyll-5,6dimethyl- I -(4-inUdazoIyhethy1)- 1 H-indazole dihydrochloride 

3.5 hydrate (DY-9760) for 6 hours, starting 1 hour &ter transient MCAO, reduced 

cerebral infarct volume by 30,42 and 60% nspectively. It is difficult to interpret the 

function of a gene based on its temporal and spatial expression after an ischemic iasult 

because a variety of cellular and extracellular events occur during the interval between 



ischemic insult and final neuronal death that have an unclear pathophysiological 

meaning. However, cells appear to have developed specific cellular processes that 

respond to the frequency and longevity of calcium signais within the cell, such as 

calmodulin-dependent protein kinases, which may actively affect cell fate. Thus, wMe 

there is no concrete link between the mechanism of action for CMZ and either of these 

caimodulin antagonists in ischemic injury, the results of this experiment may imply that 

CMZ directly or indirectly antagonizes the expression level of calmodulin mRNA 

following H-1 insult in order to exert its neuroprotective effects. 

Acyi coA oxidase 

A fhgment that corresponded to the mRNA for rat Acyl CoA o x i k e  was 

detected in the ipsilateral hippocampus of CMZ-injected H-1 a d s  sacrificed at 12 and 

24 houn post-injection and the the ipsilateral hippocampus of vehicle-injected H-I- 

animals sacrificed at 12 hours pst-injection. However, this hgment was not expressed 

in any control tissues or in the ipsilateral hippocampus of vehicle-injected H-1 animals 

sacnficed at 24 hours post-injection. While hybridization analysis on a northem blot 

appeared to demonstrate an elevation of Acyl CoA oxidase &A on a northem blot in 

CMZ-injected animals relative to control animais, statistical sigrilficance was not 

obtained. In addition, the results of this study also demonstrated that use of the fhgment 

isolated from the differential display gel as a hybridization probe produced two bands of 

different molecular weight on the northem blot indicating that the isolated fragment was 

contaminated with a second cDNA sequence. The Acyl CoA oxidase protein is an 

enzyme involved in the peroxisomal beta oxidation system (Fan et al., 1996). 

Interestingly, a study has been conducted by Gulati et al. (1993) reporthg that ischernia 

leads to a decrease Acyl coA oxidase activity in the kidney. Thus, it seemed plausible 

that CMZ-induced nemprotection could lead to an increase in this transcnpt. However, 

the resdts of this experîment cm not ensure that CMZ administration in H-1 animals 

caused an increase in the expression of this ûmscript. 

D I ~ U ~ I I ~  in the Di&ierenriol DLFpiay Protocol used in rikQ Expethent 

investigation of ceii death pathways i@ted by ischemic injury in vivo is 



technically extrernely difficult. Interpretation of the results must consider the 

heterogeneity of ce11 types, the diversity of cell death paradigms and exacerbation of 

tissue damage caused by the immigration of leukocytes during infiammation (Saikumar 

et al., 1998). Despite the demonstration of predictive validity for the differential display 

technique in the H-1 model, confirmation of differentially displayed hgrnents isolated 

f?om differential display gels using northem blot aaalysis was inconsistent. The moa 

likely explanation for this discrepancy was the procedure used for cellular isolation fiom 

susceptible brain regions. Specifically, the RNA populations used for reverse 

transcription and PCR amplification were extracted fiom a homogenate of the entire 

hippocarnpus or parietai cortex and, therefore, contained RNA fiom al1 ce11 layers within 

those regions. Following H-1, dentate granule cells in the hippocampus ultimately 

survive the injury while the pyramidal ce11 layers undergo delayed ce11 death (Gilby et al., 

1997). However, tissue homogenization precludes the ability to evaluate gene expression 

on a ce11 by ce11 basis. Thus, the presence of cells that s w i v e  the H-I injury and those 

that die within the same RNA sample is clearly problematic and may confound the 

interpretation of gene expression in these samples. At the cellular level, the 

heterogeneity of the brain fiom even a smail collection of cells may average out any 

minor differences in genetic phenotying between cells. This flaw in the extraction 

procedure used in this study may also explain why the correct pattern of expression for c- 

fos mRNA was produced using this extraction metbod while replicating data generated 

using other fhgments was ciifficuit. Numemus studies have documented a robwt 

expression of c-fos mRNA at early timepoints following H-1 (within 36 houn) that is 

present in al1 ipsilateral hippocampal cell layers, incluâing the dentate granule cells 

(Blumenfeld et al., 1992; Munell et al., 1994; Dragunow et al., 1994). nius, in this case, 

inclusion of al1 cell layers in a tissue homogenate would not mask the overall effect. 

However, examination of diff'etential gene expression in cell layers at delayed post- 

hypoxic timepoints in search of genes related to only the protected or dying ceIl 

populations, as was done in this study, is very difficult and may only detect gene changes 

that are very robust. In light of this diniculty, future expeiments using this promol 

should use extracteci RNA fiam discnte cell layers h m  a brain region of interest (eg 

CA1 fiom the hippocarnpus). 



Chupter 5: An Investigation into the Effect of CUZ-fnduced Neuroprotection on 

PCD-related Gene &pression Following H-I 



In this study, various molecular biological tools were used in order to determine 

whether the normal pattern of expression for genes, believed to be involved in PCD, was 

aitered by the administration of a neuroprotective dose of CMZ 3 hours following H-1 

injury. Specifically, northern blot analysis and Ni situ hybridization were used to 

investigate the effects of CM administration on normal patterns of c-fos aud c-jun 

mRNA expression following H-1. Targeted PCR primers were used to selectively 

ampli@ and compare the pattern of expression for c-myc, bcl-2, p53 and caspuse-3 

mRNA in CMZ venus vehicle-injected H-1 animals sacrificed at 12 and 24 hours post- 

hypoxia. Finally, imniunohistochemical techniques were used to examine Merences in 

the expression pattem of c-Fos protein in CMZ-injected versus vehicle-injected H-1 

mimals. The results of these experiments dernoristrate that CMZ administration in H-1 

anùnals prolonged the expression of egos mRNA and protein, in relation to vehicle- 

inj ected H-1 animals, by approximately 10- 16 hom in ipsilateral structures normally 

susceptible to H-1 insult. However, a signifiant prolongation of c-fos mRNA expression 

was only detected in the ipsilateral cortex of CM-injected H-1 animals sacrificed at 12 

hours pst-hypoxia. Moreover, CMZ administration caused a significant reduction in the 

density of c-jun mRNA expression in ail ce11 layers of the ipsi la td  hippocampus and 

cortex of H-1 animals sacrificed at 12 houn pst-hypoxia Finally, CMZ administration 

appeared to cause a protracted expression of bcl-2 mRNA in the ipsilateral hippocampus 

of CMZ-injected H-1 animals, relative to vehicle-injected animals, that was evident at 24 

houn post-hypoxia The fact that CMZ administration caused a reduction of c-iu> 

mRNA at 12 hours post-hypoxia and affected the expression pattern for c Fos mRNA and 

protein and possibly bcl-2 mRNA may indicate that CMZ has an affect on PCD-related 

mechanisms. However, the fiuictional implications of these alterations are! dficult to 

interpret due to technical limitations. 



Introduction 

The concept of phamacological neuroprotection in animal models of ischemia, 

and in human stroke victims, relies on the assumption that there is delayed neuronal death 

following ischemic injury. Indeed, selective delayed neuronal death has been o b s e ~ e d  in 
- 

many animal models of ischemia (Giilardon et al., 1996; Siesj -md Siesj , 1996; Puiera 

et al., 1998). For instance, a 24 to 72 hour delay in the death of CA1 neurons has k e n  

reported following transient forebrain ischemia (Colbume et al., 1999). A previous study 

in our Iaboratory reported a sllnilar the-line of neuronal death in PND25 male rats 

following H-1. Neuronal death was delayed for at least 12-24 hours post-hypoxia in the 

most susceptible ce11 layer (CAl) of the ipsilateral hippocampus and progressed for up to 

4 days post-hypoxia in the more resistant ceil layers (CA3b and c) of this brain region 

(Gilby et al., 1997). Interestingly, delayed neuronal death has also been reported in the 

brain of human cardia arrest victims that have been resuxitated 8-1 0 minutes following 

the insult (Petito et al., 1997). 

The cellular events tbat take place several hours following an ischemic event and 

culminate in ce11 death are currently unknown. One rnechanism that may be responsible 

for ischemia-induced delayed cell death is the activation of a genetically controlled 

cellular suicide program known as apoptosis or programmed cell death (PCD). PCD was 

first defined as a ce11 death process that had characteristic morphologie f e a w s  and 

occurred in a variety of different circumstances, all having to do with controlled cell 

deletion (Kerr et al., 1972). Under homeostatic conditions, PCD is an efficient 

mechanism through which an organism can remove supduous, aged or damaged cells 

fiom the CNS without provohg an inflammatory rcsponse (Evan and Littlewood, 1998). 

However, deregulation of the PCD process is thought to undetlie a number of human 

pathologies. Cellular resistance to PCD has been linked to autoimmune diseases and 

cancer while uncontroiled deletion of celis by PCD has been iinked to chronic 

pathologies including nedegenerative diseases and delayed ceIl death following stroke 

(Cotman and Anderson, 1995; Chopp et al., 1996; hi et al., 1996; 7am7ami et al., 1997). 

Neuroscientists have, thmefore, becorne interrsted in the role of PCD-linked processes 

(signaling rnechanisms, effector molecules and essential targets) in basic CNS fhction 



(Mosser et al. 1997). For obvious reasons, research interests have also focussed on the 

development of pharmacological agents that rnay interfere with the delayed events of 

PCD. in con- there are several lines of evidence that suggest that an excitotoxic ce11 

death (ECD) process rnay underiie ischemia-induced delayed ce11 death (Kuino and Sano, 

1984; Yamamoto et al., 1990). 

Programmed Ce11 Death (PCD) versus Excirotlaric Ce11 Death (ECD) 

Experirnentation in the last decade has confirmed that both physiological and 

pathological triggers cm ignite the PCD cascade but once initiated this cascade generally 

has a common temporospatial patterned sequence (Mosser et al., 1997; Pulera et al., 

1 998; Yang et al., 1998). The initial morphological changes that characterize PCD 

include nuclear chromatin chmping and mild cellular condensation. Subsequentiy, the 

nuclear envelope becomes fiagmented into flocculent demities that are diffisely 

distributed throughout the ce11 just before the celi divides into "apoptotic bodies" for 

biological degradation (Nunez et al., 1998; Pulera et al., 1998; Colburne et al., 1999). It 

is important to note that the presence of apoptotic bodies within the CNS does not evoke 

a phagocytic inflammatory response (Isbani et al., 1999). 

Although the cntical cellular mechanisms that underlie the initiation and 

execution of PCD are poorly understood, it is clear that PCD is the result of a complex set 

of molecular interactions between several proteins and that it requires both energy and 

synthesis of new proteins (Eguchi et al., 1997). As such, PCD is dependent upon 

coordinated gene expression (Mosser et al., 1 997; Saikumar et al., 1 998). Genetic studies 

in the nemotode, Cuenorhbolitis elegans (C. elegans), identified 3 genes that were 

essential for the control and execution of PCD in developing woms, C. elegans death 

associated protein-3 (CED-3), CED-4 and CED-9 (Hengartner and Horvitz, 1994; 

Dragovich et al., 1998). Mammalian homologues of these genes have k e n  discovered 

and have been designated caspases, Apaf- 1 and Bcl-2-related proteins respectively (Yuau 

et al., 1993). Members of the Bcl-2 family of proteins are considered to be among the 

moa prominent f d e s  of PCD regdators and include such proteins as Bi4 Bax, Bik, 

Bim, Bk and Bcl-2 (Dragovich et al., 1998). Although these proteins ali share domains 

of structural homology, some Bcl-2 related proteins promote PCD while others exhibit an 



anti-PCD function (Dragovich et al., 1998). Permutations in protein dimerkation arnong 

Bcl-2 family members have a major influence on ce11 fate and have, therefore, been 

deemed "gate-keepers" of the PCD machinery. For instance, dimers formed between 

BAD and Bcl-2 have been shown to promote ce11 death whereas dimers formed between 

BAX and Bcl-2 promote cellular suvival (reviewed in Reed, 1998). Several lines of 

evidence have indicated that members of the Bcl-2 family fiinction upstream of caspase 

activation and thereby c m  exen an overriding protective role within the ce11 (Yuan et ai., 

1993; Saikumar et al., 1998). It has been postdated that Bcl-2 provides cellular 

protection through the inhibition of mitochondrial permeability transitions and the release 

of apogenic factors such as cytochrome c and apoptosis-inducing factor (AiF) from the 

mitochondria to the cytoplasm (Reed, 1998). 

The pro-PCD family of proteins known as caspases are a consewed group of 

constitutively expressed cysteine proteases. Caspases undergo proteolytic cleavage and 

subunit rearrangement in order to produce active enzymes that cleave nuclear proteins 

@oly ADP-ribose polymerase, DNAdependent protein kinases, heteronuclear 

ri bonuclear pro teins or lamius), c ytoskeletal proteins (actin, fodrin), or inflammatory 

mediators (prointerleukin-1 p). The systematic cleavage of such a diverse anay of 

proteins is thought to be pivotal to the progression of the PCD process. Recently, the link 

between PCD, ce11 growth and ceIl cycle-related genes has genemted research interest. 

The tumor-suppressor transcription fsctor known as p53 is currently believed to possess 

pro-apoptotic properties. P53 is a DNA-binding protein that is thought to be important in 

the regulation of cell p ro l i fdon  followhg DNA damage (Bates and Vousden, 1996). 

P53 is normally maintained at low cellular levels but increased levels of p53 expression 

have been shown to halt ce11 cycle progression (in ce11 cycle stages Gi and Gz) and in 

some circumstsillces induce PCD (Hughes et al., 19%; Evan and Littlewood, 1998). The 

cellular oncogene c-myc is a potmt inducer of cellular proiiferation, however, substantial 

evidence suggests that c-myc also has pro-PCD abilities (Evan et al., 1992; Sakamuro et 

al ., 1 995; Evan and Littlewood, 1 998). For the most part, however, PCD is characterized 

by the activation of specific pmteins, including catabolic enzymes (caspases) that 

systematically degrade cellular codtuents, that actively contribute to the removal of the 

cell withh the iimits of an intact plasma membrane (Zamzami et al., 1997). 



On the other hand, delayed ischemic cell death may be the result of an ECD 

process. In the 197OYs, excitotoxicity was tint used to refer to an acute process by which 

glutamate or its various excitatory structural analogs trigger neuronal ce11 death in the 

CN S of either rodents or primates (Ohey et al., 1 97 1 ; 1 974). The pro found increase in 

extracellular glutamate that characteristically occurs following ischemic insult has caused 

researchers to link ischemia-induced ce11 death to the excitotoxic/necrotic phenornenoa. 

Morphological changes evident in cells dying fiom an ECD process are quite different 

fiom those observed in cells undergoing PCD. The fhst morphologicai changes 

associated with ECD include a massive dation of dendritic, but not axonal, processes in 

the neuropil, cellular swelling and the breakdown of cellular membranes. These events 

are quickly followed by vacuolation of the endoplamiic reticulum (ER) and condensation 

of the mitochondria Subsequently, the mitochondria begin to swell and become 

progressively more edematous, swollen and vacuous. Foliowing these cytoplasmic 

events, the nuclear chromatin begius to clurnp and migrate to the nuclear envelope. 

Within hours of the initial morphological events, phagocytic cells engulf and biologically 

degrade the degenerated cell (Ishimani et al., 1999). Thus, in con- to PCD, ECD is a 

primarily cytoplasmic event that is initiated only by exogenous stimuii and uitimately 

provokes an inflammatory response in the braio. 

At present, there is a wealth of codicting data, from both in vivo and in vitro 

models of ischernia, that address whether delayed ischemia-induced neuroIlStf 

degeneration is the result of a PCD or an ECD phenornenon. Numemus reports in the 

literature support an ECD theory for delayed ischemic ceil death (Kirino and Sano, 1984; 

Yamamoto et al., 1990; Deshpande et al., 1 992; Tomimoto et al., 1993). In fact, delayed 

ce11 death induced by 5 minutes of global ischemia in gerbils has been shown to exhibit 

features of necrotic, but not apoptotic, neuroaal death even in celis that died 2 months 

after the ischemic event (Colboume et al., 1999). Furthmore, Ishimani et al., (1 999) 

conducted a detailed electron microscopie evaluation of the ultrastructural appearance of 

neurons undergoing delayed degeneration in the cinguiate cortex following glutamate 

application and reporteci that the degenerative teaction was identical to the ECD process 

and exhibited no resemblance to PCD-induced neuronal degeneration. In con- 

multiple lines of evidnice exist suggesting that ischemia-induced delayed celi death 



occurs via PCD mechaaisms (Kure et al., 1991 ; Tominaga et al., 1993; Filipkowski et al. 

1994; Sei et al., 1994; Beilharr et al., 1995; Bonfoco et al., 1995; Ferrer et al., 1995). 

Studies have shown both DNA fragmentation and synthesis of new rnRNA/protein in 

ischemic cells and have reported that protein synthesis, endonuclease and caspase 

inhibitors provide neuroprotection in animai models of ischemia (Goto et al., 1990; 

Charriaut-Marlangw et al., 1992; H e m  et al., 1 993; Nitatori et al., 1995; Loddick et al., 

1 996). 

Interestingly, a number of studies have suggested that PCD and ECD occur 

simuitaneously in susceptible brah regions followhg ischemia (Lieberthal and Levine, 

1 996; Kato et al., 1997; Kajsnira et al., 1998; Li et al., 1998; Noda et al., 19%). For 

instance, Martin et al. (1998) demonstrated tbet degeneration of selectively vulnerable 

neurons f i er  global ischemia wss morphologicaily non-apoptotic and was 

indistinguishable f?om NMDA-mediated excitotoxic ce11 death. However, prominent 

apoptotic ce11 death was evident in neuronal clusters that were interconnected with the 

selectively vulnerable neurons and in non-neuronal cells following the ischemic event. 

To add to the confusion, studies have even suggested that the mode of ce11 death 

following ischemic injury is a c W y  a hybnd fom of ce11 death that fails dong a PCD- 

ECD continuum (Martin et al., 1998). Thus, the triggering event may be common for 

both types of ce11 death and, as a comequence, cells undergoing either mode of ce11 death 

may initially demonstrate some of the same pathogenic responses. In support of this 

hypothesis, it has been shown that severe, imversible, changes in mitochondriai structure 

and function are present in cells undergohg either ECD or PCD (Zamzami et al., 1997). 

It is also conceivable that a downstream molecular event may be required to direct cells 

towards the organized execution of PCD, therefore, even if the PCD prognun was aborted 

before this control point ceil death rnay still result through ECD if the initiating stimulus 

was severe (Leist et al., 1 997). 

It is important to note that many of these conflicting d e s  relied heavily on non- 

ultrastructural methods, primarily DNA fkgmentation d y s i s ,  to diagnose PCD. This 

may be problematic since one of the moa popdar methods for distinguishing PCD fiom 

ECD, the terminal deoxynucleotidyl transfera~e-mediated biotinylated UTP-nick end 

labeling (TITNEL) technique, has recently been shown to label cells undergoing both 



PCD and ECD (Ishimaru et al., 1 999). Clearly, a more rigorous methodology is required 

to provide unquestionable identification of PCD and ECD processes following ischemia 

H-I and PCD 
Traditionally, H-1 injury has been attributed to au ECD process. However, as in 

other animal models of ischernia, the delayed cell death observed following H-I insult has 

recently been linked to PCD and delayed activation of "cell-death related" proteins. 

Using PND7 male rats in the bilateral carotid occlusion version of the H-1 model, Pulera 

et al., (1 998) demonstrated that cells undergohg H-1-induced ce11 death exhibited 

numerous features of PCD including caspase-related cleavage of actin, DNA 

fragmentation and morphological markers of PCD such as chromath condensation and 

"apoptotic bodies". Fwther support for the induction of PCD following H-1 insult 

include several reports of neuroprotection in H-1 susceptible ce11 layers following the 

administration of caspase inhibitors and in caspase-deficient mice (Shimaru et al., 1996; 

Grotten et al., 1997; Ham et d., 1997; Schieke et al., 1997; Cheng et al., 1998). 

Interestingly, clinicai studies have indicated that delayed ce11 death observed in human 

stroke patients also exhibit hailmark characteristics of PCD including increased Bcl-2 

expression, cleavage of caspase- 1, upregulation and cleavage of caspase-3, and DNA 

hgmentation (Clark et al., 1999). 

As mentioned previously, specific molecules may be responsible for the detection 

and execution of PCD processes. Aside fiom caspase activation, the identity of genes 

critically involved in the PCD process is highly controversial. The involvement of a class 

of genes known as immediate early genes (IEGs), specincally c-fios and c j m ,  in PCD has 

been extensively studied. Rapid and transient wascriptional activation of IEGs cm be 

elicited by relatively short periods of excessive excitation arising from a multitude of 

endogenous and/or exogenous events (Hughes et al., 1992; Herdegen et al., 1995). IEGs, 

such as egos and c-jun, encode nuclear proteins, c-Fos and c-Sun respectively, that act as 

transcription factors to invoke the transcription of downstrearn genes (Morgan and 

Curran, 1989). C-Jun and c-Fos may dimerize with each other or with other members of 

the c-Fos and c-Jun protein families in order to fom the activating transcription factor 

protein 1 (AP-1). The AP-1 complex cm bind with high affinity to the DNA consensus 

sequence TGACIGTCA in promoter regions of various genes, however, the subunit 



composition of the dimer fomed affects both the binding affinity for the APl consensus 

site and whether the target gene is m e d  on or off. In this way, IEGs cm alter the 

transcription of a nurnber of genes and, thereby, re-program the expression patterns of 

cellular proteins to affect cellular phenotype. The activation of inducible transcription 

factors is, therefore, coasidered to be one of the most important steps linking rapid 

cellular events with long-las~g adaptive cellular responses. As such, IEGs may play a 

pivotal role in the activation or suppression of critical pathways involved in neuronal 

function, plasticity and cellular survival a d o r  death. 

One of the fint cellular responses upon exposure to PCD-inducing stimuli is the 

induction of c-/os mR,NA (Kaina et al., 1997). While the expression of both c-fos and c- 

jun is increased following R I  injury, the hc t ion  associatcd with this increased 

expression is unclear. Recent studies, conducted both in vivo and in vitro, have suggested 

that c-fos expression following cellular injury rnay serve an anti-PCD fiinction (Kaina et 

al., 1997, Yoneda et al., 1997; He et al., 1998). In contmt, reports have indicated that c- 

fos expression contributes to the PCD pmcess (Smeyne et ul., 1993; Hafezi et al., 1997). 

A similar controversy exists with respect to the fuaction of cJun expression following 

cellular stresson. c-Jun was fïrst described as the oncogene of the avian sarcoma virus 

17, a retrovirus capable of causing fibrosarcomas in chickens (Morgan and Curran, 

1989). Several reports have suggested that both cilun N terminal kinase (JNK; SEKI) 

and its substrate, c-Jun, function as positive regdators of the PCD process (Chen et al., 

1995; Verheij et al., 1996). Ishikawa et al. (1997) have shown that down regdation of c- 

JunlAP-l using a dominant negative mutant of c-Jun, an antisense c-jun or 

pharmacological inhibitors of c-Jun attenuated hydrogen peroxide-induced apoptosis. 

Moreover, when PCD was induced in an in vitro preparation of rat sympathetic neurons 

by the removal of nerve growth fsctor (NGF), administration of c-Jun (8.0 mglkg) and c- 

Fos (5.0 mgkg) antibodies provided neuroprotection against apoptotic cell death (Estus 

et al., 1 994). However, a numbet of studies have aiso reported that c-Jun expression 

semes an anti-PCD function. For instance, the induction of cJun has k e n  linlced to 

axonal regeneration and neuronal suMval (Jenkins and Hunt 1991 ; Leah et al., 199 1; 

Schaden et al., 1 994; Sommer et al., 1 995). The conflicting data presented in these 

studies has prevented a clear understanding of IEG function in the PCD process. 



Thus, it rem& unclear whether H-1 induced delayed ce11 death is due to an ECD 

or PCD process, however, H-1 injury has been shown to consistently induce a robust and 

extensive IEG response in the brains of neonatal as well as perhatal animals (Blumenfeld 

er al., 1 992; Dragunow et al. 1994; Munell et al., 1994; Gilby et al., 1997). In addition, 

elevated levels of PCD-related gewdproteins such as caspase-3 and bci-2 have been 

reported following H-1 injuy (Shimizu et al., 1996; Cheng et al., 1998; Kaushal et al., 

1998; Yaoita et al., 1998;). Therefore, regardless of the exact mode of ce11 death, H-1 

injury leads to an increased expression of genedproteins that are believed to be involved 

in the PCD process. In order to determine whether CM.-induced neuroprotection in the 

H-I mode1 may involve an anti-PCD mechanism, we examined the effects of CMZ 

treatment on the normal patterns of PCD-linked gene and protein expression following H- 

I. 



Methods 

Animals 

Animal treatments in this experiment were identical to those outlined in 

Chapter 1. Three hours pst-hypoxia, H-1 animals received an i.p. injection of either 

vehicie (distilled water) or 2OOmglkg CMZ. Naïve, ligated and hypoxic control 

animai groups were included in this study. Drug-injected control animals received an 

i.p. injection of 200 mg/kg CMZ but were not subjected to the H-1 event. Following 

treatment, each animal was observed for any oven sigas of seinire activity such as 

mastication, barre1 rolling or limb tonus and clonus. Animals that exhibited such 

behavior were excluded h m  the shidy. 

RN4 Isolation 

Animals used for RNA isolation were decapitated at 3,6, 12 or 24 hours poa- 

injection and their brains were removed and stored in liquid nitrogen. The RNA isolation 

procedure was identical to that outlined in Chapter 4. Similarly, the methodology for 

Northem blot analysis used in this experiment is detailed in Chapter 4. The hybridization 

probe used in this experiment to detect cqos expression was generated from the cDNA 

kgment that corresponded to rat c-fos N A  isolated h m  the differential display in 

Chapter 4. 

In situ hybridzation 

The in situ hybridization protocol used to detect expression patterns of c-fos and 

c-jun mRNA was identical to the methodology outlined in Chapter 3. Oligonucleotide 

probes designed to hybridize to nts 140-184 of the rat c-fos mRNA (Genbank Assession 

number: X06769) had the following sequence; 5'- CAG CGG GAG GAT GAC GCC 

K G  TAG TCC GCG TTG AAA CCC GAG AAC- 3'. The oligonucleotide probe 

designed to target nts 1287-1346 of rat c-jun mRNA (Genbank Assession Number 

X17l63) had the following sequence 5'-GCA ACT GCT GCG T'TA GCA TGA CTT 

GGC ACC CAC TGT TAA CGT GGT TCA TGA CTT TCT GTï-3'. 



Fixed tissue sections (40 p) were washed in 0.1M phosphate-buffered saline 

(PBS) containhg 0.1% Triton-X (PBS-TX) (3 x 5 minutes) and incubated with 1% 

hydrogen peroxide in PBS buffer for 15 minutes to inactivate endogenous peroxidase 

activity. Sections were then washed in PBS-TX (3 x 5 minutes) at room temperature and 

incubated in 10 normal horse s e m  (Dimension Laboratones Inc) diluted in PBS-TX. 

Following the blocking procedure, sections were washed in PBS-TX (3 x 5 minutes) and 

then incubated in a sheep polyclonal c-Fos antibody at a dilution of 15000 (Genosys) for 

48 hours at 4OC. Following incubation with the primary antibody, sections were again 

washed in PBS-TX (3 x 10 minutes) and then incubated in a rat absorbed biotinylated 

secondary antibody (1 :400; Vector Labonitones) for 1 hour. Excess antibody was 

removed by washing 3 x 10 minutes in PBS-TX and sections were stained using the 

ABCIDAB protocol outlined in the immunohistochernistry section of Cbapter 3. 

The immunohistochemical protucol used to detect the expression of c-Jun protein 

was similar to that for c-Fos with the exception of the primary antibody w d .  The 

primary antibody for cJun was raised in rabbit and was diluted to a concentration of 

15000 in PBS-TX. 

rAPOl 

The protocol for this procedure involved the use of reverse-transcribed cDNA 

populations generated according to the methodology outlined in Chapter 4. The 

remainder of the protocol was conducted according to the manufacturer's recommended 

protocol in the Rat Apoptosis Genes- 1 MPCR Amplification/Detection Kit. This 

protocol is designed to selectively ampli@ the mRNAs for c-myc, bcl-2, caspase-3 and 

P53 f?om cDNA populations for visuaikation on an agarose gel. Following reverse 

transcription, 5 pl of 1 0X rAPO 1 MPCR buffer, 5 pl each of 10X rAPO 1 MPCR primers; 

0.5 pl Taq DNA polymerase (U/pl); 5 pl of sample cDNA, 4 pi c N T P s  (3.125 mM) and 

30 pl of dH20 were combined in a sterile PCR tube per sample. PCR cycling parameters 

were as follows: 1) 96OC for 1 minute, 2) 60 O C  for 4 minutes, 3) 96OC for 1 minute, 4) 

60°C for 4 minutes 5) 98OC for 1 minute 6) 60°C for 2.5 minutes 7) repeat previous 2 

steps between 28-35 times, 8) 70°C for 10 minutes and 9) 2YC soak. Upon completion 



of the PCR cycles, samples were removed fiom the PCR machine and placed on ice. 

PCR products were electrophoretically separated on an agarose/EtBr (5 pglml) and the 

relative density of bands expressed in the lanes was examined under ultra-violet iight 

using the Geldoc Molecular Analyst software. 

Denritomehy 

Densitornetric analysis of specific brain regions on in siru hybridization 

autoradiograms was performed using the Optical Density-Mode1 GS0290 Imaging 

Densitometer and Molecular Analyst (Biorad) software to d e t e d e  the optical density 

( 0 ~ / m m ~ )  of the radiolabeled brain regions on an in sim hybridization autoradiogram. 

The relative density of labeling was compared to the density of the same brain regions in 

naïve, ligated and hypoxic control animals. Animais h m  al1 control groups, regardless 

of hepoint sacrificed were analyzed as one group for statistical and graphical analysis. 

Any differences in mean transcript expression were statistically analyzed using a 1 -way 

ANOVA followed by Tukey's post-hoc analysis. 



Northern Blot Analysis 

Visualkation of northem blot analysis revealed that RNA extracted fiom the 

ipsilateral hippocampus of CMZ-injected H-1 animals exhibited an increased expression 

of c-fos mRNA at 12 (N = 5 )  and 24 (N = 4) hours pst-injection relative to control (N = 

4; N = 3 respectively) or K I  hippocampal tissue (N = 3; N = 4 respectively) at these t h e  

points. However, statistical analysis of the mean density of these bands, using a 1 -way 

ANOVA, did not detect a significant ciifference in c-fos mRNA expression between these 

tissues. An increase in c&s îranscript level was also observed in tissue isolated fkom the 

ipsilateral parietal cortex of CMZ-injected H-1 (N4) animals sacnficed at 12 hours post- 

injection that was not present in control (N = 4) or H-1 cortical tissue (N = 3) at this 

thepoint. Statisticai analysis of the mean density of these bands demonstrated that the 

level of c-fos expression in the ipsilaterai cortex of CMZ-injected H-1 animals was 

significantly higher than in vehicle-injected H-1 a d s  sacrificed at 12 hours post- 

injection (q = 4.773; Pc0.05). Relative to the mobility of molecular weight standards 

(RNA ladder 0.24-9.5 kb, Gibco), the size of the hybridlling band was calcuiated to be 

approximately 2.3 kb as would be expected for the c-fos tramcrip. In order to ensure 

that each lane contained approximately the saxne amount of RNA, densitometric analysis 

was conducted on both the 28s and 18s ribosomal RNA. See Figures 5-1 and 5-2. 

In situ Hybndùatîon 

Densitomehic analysis of the pattern of expression for c-jos mRNA in control (N 

= 1 S), vehicle-injected (N = 9) and CMZ-injecteci H-1 animals (N = Il) sacrificed at 12 

hours pst-injection did not demonstrate any significant differences in the level of this 

transcript within the ipsilateral hippocarnpus or cortex of vehicle-injecteci or CMZ- 

injected H-1 animals relative to control aaimals. See Figure 5-3. However, in 7/ 1 1 CMZ- 

injected H-1 animals sacrinced at 12 hours pst-injection, specific and robust expression 

of c-fos mRNA was detected in the alveus, which surromds the hippocampus, of the 

ipsilateral hernisphere. See Figure 5 4 .  

In order to compare relative expression patterns for c-jun mRNA across animal 



Figure 5-1 

Determinafion of the potlern of qresswn of egos M A  in rut bruin following 

hypoxio-ischemia. 

Northem blot analysis of rat hippocampal total RNA using a cDNA probe 

complîmentary to c-fos mRNA. Lanes 1 and 8 represent electrophoretically ktionated 

total RNA isolated fiom the ipsilateral hippocampus of naive control animals. Lanes 2 

and 5 represent total RNA isolated fiom the contralateral hippocampus of vehicle- 

injected H-I animals. Lanes 3 and 6 contain total RNA isolated from the ipsilateral 

hippocampus of vehicle-injected H-1 animals. h e s  4 and 7 contain RNA samples 

isolated fiom the ipsilateral hippocampus of CMZ-injected H-1 animals. Lanes 8,9, 10 

and 1 1 contain RNA isolated h m  the ipsilateral cortex of ligated control animals, the 

contralateral and ipsilateral cortex of vehicle-injected H-1 animals and the ipsilateral 

hippocampus of CMZ-injected H-I animals respectively. The pst-hypoxic t h e  points 

for RNA isolation were as follows: 12 hours (lanes 1,2,3,4,8,9, 10 and 11); 24 hours 

(Lanes 5,6 and 7) pst-hypoxia The hybridization probe used in this experiment was 

generated fiom the cDNA fragment isolated h m  the differential display in Chapter 4 

that corresponded to rat cqos m A .  



Figure 5-1 



Figure 5-2 

Densitomehic analysis ofcgos expression in vekicie- und CMZ-injected HH-I animakc 

observed ccring northern blot ana&s&. 

Graphical illustration of the mean density of the hybridization signal (c-fos 

mRNA expression) detected across animal groups examined using northern blot d y s i s .  

Al1 anirnals were sacrificed at 12 or 24 hours pst-injection. RNA populations used for 

quantitation included RNA fiom the hippocampü of control animais (C), the ipsilateral 

hippocampus of vehicle-injected H-1 animals (VM), the ipsilateral hippocampus of 

CMZ-injected H-1 animais (CM), the ipsilateral cortex of vehicle-injected H-1 animals 

(WC) and the ipsilateral cortex of CMZ-injected H-1 animais (CIC). For quantitative and 

graphical analysis, the control group used was a collective representation of the density of 

hybndization signal in the ipsilateral hippocampus of ligated and naïve control animals 

and fiom the contralateral hippocampus of vehicle-hjected H-I animals. A P value of 

~0 .05  was considered to be significant. The data are presented as means f S.E.M. (* = 

si gni ficantly di fferent fiom control animals). 
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Figure 5-3 

Densitometric anaiysis of c-/s expression in vehicIe- and CMZ-injected H-1 animuk 

observed using in situ hybridization. 

Graphical illustraiion of the mean density of the hybridization signal (c-fos 

mRNA expression) detected across animal groups using in situ hybridization techniques. 

Al1 anirnals were sacrificed at 12 hours pst-injection. For quantitative and graphical 

analysis, the con901 group used was a collective representation of the density of 

hybridization signal in the ipsilateral hippcampus of ligated and naïve control animals 

and fiom the contralateral hippocampus of vehkle-injected H-1 animals. A P value of 

4 . 0 5  was considered to be signincant. The data are presented as means f S.E.M. 
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Figure 5-4 

Locu&ation of c-/os rnRNA expression in Cm-injected H-l animah. 

Panel A) representative coronai section of a CMZ-injected H-I animal sacrificed 

at 12 hours post-injection. An oligonucleotide probe targeted for c$os LuRNA detection 

was used for in situ hybridization d y s i s .  Arrow indifates positive hybridization signal 

in the alveus. Panel B) representative coronal section of a vehicle-injected H-1 animal 

sacri ficed at 1 2 hours pst-inj ection. 



Figure 5-4 



treatment groups, control (N = 12), vehicle-injected (N = 9)  and CMZ-injected (N = 1 1) 

H-1 animais were sacrificed at 12 hours pst-injection. The mean density of cjun mRNA 

expression was found to be significantly higher in CA1 of the ipsilateral hippocampus in 

vehicle-injected H-1 anllnals than in the CA1 layer of CMZ (q = 4.985; Pc0.05) or 

control animals (q = 5.988; P<0.05). Moreover, the mean density of c-jw, expression in 

CA1 of the ipsilateral hippocampus of CMZ-injected H-1 animals was not significantly 

different fiom control animals. The mean density of c-jun mRNA was also significantly 

increased in the CA3 ceii layer of the ipsilaterai hippocampus of vehicle-injected H-I 

anirnds relative to control animals (q = 5.345; P4.05) sacrificed at this the-point. 

However, the mean density of cylm expression in CA3 of CMZ-injected H-I animds was 

not significantly different fiom control animals. The mean density of c-jun mRNA 

expression was increased significantiy in the dentate gynis of vehicle-injected (q = 1 1.5 8; 

P<0.05) and CMZ-injecteci (q = 7.184; P4).05) H-1 animals when cornpared to conml 

animals. However, the mean density of expression for this transcript was still 

significantly higher in the DG of vehicle-injecteci H-1 animals than in CM.-injected H-1 

animais (q = 4.677; Pe0.05). The mean density of c-jun expression was significaatly 

elevated in the cortex of vehicle-injected (q = 5.185; Pe0.05) and CMZ-injected (q = 

4.528; PcO.05) H-I animals when compared to controls. It is also noteworthy that c-jun 

expression was significantly higher in the DG of vehicle-injecteci H-1 aaimals than in the 

CA1 (q = 5.22; P<O.OS), CA3 (q = 5.82 1; P<O.OS) or the cortex (q = 5.971; P<0.05) of 

these animals at 12 hours pst-hypoxia See Figure 5-5. 

c-fos 

Imrnunohistochemical anaiysis dernonstrateci a very low consiinitive expression 

of c-Fos immunoreactivity in the hippocampus of naNe animals (N = 6). Briefly, 

sporadic expression of Fos was observeci in the upper blade of the dentate gynis and in 

the CA3 subregion of the hippocampii. An identical panem of c-Fos expression to that of 

naïve animals was observai in animais exposeci to hypoxia alow (N = 20), ligation alone 

(N = 27) or varying doses of CMZ (N = 20). 

c-Fos was obsmed in CA3, the hilus and the DG of the ipsilateral hippocampus 



Densitomehic anakjwis of cgun expression in vekicie- and CMZ-injecfed H-I animals 

observed uing  in silir hybduPtr'on, 

Graphical illustration of the mean demity of the hybridization signais (c-jun 

mRNA expression) detected across animal groups exsmiaed using in situ hybridization 

techniques. Al1 animals were sacrificed at 12 hours post-injection. For quantitative and 

graphical analysis, the control group used was a collective representation of the density of 

hybridization signal in the ipsilateral hippocampus of ligated and naïve control animals 

and fiom the contraiateral hippocampus of vehicle-injected H-1 animals. A P value of 

c0.05 was considered to be significant. The &ta are presented as meam f S.E.M. (* = 

significantly different fiom control animals; - signincantly different fiom CMZ-injected 

H-1 animals). 
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and in layers 3-6 of the ipsilateral parietal cortex of 314 vehicle-injected H-1 animals 

sacrificed at 2 hours pst-injection, however, 114 of those a d s  exhibited basal levels 

of this protein. AU 3 vehicle-injected H-1 animals sacrificed at 3 hours port-injection 

exhibited c-Fos in al1 ce11 layers of the ipsilateral hippocampus and parietal cortex. 

Similady, c-Fos was present throughout the ipsilateral hippocampus and parietal cortex 

of 414 vehicle-injected H-1 animals sacrificed at 6 hours pst-injection. By 12 houn ps t -  

injection 3/4 vehicle-injected H-1 animais exhibited basal levels of c-Fos in the ipsilateral 

hippocampus, but c-Fos expression was stiil detectable in the parietal cortex of these 

animals. Moreover, c-Fos remained in al1 ce11 layers of the ipsilateral hippocampus and 

parietal cortex of one vehicle-injected H-1 animal. Finally, aii 4 vehicle-injected H-1 

animals sacrificed at 24 hours poainjection exhibited basal levels of this protein in al1 

brain regions. 

A simüar, but not identical, pattern of expression for c-Fos protein was obsewed 

in H-I animais that received an injection of 200 mg/kg CMZ at 3 hours pst-hypoxia In 

Y7 CMZ-injected H-1 a d s  sacrificed at 2 hours post-injection, c-Fos was noted 

throughout the CA3 ce11 layer and in patches of the DG in the ipsilateral hippoçampus 

and in the ipsilateral parietal cortex. It is interesthg that one of these 7 animals exhibited 

increased c-Fos in the pyramidal ceii layers and hilus of the contralateral hippocampus. 

In addition, one of 7 H-1 animais sacrificeci at 2 hom pst-injection exhibited basal 

levels of c-Fos in ail cell layers. When CMZ-injected H-1 aaùnals were sacrifîced at 3 

hours pst-injection, c-Fos was noted in dl ceil layers of the ipsilateral hippocarnpus of 

5/5 animais, however, little expression was noted in the parietal cortex of these animals. 

A sixnilar pattern of expression for c-Fos was observed in all S CMZ-injected H-1 animals 

sacrificed at 6 hours pst-injection. However, the cortical expression of c-Fos appeared 

to be more abundant in animals sacrifïced at this tirnepoint. In contrast to vehicle- 

injected H-I animals, ail 4 cM~-injected H-1 animals sacrificeci 12 hours post-injection 

exhibited c-Fos-IR in CA3 and the DG of the ipsilaterai hippocampus and parietal cortex. 

Moreover, in 414 CMZ-injected H-1 animais Sacnficed at 24 hours pst-injection, c-Fos- 

IR was noted in CAI, CA3 and the Mus of the ipsileteral hippocampus and exhibited a 

patchy expression in the parietal cortex. See Figum 5-6 and 5-7. 



Figure 5-6 

C Fos expression in the h@pocampus of vehkie- and CMZ-injected H-I unintais ut 

varying post-hyp& rimepoints. 

Photomicrographic representation of c Fos expression in the ipsilateral 

hippocampus of vehicle-injected (A, C, E, G) and CMZ-injected (B, D, F, H) H-1 

animais. Animals were sacrificed 2 (A, B), 3 (C, D), 6 (E, F) and 12 (G, H) hours 

post-injection. (Scale bar = 400 p). 



Figure 5-6 



Figure 5-7 

C Fos erpression in the cortex of vehicle- and CMZhjected H-I unimals ut 

varying posi-hypoxic tirnepoints. 

Photomicrographie representation of c Fos expression in the ipsilateral cortex 

of vehicle-injected (A, C, E, G) and CMZ-irijected (B, D, F, H) H-1 animals. Animals 

were sacrificed 2 (A, B), 3 (C, D), 6 (E, F) and 12 (G, K) hours pst-injection. (Scale 

bar = 400 pm). 



Figure 5-7 



PCD-reluted Gene Ekpression 

rAPOl MPCR d y s i s  does not permit quantitative assessrnent of the expression 

of PC D-related genes in cDNA populations. Ho wever, the presence of PCD-related 

genes c m  be examined in cDNA samples generated fiom total RNA. cDNA samples 

were produced from the ipsilateral and contraiateral hippocampus of vehicle-injected and 

CMZ-injected H-1 anirnals and fiom control a d s .  A 233 bp band, corresponding to 

the expected size of the PCR-arnplified bcl-2 product, was detected in the hippocampus 

of 6/8 CMZ-injected H-1 animals sacrificed at 24 hours pst-injection. However, a band 

of the same molecular weight was only detected in the ipsilateral hippocampus of 116 

vehicle-injected H-I anbals d c e d  at the same tirnepoint. It is important to note that 

the banding pattern for the putative bcl-2 £kgment was highly variable in CMZ- and 

vehicle-injected H-I animals sacrificed at 12 hours pst-injection. No bands 

corresponding to the expected lengh of P53 (203 bp) or c-myc (371 bp) were observed in 

any samples examined. Moreover, a band that comsponded to the expected length of 

caspase-3 (658 bp) was evident in al1 samples examined including control anllnals. This 

experiment was conducted 3 separate times with varied cycling parameters and did not 

produce highly consistent results. 



Discussion 

The fact that an injection of CMZ (200 mgkg) at 1 hour pst-hypoxia was shown, 

in Chapter 1, to be less effective than the same dose injected at 3 hours pst-hypoxia may 

indicate that C M 2  interferes with a cellular mechanism that is not immediately active 

following H-I insult. Furthemore, the resuits of this experiment clearly demonstrate that 

CMZ administration, 3 hours foiiowing H-1, altered the normal pattern of expression for 

at l es t  three genes currently believed to be involved in PCD-related events. These 

hdings may suggest that PCD-mediated cellular events underlie H-1-induced delayed 

ce11 death and that CM2 administration interferes with the progression of these events in 

order to provide neuroprotection in the H-I modei. Moreover, since ment  research bas 

suggested that PCD-induced celî death can be realized within hours, rather than days, 

after its initiation, it is conceivable that PCD even underlies the seemingly immediate 

(within 4 hours) ce11 death induced by severe models of ischemia. Therefore, the 

tirnepoint of administration for a putative neuroprotective agent, that interferes with the 

PCD process would be critical to its neuroprotective efficacy and would Vary between 

animal models of ischemia Based on the ~drings of this body of work and other studies 

that have investigated the neuroprotective effect of CMZ in animal models of ischemia, it 

wodd appear that CMZ does exhibit such a neuroprotective profile (Shuaib et ol., 1995; 

Sydsexfî et al., 1 995a). 

c-fos und c-jun mlMA exprcssi011 

Previous unpublished data produced using in situ hybridization and nothem blot 

analysis in our laboratory has show an i n d  expression of c-fos mRNA at 1 and 3 

hours post-hypoxia throughout the ipsiiateral hippocampus and cortex. This increase was 

transient and Ievels of this tnuiscript wen ai basai levels at 6, 12 and 24 hours pst- 

hypoxia A study conducted by Mafaya et ai. (1998) also dernomted, using the Rice 

Vannucci rnodel, that the induction of c-fos and c-jun mRNAs peaked 2 hours after H-1 

injury in both the ipsiiateral hippocampus and cortex. A nmilar timeline has been 

reported for the expression of these transcnpts following H-1 in PND7 and P m 2 3  rats 

(Aden et al., 1994; MuneU et al., 1994). In dl of these studies, the location of the 



induction of these transcripts encompasseci, but was not restricted to, those regions 

vulnerable to H-I injury. In this way, the mere expression of these transcnpts was not 

predictive of ultimate cell fate. These m e s  also CO& that a high level of c-fs and 

c-jun mRNA was present in both the hippocampus and cortex of H-1 ànimals before the 

200 mgkg dose of CMZ was administered in the present experiment (3 hours pst- 

hypoxia). 

Northem blot analysis revealed that mean transcript density for egos mRNA was 

significantly elevated, relative to control animais, in the ipsilateral cortices of CMZ- 

injected H-1 animals sacrificed 12 hours pst-injection. Based on these findings, it 

appears as though CMZ may cause either a biphasic or protracted elevation of c-fis 

mRNA expression that is specific to M y  protected H-1 tissue. Accordingly, prolonged 

expression of egos mRNA was reported in SOD-1 transgenic mice after mild focal 

cerebral ischemia when compared to Ad-type mice (Kamii et al., 1994). SOD- 1 

transgenic mice are bred to have an increased ability to scavenge and metabolize reactive 

oxygen species and have b e n  show to exhibit prolonged cellular survival following 

ischemia (Greenlund et al., 1995). Thus, prolonged expression of c-/os mRNA rnay be 

correlated with neuronal protection following focal cabra1 ischemia In contrast, 

persistant c-fos mRNA expression has been assoicated with PCD-induced ce11 death 

@ragunow et al., 1993; Smeyne et al., 1993; Chen et al., 1995; Hafazi et al., 1997). 

Such confiicting literature &es it difficult to d e t e d e  the functionai signficance of 

prolonged expression of c-fos mRNA following cellular injury. 

It is also interesting that upon investigation into the localization of c+s mRNA in 

CMZ-injected H-1 animals sacrinced at 12 hours pst-injection, a substantial increase in 

the expression of c-jîos mRNA was obsmed the ips i la td  alveus of most CMZ-injected 

H-1 animals. Uafortunately, the procedure used to extract brain regions for northern blot 

analysis (hippcampus and cortex) in this study can not ensure that ail cells h m  the 

alveus were removed h m  either structure since the alveus is located within the interface 

of the ipsilateral hippocampus and cortex. Moreover, densitometnc analysis of c-fos 

mRNA expression on an in situ hybridization autoradiogram did not detect a signifïcant 

ciifference between any celi Iayers of the ipsilaterai hippocampus or cortex in CMZ- 

injected relative to vehicle-injected H-1 animais. Thus, it is conceivable that the increase 



in c-fos mRNA observeci ushg northern blot analysis is representative of a difference in 

c-fos mRNA expression within the ipsilateral alveus of these animal groups. The putative 

fiinction of an increased expression of c-fos mRNA within the ipsilateral alveus of CMZ- 

injected H-1 a . d s  is currently unknown. 

A study conducted by Kamrne et al. (1995) investigated the effects of 

hypothermia-induced neuroprotection on the n o d  pattern of EG expression following 

global ischemia That study showed a delayed secondary peak expression of c-jun 

mRNA between 12-36 hours pst-ischemia in normothermic animals but not in the 

protected hypthemic animais. A second, late induction of c-fos and c-jun mRNA has 

also been reported foilowing H-1 insult (Dragunow et al., 1993). Accordhgly, 

hippocampai protein binding to AP- I has been shown to exhibit a biphasic enhancement 

at 3 and 72-1 20 hours pst-ischemia (Domanska-Jan& et al., 1999). It has, therefore, 

been proposed that following ischemia there is an early, survival supporting, Al?- 1 

response that is followed by a delayed phase of induction for these transcripts that is 

indicative of impendiog ce11 de& (Domanska-Janik et al., 1999). In the present study, 

the expression of CM mRNA was siginificantly lower in al1 susceptible ce11 layers of 

CM-injected H-1 aaimals sacrificed at 12 hours pst-injection than in vehicle-injected 

H-I animals sacrificed at the same timepointt Thus, it appears as though the 

neuroprotective effects of CMZ may inhibit the second phase of c-jun induction in the H- 

I rnodel. 

It is interesthg that the expression of cgun mRNA was significantly higher in the 

DG than in any other hippocampal ceil layer examined in vehicle-injected H-1 animais 

despite the fact that the DG is the ody surviving ce11 layer following H-1. A similar 

fincihg has k e n  reported by Kamme et al. (1995) who demonstrateci that the highest 

levels of IEG expression, both c-fos and c-jun, was observed in the DG (the moa 

resistant region to ischemic inmlt) following 2 4 0 .  These kdings may indicate a rough 

comlation between the expression of IEGs and the survival of neurons. Information 

pertaiaing to the nature of target genes for the FodJun-AP-l complex is just beginning to 

emerge. Potential targets tbat contain binding sites for the AP-1 complex are 

proenkephalin, prodynorpbin, GFAP and various p w t h  factors such as NGF and BDNI: 

(Sonnenberg et al., 1989; Naranjo et d., 199 1). In light of these target sites, it is 



conceivable that the Fos and Jun heteroher is involved in the plasticity associated with 

cellular recovery from ceilular injury (Gubits et al., 1993). Nonetheless, no clear link 

between proto-oncogene induction and apoptotic or necrotic ce11 death has been 

established in models of cerebral H-I. 

c-Fos and bel-2 

In this experiment, a prolonged expression of c-Fos protein was observed in the 

ipsilateral hippocampus and cortex of CMZ-injected H-1 animals when compared to 

vehicie-injected H-1 animals. Moreover, the pmlonged expression of this protein in these 

animals appeared to be specific to ce11 layers that wodd normally die following H-1 insult 

(CA1, CA3 and cortex). This hding is particdarly intereshg in light of recent research 

that has suggested that c-Fos may have anti-apoptotic properties. He et ai. (1998) 

showed that c-Fos degradation was folîowed by caspase -3 activation in cells undergohg 

PCD. However, if the cells were trmsfected with a stable mutant form of c-Fos, that was 

not degraded by the proteosorne, the cells did not undergo PCD. Also, in cells that 

overexpressed the anti-PCD protein, Bcl-2, c-Fos degradation was blocked and PCD was 

inhibited. The authors of that study concluded that prolonged c-Fos expression may have 

a neuroprotective action against PCD-mediated events, however, the neuroprotective 

effect can be eliminated by proteosorne-mediated degradation of c-Fos, but presmed by 

Bcl-2 induction. Accordingly, the results of the present study demonstrated a prolonged 

expression of c-Fos in ce11 layers of CMZ-injecteci H-1 animals that are known to die 

following H-1 injury and may indicate an increased expression of bel-2 mRNA in CMZ- 

injected H-I animals sacrificeci at 24 hours pst-injection. These changes in expression 

were not evident in most vehicle-injected H-1 animais sacrinced at the same thepoint. 

Additional data that is relevant to this finding was provided in a study conducted by 

Cheng et al. (1 998) which demonstrated that the administration of caspase inhibitors at 3 

hours post-hypoxia provided profound newoprotection in the H-I mode1 of ischemia- 

induced cell death. Cleatly, these results uin not confirm that CMZ-injection results the 

production of a mutant form of c-Fos, however, it seems reasonable to specuiate that 

CMZ administration may ultimately cause a decrease in the activation of caspase-3 

following H-I by prolonghg c Fos and Bcl-2 expression. 



The resuits of this experiment demonstrated a high level of ccispase -3 expression 

in al1 cDNA populations examined. Studies have shown that, despite the obvious role of 

caspases in PCD-mediated events, the expression of caspase-3 mRNA is not specific to 

dying neuron populations. For instance, while transient global ischemia induced a 

prolonged (24-72 hours) expression of the caspase J mRNA in rat hippocampal CA1 

pyramidal neurons, elevation of the caspase transcript was also observed in cells that 

were not susceptible to the ischemic injury (Ni et al., 1998). However, it is noteworthy 

that in contrast to the dying ce11 population, the expression of ceîpase-3 mRNA was 

more transient in the non-susceptible ceii layers lasting only 24 hours. Since the results 

obtained in the present study were generated using PCR-based methodology the level of 

expression of caspase-3 across these animal groups could not be compared. Thus, M e r  

work is required in order to determine whether the expression of cmpase-3 mRNA or 

protein, at tirnepoints beyond 24 hours pst-injection, would be affected by CMZ 

administration in the H-I model. 

Another study that may suggest an involvement for c-Fos in CMZ-induced 

neuroprotection against K I  and also illustrates differences between the effects of CMZ 

administration and administration of lcnown GABAA-agonists followiog excitotoxic 

inj ury was conducted by Zhang et al., (1 997). In that shidy, administration of muscimol 

(1 mgkg) actuaily decreased c-Fos expression within the pyramidal ce11 layers of the 

hippocampus and cortex that is normaiiy observed 6 hours following excitotoxic insult 

(Zhang et al., 1997). Similady, administration of diazeparn has been shown to inhibit 

stress-induced c-Fos expression in the cerebral cortex and hippocampus (Bozas et al., 

1997). Differences in the effect of these GABA-potentiating compounds on the 

expression of c-Fos may be furtber evidence for a second mechanimi of action for CMZ 

that could account for its increased neuroprotective ability relative to GABAA-agonists. 

ui conclusion, the results of this study suggest that administration of a fully 

protective dose of CM2 following H-I altered the normal pattern of expression for PCD- 

related genes. The prolonged expression of c-Fos protein observed in ce1 layers that are 

susceptible to H-I injiiry may indicate that CMZ-induced neuroprotection is achieved by 

preventing the degradation of c-Fos by the proteosorne. In addition, the evidence 

provided in tbis study that bcl-2 mRNA expression may be altered in CM-injecte4 but 



not vehicle-injected, H-1 animais at 12 h o u  pst-hypoxia may suggest that CMZ 

prevents the induction of caspase-3 foiiowing H-1 injury. However, the Limitations of the 

techiniques used in this study do not wamuit functiod statements regarding the 

expression of these genes and their proteins. Furthemore, the inconsistency of the 

results produced by the rAPOl kit warrant fiutha research into the effect of CMZ- 

induced neuroprotection on bcl-2 mRNA and protein expression. 



Part III - 

An Investigation into the Functional Integriy of Limbic Circuits Following 

CMZ-induced Neuroprotection in H-I Rats 



Chapter 6: Clomethimole-lnduced Neuroprotection in the H-I Model May Permanently 

Alter the Ercitability of Hippocampal-Based Circuits. 



A pst-hypoxic injection of 200 mgkg CMZ, administered 3 hours following H-1, 

provided profound histological neuroprotection in PND25 male rats. Whiie cells in 

susceptible brain regions appeared to be morphologically intact in CMZ-treated H-1 

animals, it can not be assumed that circuits driven through these ce11 layers were 

unaffected by the H-1 event. To determine whether hippocampal-based circuits were 

îunctionally intact in H-1 animais treated with CMZ (100 or 200 mgkg), stimuiating/ 

recording eiectrodes were implanted, bilaterally, in the hippocampii of rats approximately 

60 days following H-1. Similarly, bilateral electrodes were implanted in aallaals that 

were used in several control groups including hypoxic controls, ligated controls, nanaive 

controls and vehicle-injected H-1 animals approximately 60 days following their 

respective treatments. Two weeks aAer surgical implantation of the electrodes, the after- 

discharge threshold (ADT) for both the right and left hippocampus was detemüned in 

each animal. Cornparisons were made across dl animal groups with respect to ADTs, 

AD durations and kindling rates in the ipsilateral and condateral hippocampii of these 

mimais.  Mean ADT data indicated that H-1 animais treated with 100 or 200 mgkg CMZ 

at 3 hours pst-hypoxia required a signifïcaatly higher stimulus intensity to elicit an ADT 

in the left (ipsilateral) hippocampus than did control or vehicle-injected H-1 animals. 

However, the mean stimulus intensity requved to elicit an ADT in the nght 

(contralateral) hippocampus of CMZ-treated H-1 aaimals was not significantly higher 

than in control animals. Vehicle-injected H-1 animais exhibited a signifiwtly longer 

pre-kindling AD duration in the ipsilateral hippocampus than any conbol animals or 

CMZ-injected H-1 animals. Hypoxic control animals required a significantly lower 

number of stimulations to achieve stage 5 conwisions than did any other animal group 

examined which is indicative of a faster kindling rate for these animais. Results of this 

expriment niggest that a previous excitotoxic event, such as H-1 or hypoxia alone, may 

facilitate seinire propagation and/ot seinire susceptibility. Moreover, CMZ-induced 

neuroprotection following H-1 may permanentîy decrease the local excitability of 

protected cell layers. It is unclear whether the increase in pre-kindling ADT observeci in 

CMZ-injected H-1 animals would be of any clinical advantage to stroke patients. 



Introduction 

The neuroprotective efficacy of CMZ has been measured in animal models of 

ischemia using a variety of histological procedures including cresyl violet nissl stain, 

silver impregnation and hematoxylin-eosin-safian ( E S )  stain (Cross et al., 1 99 1 ; Shuaib 

et al., 1 995; S ydserfY et al., 1 995; Thaminy et al., 1 997). In addition, numerous studies 

have been conducted to estabiish whether the histological neuroprotection provided by 

CMZ administration also improves functional outcome measurements of susceptible 

neurons following ischemia. Baldwin et al. (1993) measured locomotor activity in 

gerbils following carotid artery occlusion and found a positive correlation between 

locomotor activity and severity of brain damage at pst-ischemic intervals. However, an 

attenuation in ischemia-induced hyperexcitability was observed in gerbils that received 

an injection of CMZ following carotid a .  occlusion. in that study, ischemic gerbils 

also exhibited decreased nest-building behavior relative to control animals at pst- 

isc hemic tirne-points, whereas aest-building behavior in gerbils that had received the 

protective dose of C M 2  did not diminish relative to control anixnals. A study conducted 

by Liang et al. (1997) demonstrated that foiiowing ischemia there is an increase in 

cognitive (leamhg and memory) deficits in both rats and gerbils. This deficit manifested 

as an increase in working memory emrs  in ischemic animals relative to control animals 

when tested in the radial am maze. However, treatment with CMZ (100 mgkg or 200 

mgkg) prior to the ischemic event reâuced working memory errors significantly when 

compared to n o n - h g  tmited ischemic animaln. Moreover, fiinctional neuroprotection 

resuiting fiom pst-ischemic CMZ administralion has been observed in a primate mode1 

of ischemia A loading dose of CMZ (40 mgkg) administered at 5 minutes post- 

ischemia followed by prolonged minipump infusion reciuced behaviod deficits in 

marmosets following MC AO. Spec fically, evaluation of fûnctional outcome measures 

using staircase tasks (id and valley) and the 2 tube test revealed that CMZ-treated 

monkeys were better than non-dnig M monkeys in their w of the contralateral 

disabled arm and also showed a demase in contralateral hemineglect relative to ischemic 

control animals (Marshall et al. 1999). Collectively, tbese studies indicate that reports of 

histoiogical neumprotection in CMZ-treaîed animals appear to coincide with reports of 



heightened behavioral outcome when this compound is used in animal models of 

ischemia. 

In chapter 1, we dernonstrated that an injection of C M  (200 mgkg) at 3 hours 

post-hypoxia provided complete histological protection in aU susceptible ce11 layers of 

the ipsilateral and parietal cortex. However, whether the apparent morphological 

neuroprotection observed in these animais a c W y  tramlateci into functional sparing of 

H-1 neurons was not clear. Unfortunately, use of ischemia models that produce unilateral 

hippocarnpal damage, such as the Rice-Vannucci model of H-1, prevent the secondary use 

of traditional behavioral models to assess limbic system fhction because the 

contralateral structures remain intact and can, therefore, recover the function of the 

damaged hippocarnpus. In this way, the sensitivity of traditional behavioral models is not 

high enough to detect dysfunction in ody one hippocampus. Nonetheless, fiinctional 

improvement is a m a u r e  of great clinical siflcance, therefore, we used a well 

characterized behavioral animal model known as kindling to determine whether the 

synaptic circuitry driven through or originating h m  the ipsilatwal hippocampus 

remained intact in CMZ-treated H-1 animais. 

Kin d h g  

Kindling is the most commody used animal model of human complex partial 

seinires and is characterized by a progressive and permanent increase in local and 

propagating seizure activity that is tnggemi through stimulation of discrete brain areas 

such as the arnygdala, hippocampus and piriform cortex (Goddard et al., 1969; Racine, 

1972). A single kindling stimulus in any of these brain regions produces focal seizure 

activity, or an der-discharge (AD), which is essential for kindling to occur. One of the 

hailmark characteristics of kindling is that successive stimulation with a previously 

subconvulsive stimulus ultimately elicits seizure behavior which becomes progressively 

more prominent in spite of the fact that the stimulus intensity does not vary. This 

phenornenon relies on the fact that as the number of stimulations incrase, the AD 

elicited progressively increases in amplitude, duration and fkquency and subsequently 

propagates to other brain structures including those in the contralatexai hemisphere. 

Associated with the increase in seizure discharges and the rrcnlltment of distant braia 



regions, is the reliable triggering of generalized motor convulsions (Kelly et al., 1999). 

Since limbic structures themselves are unable to directly support motor seinue behavior, 

the local discharges triggered h m  these kinded sites must propagate to one or more 

intermediary structures that have direct access to spiaal motor newons (Kelly et al., 

1999). Numerous studies have shown that, once established, kindling-induced enhanced 

susceptibility to seizure activity is permanent (Goddard et al., 1969; McNamara et al., 

1 98 5 ; Kamphuis et al., 1 990). Since its discovery, the kindling phenomenon has k e n  

observed in various species and has been elicited nom numerous brain structures. 

However, profound differences in kindling parameters have k e n  reported across 

different species and brain regions (Losher et ai, 1998). Both genetic and environmental 

influences are thought to be involved in this variability. 

During the kindling protocol, measurement of various kindling parameters 

enables the detection of changes in synaptic circuitry within limbic regions. Such 

parameters include the after discharge threshold (ADT), AD duration and the kindling 

rate. mer discharge is a t e m  used to refer to the summary of al1 epileptiform activity at 

the sitz of stimulation and can be seen as a riiythmic pattern of spikes on an 

electroencephalographic (EEG) trace. The term ADT refers to the minimum stimuîus 

intensity required to elicit an AD h m  a stimulated structure and provides information 

relevant to the local excitability of thet structure. Meamernent of the AD duration 

provides information pertahhg to the. propagation dyDamics of the seinve circuit, or 

simply, the ability of cells within the stimulated brain region to recruit other structures 

into the seinire circuit. Generally, the AD duration is indicative of how long the seinne 

activity was maintained before it was terminated. Finally, the kindling rate is a term used 

tu refer to the total number of stimulations required to elicit the fifit stage 5 convulsion 

and is also w d  as a meanire of propagation dynamics in a bdiing circuit. 

Kindling as a Measure of the FwnctiOnaI Integr& of Lunbic Strucîurcs 

Kindling has been used as an animal mode1 for temporal.lobe epilepsy, leaming 

and rnemory and neuronal plasticity (Stokes and Mchtyre, 1985; McIntyre and Racine, 

1986; Cain, 1989; Sato et al., 1990). Kindling has also served as a very sensitive 

indicator of seizure susceptibility in the rat brain (Mosh8 et al., 1983). In this study, we 



proposed that the kiodling model could also be used as a fwictional measure to evaluate 

the neuroprotective ability of various compounds in animal models of ischemia. 

Measurement and cornparisons of kindling parameters such as kindling rate, ADT and 

AD duration may provide information pertahhg to the functional state of susceptible ce11 

layen in ischemic versus control a n i d s .  For instance, it has been suggested that s e h  

susceptibility in limbic structures, such as the hippocampus, may be positive1 y correlated 

with the level of neurodegeneration in these regions (Meldrum et al., 1997). Moreover, 

long term analysis of H-1 animals has demonstrated that H-I injury leads to permanent 

impairment of the n o d  balance between binâing sites of excitatory and inhibitory 

neurotransmitter receptors in numemus brain regions (Qu et al., 1998). The kindling 

phenornenon is very sensitive to the balance baween excitatory and inhibitory 

neurotransmission. Roberts (1986) denaed the seizure evoked through the kindling 

procedure as a fuiai common pathway taken by CNS tissue when excitatory activity 

exceeds the capacity of the tissue to modulate that activity. As such, arnygdala kindling 

is generally retarded by local injections of GABA or the GABAA-agonist, muscimol. 

Use of the kindling model in this way may indicaie whether the rnorphologically intact 

cells observed in CMZ-injectecl H-1 aaimals have retained al1 connectivity to other limbic 

structures and are, in facf fully fiinctional. Thus, this study may detennine whether 

synaptic circuits within susceptible cell layea of CMZ-treated H-1 animals exhibit 

fundamental ciifferences in local excitability and propagation dynamics when compared 

to vehicle-injected H-1 animais or control animals. 



Methods 

Animals 

As in previous experiments, P m 2 5  male rats were divided into 6 groups 

including naïve animals, ligated controls, hypoxic controls, vehicle-injected H-I animals 

and H-1 animals that received 200 mgkg or 100 mgkg CMZ at 3 hours pst-hypoxia 

The H-I protocol used ia this experiment was identical to the protocol outlined in Chapter 

1. Following respective treatments al1 animals were retumed to the Dalhousie Animal 

Care facility in groups of 6-1 0 animals. Approximately 2 weeks after returning to the 

facility, animals were separated and housed in groups of two. During the time spent in 

the facility al1 animals were handled daily to prepare for handling during the kindling 

protocol. In addition, al1 anirnals were continuously monitored for spontaneous seinire 

activity. 

Kindling Surgey 

Approximately 60 days following their respective treatments, al1 subjects were 

anesthetized using an injection of sodium pentobarbitol(65 mgkg. ip.). If the subject did 

not respond completely, a supplemental injection (3.25 mg/kg) was administered. Once 

fully anesthetizeà, each animal was implanted with bilateral bipolar stimulating/recording 

electrodes using the coordinates 3.0 mm posterior to bregma, +/- 3.5 mm lateral to 

bregma and 3.0 mm below the surface of the skull. These coordinates were determined 

using bregma and lambda in flat slcull me8SUrements to ensure electtode tips werr placed 

in the dorsal region (CAI) of both the ipsilateral and contralateral hippocarnpii. These 

coordinates were chosen in nfmncc to the brain atlas of Paxinos and Watson (1 986). 

The bipolar electrodes consisted of two twisted strands of 127 pm diameter Nichrome 

wire that were Diamel-idated, with the exception of the tip, and attacheci to male 

Amphenol pins. The electrodes were cut to length, surgically implanted and secured to 

the skull with six jeweller's screws and a covering of dental acrylic. Once secure, the 

electrodes were fitted into a headplug conformation which was then s e c d  to the skull 

with dental acryiic (Molino and Mchtyre, 1972). 



Kindhg Procedure 

Following surgery al1 animais were permitted to recover for 10 days before ADT 

determination. The ADT was defined as the minimum stimulus intensity required to 

provoke a clearly discriminable, high voltage, electrographic seinire event (an AD) that 

outlasted the stimulus by two or more seconds (Kelly et al., 1999). To determine the 

ADT, a 2 second 60 Hz sine wave stimulus of progressively iacreasing intensity 

(beginning at 10 pA) was applied to the lefi (ipsilateral) hippocampus. If an AD was not 

produced the animal was successively stimulated in stepwise increments (10 pA) until an 

AD was evoked (450 @ peak-to-peak maximum). A one minute interval was allotted 

between stimulations. If an AD could not be evoked, even at the maximum stimulus 

intensity, the stimulation procedure was discontinued and the animal was allowed to rest 

for 24 hours before king re-tested. The ADT was first determineci in the left (ipsilateral) 

hippocampus of each animal and 24 hours later the ADT was detennined in the right 

(contralateral) hippocampus using the same protocol. In the event an AD could not be 

elicited from the hippocampus the animal was removed fiom the experîment. 

Once the ADTs were detemineci, al1 animals were stimulated daily in the lefi 

(ipsilateral) hippocampus with a 2s, 60 Hz sine wave, at a stimulus intensity 

corresponding to the established ADT, until6 consecutive stage 5 seizures were recorded 

or until an upper limit of 85 stimulations had been reached. Convulsive behavior was 

measured according to a modification of Racine's criteria which is as follows: Stage O = 

no response or immobility; Stage 1 = rhythmic mouth or facial movement; Stage 2 = 

rhythmic head nodding; Stage 3 = forelirnb clonus; Stage 4 = rearing and bilateral 

forelimb clonus; Stage 5 = naring and falling (Racine, 1972). Twenty-four hours 

following the last of 6 consecutive stage 5 seizures, the ADTs in both the lefl and right 

hippocampus were reassessed in each animal. Finally, 24 hours following ADT re- 

determination the left hippocampus was stimdated at the previous kindling intensity and 

the animals were perfused 2 hours later for histologid assesment. 



Perfusion and Tissue Fixation 

Animals were sacrificed 2 hours following the nnal stimulation in the left 

hippocampus. Each rat was deeply anaesthetized with 65 mgkg of sodium pentobarbitol 

and was then perfûsed thugh  the ascending aorta with 0.9% saline (120 mis) followed 

by cold 1 00 mM phosphate buffer containing 4 % parafomaldehyde (1 20 mls). Brains 

were removed and pst-fixed in 100 m M  phosphate buffer containing 4% 

paraformaldehyde at 4'C for at least 24 hours. The brains were then processed for cresyl 

violet analysis according to the procedure outlined in Chapter 1 . 

Measurements of Interest 

During the kindling protocol measurements of ADT, AD duration and kindling 

rate were recorded for each subject. Pre-kiodling ADT was used to measure dBerences 

in relative local excitability in CA1 between CMZ- and vehicle-injected H-1 animais and 

control groups. Pre-kindling AD duration was used as a measure of local seizure 

propagation dyaamics in these animal groups. Finaiiy, the kindling rate was measured in 

animals fiom each group aiid was used to reflect the relative excitability of the entire 

limbic seizure circuit. 

The p m e t r i c  data was assessed using a one-way ANOVA followed by Tukey's 

post-hoc analysis. DifEerences were considered to be significant at P<O.OS. The data are 

presented as means k S.E.M. 



Results - 
Hktology 

In 9 out of 45 animals that underwent kindling surgeries, the headplug assembly 

was dislodged during the kindling procedure. These animals were sacrificed 

immediately. Histological assessrnent of d l  kindled animals (N = 36) that were 

sacrificed 2 hours following the naal stimulation to the ipsilateral hippocampus revealed 

that in 3 1 of 36 animals the stimulating/recording electrodes were located in or very near 

the CA1 pymmidal ce11 layer of both the ipsilateral and contralateral hippocampii. 

However, in 5 of 36 kindled aaimals one or both elecwde tips were not correctly placed 

in CA1 and these animals were, therefore, eliminated fiom the study. 

Mearund Kindling Parameters 

Kindling Rate 

The number of stimulations required to elicit a fdly generalized (Stage 5) seizure 

did not differ significantly between @ve anirnds (N = 6) and vehicle (5) or CMZ- 

injected animals (100 mg/kg N = 4; 200 mgkg N = 5). However, a significantiy faster 

kindling rate was observed in hypoxic control animais (N = 5) relative to naïve animals 

(q=5.5 76; P<0.05). In addition, the kindling rate of ligated control animals (N = 3) was 

sigiificantly reduced when compared to hypoxic control animals (q = 8.267; P<O.OS), 

vehicle-inj ected H-1 animals (q = 6.903; P41.05) or CMZ-injected H-1 animals that 

received either 200 mgkg (q = 5.316; P<O.OS) or 100 mgkg (q = 6.755; Pe0.05) at 3 

hours pst-hypoxia. However, the kindling rate exbibited by the ligated control animals 

was not significantly different h m  nainve animals. Sec Figure 6- 1. 

Pre-Kindlina ADT 

Determination of the pre-lcindling ADT in both the ipsilateral and coniralateral 

hippocampii of each animal prior to kindling revealed that the ips i la td  hippocampus of 

CMZ (200 mgkg)-injecteci H-1 animals (N = 6) required a significantly higher stimulus 

intensity (ADT) to evoke an a f k  discharge (AD) than did naïve (N = 6) control animals 

(q = 1 O. 1 53 ; P<O.O5). Momver, the ADT established in the ipsilateral hippocampus of 



Figure 6-1 

Cornparison of nicon kindling rotcs in CM-injecfed versu vehicle-injected H-1 

an imals . 
Graphical illustration of the mean number of stimulations required to elicit a fùlly 

generalized (stage 5) seinire in the ipsilateml hippocampus across various animal groups. 

A P value of ~0.05 was considered to be statistically signifïcant (* = significantly 

different fiom naïve control animals; = significantly different fiom ligated control 

animals). 





CMZ-injected H-1 anirnals that received 200 mgkg CMZ was sigaincantly higher than in 

the ipsilaterai hippocampus of hypoxic controls (q = 9.552; P<O.O5; N = 5), ligated 

controls (q = 8.18; P<O.OS; N = 3) and vehicle-injected H-1 animals (q = 9.135; Pc0.05; 

N = 5). The pre-kindiing ADT was also significantly higher in the ipsilateral 

hippocampus of CMZ-injected H-1 animals that received 100 mgkg CMZ (N = 4) than it 

was in naïve controls (q = 5.571; P<0.05), hypoxic controls (q = 5.244; Pc0.05) and 

vehicle-injected H-I anirnals (q = 4.868; P<0.05). No significant difference was noted in 

the ADTs elicited Itom the ipsilateral hippocampus of H-I animais thet received 100 or 

200 mgkg CMZ. Significant differences in pre-kindling ADT were not evident in the 

ipsilateral or contralateral hippocampii of any other treatmentkontrol groups examined. 

See Figure 6-2. 

Pre-Kindling AD Duration 

A significant increase in the pre-kindling AD duration was observed in the 

ipsilateral hippocampus of vehicle-injected H-1 animals when compared to the ipsilateral 

and contralateral hippocampii of naïve control animals (q = 5.98; q = 5.32 respectively; 

P<O.OS), hypoxic controls (q = 5.383; q = 5.357 respectively; P<0.05), ligated controls (q 

= 5 362; q = 4.882; Pc0.05) and CMZ-injected H-l animals that received 200 mg/kg (q = 

5.33 5 ;  q = 5.1 14 respectively; P<O.OS). However, while the pre-kindling AD duration in 

vehicle-injected animais was significautly different fiom the AD duration elicited h m  

the contralateral hippocampus of H-1 animals that received 100 mgkg at 3 hours pst-  

hypoxia (q = 5.141 ; P<O.OS), no significant difference was observed relative to the 

ipsilateral hippocampus of these animals. See Figure 6-3. 

No significant ciifferences were observed in pst-kindling ADT in either the 

i psilateral or coniralateral hippocampus of any treatment group examineci. Similarly, 

significant differences were not observed in the pst-kindling AD duration in either the 

ipsilateral or contralateral hippocampus of any animal groups examhed. See Figures 6-4 

and 6-5 respectively. 



Figure 6-2 

Cornparison of mean pre-kindling ADTs in Cm-injecfed versus vehiclc-njected HH-I 

unimals. 

Graphical illustration of the mean pre-kindling ADTs elicited fiom the ipsilateral 

hippocampus across various animal groups. A P vaiue of <O.OS was considered to be 

statistically significant (* = significantiy different fiom ail other animal groups except 

CMZ-injected H-1 animals that received 100 mgkg; = signincantly different fiom al1 

other animals groups except CMZ-injected H-I animals that received 200 mgkg). 
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Cornpurison of mean pre-kindüng AD duratibn in CMZ'injected versus vehicfe- 

hjected H-l unimals. 

Graphical illustration of the mean duration of the AD elicited during the first 

ADT in the ipsilateral hippocampus across various aaimal groups. A P value of <O.OS 

was considered to be statisticaily significant (* = signincantly different fiom al1 other 

animai groups). 
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Figure 64 

Cornparison of mean post-kindling AD Ts in CMZ-injected venus vehicle-injected H4 

animals. 

Graphical illustration of the mean post-kindling ADTs elicited nom the ipsilateral 

hippocarnpus across various animai groups. A P value of <O.OS was considered to be 

statistically significant. Statistically significant ciifferences were wt observed between 

any two groups examineci. 



Figure 6-4 



Figure 6-5 

Cornparison of meun post-kindling AD duraition in CMZ-injected versus vehicle- 

injected H-l animais. 

Graphical illustration of the mean duration of the AD elicited in the ipsüateral 

hippocarnpus following the last stage 5 convulsion across various animal groups. A P 

value of c0.05 was considered to be statistically signifiant. A statistically significant 

difference was not observed between any of the animal groups examined. 
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Discussion 

Examination of kindling parameters nich as kindling rate and pre-kindling AD 

duration indicated that H-1 animals injected with the Mly pmtective dose of CMZ (200 

mgkg) exhibited no ciifferences in these parameters when compared to naïve animals. 

However, a significant increase in pre-kinded AD duration was observed in the 

i psilateral hi ppocampus of vehicle-inj ected H-1 animals relative to al1 other treatment 

groups that was not evident in CMZ-injected H-1 animals. This fïnding may indicate that 

post-hypoxic CMZ (200 mglkg) administration prevented ischemia-induced 

hyperexcitability in limbic brain structures. 

Use of the H-1 model has generally requued the inclusion of hypoxic control and 

ligated control a d s  in the experimentai design in order to account for the effect of the 

hypoxic event or ligation of a common carotid artery. While no neurodegenenition or 

differences in gene expression have been observed in hypoxic control or ligated control 

animais used in this model, the results of this study clearly indicate that long-tenn 

changes occur in the hippocampus of these control groups. Hypoxic control animals 

demonsûated a significant decrease in kindling rate relative to ail other treatment or 

control groups. Similarly, Sato et al. (1 994) demonstrateci that PND 1 O rats exposed to a 

2 hour hypoxic (3% oxygen) event exhibited a higher kindling rate (fewer stimulations to 

reach stage 5 seizure) and shorter cumulative AD duration to stage 5 convulsion than 

control animals. A facilitatory effect on primary site kindling was also obsewed in rats 

exposed to anoxia (0% oxygen) in the same experiment Interestingly, the faciiitation 

provided by previous exposm to hypoxia was signincantly higher uian previous 

exposure to anoxia in that snidy. Just as in our study, Sato et al. (1994) reported that the 

hypoxic event did not induce any morphological changes in the hippocampus that could 

be detected by microscopie inspection. Thus, permanent celidar changes may be 

induced by neurochemical factors, such as nemtransmitter systems, under hypoxic 

conditions that lead to subsequent vulnerability to hippocampal kindling. hterestingly, 

while the mean kindling rate was faster in hypoxic control animais w d  in the present 

study, the local excitability of the CA1 ce11 laya was not altered by the hypoxic event. 

This finding is supported by Applegate et al. (1996) who reporteci a similar effect using a 



mode1 of neonatal hypoxia. 

A slight, but non-significant decrease in mean kindling rate was observed in 

ligated control animals relative to naïve animals. However, the decrease in mean 

kindling rate observed in these animals was significantly different relative to hypoxic 

controls, vehicle-injected H-1 animals and CM.-injected H-1 animals (1 00 or 200 

mgkg). At no time has any morphological aiteration been reported in the ipsilateral 

brain regions of ligated control aaimals, thus the reason for the increased kindiing rate in 

these animals is unclear but may suggest that reduced blood flow inhibits the progression 

of the kindling phenornenon. A relevant shdy provided by Bortolotto et al. (1991) 

demonstrated that a moderate reduction in cerebral blood flow following bilateral 

clarnping of the common carotid arteries, that is no: associated with subsequent neuronal 

death, chronically increased the concentration of GABA in the hippocampus for at least 2 

weeks. Bortolotto et al, (1991) also reported that the development of hippocampal 

kindling was difficult during that tirne. 

Post-Ischemic HyprexcitabiiiUIy in Vehkle-Injectcd HH-InimOIS 

The pre-kindling AD dmtion was sigdicantly longer in the ipsilateral 

hippocampus of vehicle-injected H-I animals than in any other mamient gmups 

examined with the exception of H-1 animals injected with 100 mgkg CMZ. This finding 

is not surprising considering long t e m  pst-ischernic hyperexcitability is well 

docurnented (Cocito et al., 1982; Kilpatrkk et al., 1990; Arboix et al., 1997; Mittmann et 

aï., 1998). Simply, seizure susceptibiiity is dependent upon the interaction between 

excitatory and inhibitory neurotrarismission (McCormick et al., 1993). Cerebral ischemia 

is known to produce both short and long tcmi changes in excitatory and inhibitory 

neurotransmitter systems by affectkg extracellular transmitter levels and rrceptor 

binding c haracteristics (Erecinska et al., 1984; Westerberg et al., 1989; Araki et al., 

1993). Unfortunately, the long temi effects of ischemia an far less fkquently studied 

than short-tenn effects, in spite of the fact that long-term alterations may be more 

relevant to neurochemicd and pathophysiological processes underlying neurological 

deficits or recovery in stroke patients. One study that examinai long-tcrm consequences 

of ischemic injury used MCAO in mice to quantitate in vitro receptor autodiography of 



ionotropic glutamate and GABA recepton one month following the insult (Qu et al., 

1998). Basically, Qu et al. (1 998) demonstrated a pronouaced hyperexcitability upon 

orthodromie synaptic stimulation in neurocortical slices, a strong concurrent activation of 

NMDA receptor-mediated excitatory pst-synaptic potential and a reduction of GABA- 

mediated inhibition by 1 month pst-ischemia These hdings were supported by 

receptor binding snidies that revealed increased [ 3 ~  MK 801 and decreased [-'Hl- 

muscimol binding site densities bilaterally in the exofocal neocorticies by 4 weeks pst- 

MCAO (Qu et al., 1998). A relevant study in support of the hypothesis that enhanced 

excitatory neunitransmission persists for prolonged pst-ixhemic intervals has s h o w  an 

increase in the synthesis of mRNA and protein for the key subunit of the NMDA 

receptor, NMDA-RI , following global ischemia (Heurteaux et al., 1 994). Moreover, it 

has been posrulated that pst-ischemic increases in NMDA receptor-mediated 

hyperexcitability may also be due to changes in phosphorylation of NMDA receptors 

(Raymond et al., 1993; Hohann and Heinemann, 1994). Conversely, a decrease in [ 3 ~ ]  

muscimol binding has been observed 9 weeks &er the induction of photothrombosis in 

the penumbral region of the inhcted cortex and a long term decrease in GABA* receptor 

mRNA expression has been reported in the hippocampus following global ischemia (Li et 

al., 1991; Schiene et al., 1996). Collectively these hdiags indicate a reduction in 

GABAergic neurotransmission at delayed pst-ischemic time-points. 

Alterations in the balance between excitatory and inhibitory n e u r o ~ s s i o n  

following ischemia shouid be reflected in the relative seinire susceptibility of affected 

brain regions. ûne study that illustrates this reiationship was conducted by Kim and 

Todd, (1999) and was designed to determine the impact of prior forebrain ischemia on 

seizure thresholds. Electmdes were implanted in the corticies of rats and each rat was 

then subjected to a 10 minute period of forebrain ischemia (240) .  Six, 24 or 48 hours 

following the ischemic event, rats received inmvenous infusions of vdous 

chemoconvulsants including PTZ, lidocaine, picrotoxin and NMDA in order to measure 

their susceptibility to seinires induced by these agents. Ultimately, 10 minutes of 2-VO 

caused drastically different and complex changes in the pattern of susceptibility to 

chernical condsants. For instance, foilowing ischemia the convulsive threshold for 

NMDA-induced seizures was reduced (grrata scnsitivity) at 6 hours pst-ischemia, but 



subsequently increased to values greater than observed in sham animais. In contrast, a 

marked decrease in the convulsive threshold to iidocaine was observed within the early 

post-ischemic penods of these animals (Kim and Todd, 1999). 

Despite the significant incrase in pre-kindling AD dwation observed in vehicle- 

injected H-I animals compared to other animal groups, the pre-kinâling ADT and 

khdling rate obsenied in these animals were not signincantly different fiom control 

animals. A possible reason for this discrepancy may involve the uicrease in mean 

kindling rate that was observed in the ligated control animais w d  in this study such that 

permanent carotid artery ligation may independently slow the rate of kindling. This 

hypothesis would explain the faster kindling rate observed in hypoxic control animals 

than in H-1 animals. Thus, permanent ligation of the carotid artery in vehicle-injected, 

and in CMZ-injecteci, H-I animals may have caused a reduction in the hyperexcitability 

that would n o d l y  be expected following an ischemic event. Moreover, Milward et al. 

(1 999) investigated whether CA1 cell loss foiiowing global ischemic insult ( 4 4 0 )  

predisposed rats to Uitermitten~ spontaneous, epileptic fits foliowing an injection of 

tetanus toxh (a potent inhibitory nemûansmitter antagonia) into the hippocarnpus. The 

authors reported that no rats in the ischemia group exhibited reoccurring fi&, instead the 

fits were delayed and reduced in number in ischemic relative to control animals. Thus, a 

CA1 lesion did not facilitate epileptogenesis in a rodent mode1 of limbic epilepsy. 

hdeed, on its own, CA1 ce11 loss was more likely to restrict rather than promote 

spontaneous seizures. Finally, Romij jn et al. (1 994) demonstrateci that damage to the 

cerebral cortex of Wistar rats following H-1 in early post-natal life (PNDl3) did not lead 

to differences in the initial threshold for seizure susceptibility relative to control animals 

2.5 months following the ischemic event. However, the ischemic rats did demonstrate a 

more rapid kindling rate than did control animais. These results are in cornpiete 

disagreement with those observed in CMZ-injected H-1 animals in the present study. An 

increased pre-kindling ADT relative to naïve animals was obsewed in CMZ-injected H-1 

animals used in this study, but these animals did not exhibit any Metence in kindling 

rate or pre-kindling AD dudon h m  mWve animals. It is also interesthg that the AD 

duration observed in vehicle-injected H-1 animais was not significantly ciiffixent h m  

CMZ-injected animals that received 100 mgkg at 3 hours pst-hypoxia The similarity 



in AD duration between these two treatment groups rnay reflect the incomplete 

histological neuroprotection in B I  animals that received 100 mgkg CM. Indeed, 

incomplete neuroprotection in H-1 animals injected with 100 mgkg CMZ, 3 hours 

following H-1, was documented in Chapter 1. 

Increased ADT in CM2 animals 

One obvious difference between CMZ-injected (200 mglkg) H-1 animais and 

naïve control animals was the 5-fold increase in pie-kindling ADT in the ipsilateral 

hippocampus of CMZ-injected (200 mgkg) H-1 animals. Similarly, a 3-fold increase in 

the pre-kindling ADT was observed in the ipsilateral hippocampus of CMZ-injected H-1 

animals that received 100 mgkg compared to naïve animals. This result suggests that 

CMZ-treated animals exhibit a much lower seizure susceptibility than vehicle-injected or 

control animals. Yet, once the seizrne circuit was accessed through successive 

stimulation of CM.-injected H-1 animais, se& propagation proceeded in a marner no 

different fiom nafve animais. The reason for the decrease in seinue sensitivity is unclear. 

Thus, C M 2  treatment may permawntly alter newnal circuitry originating firom or 

driving through the protected hippocampus such that it laves neurons in a chronic 

hypoexcitable state. Whether these permanent alterations in circuitry would affect stroke 

victims is presently unknown. However, evidence has emerged suggesting that while 

treatment of ischemic injury with NMDA-antagonists and GABA-agonists dws reduce 

infarct size it appears to have a hamiful e&t on relearning and neurologie recovery 

(Wahlgren and Martinsson, 1998). 

ui conclusion, CM.-induced neuroprotection was evident upon hctionai 

analysis of seizure propagation circuits. However, it is unclear whether the increased 

pre-kindling ADT observed in these animais is indicative of dysfunctional rmirons within 

the hippocampal ce11 layers. Furthmore, this snidy demonstrated, for the first tirne, that 

the kindling model may sene as an accurate way to assess function-related 

neuroprotective efficacy for an agent in animai models of ischemia Of course, M e r  

characterization of the relationship between the various kindling parameters and their 

relevance to ischemia-induced deficits is required in order to maximize the potmtial of 

this model in such a capacity. 



General Discussion 

Given the heterogeneity of ischemic brain injury, many researchers have 

suggested that successful treatment of human stroke victims with a single compound is 

unlikely. However, this body of work has clearly demonstrated that a bolus dose of 

CMZ, administered within 3 hours of H-1 in PND25 rats, provides near complete 

neuroprotection to al1 susceptible brain regions regardless of ce11 type, location or mode 

of ceil death. While neuroprotective efficacy of a compound in ischemia models does not 

ensure a neuroprotective effect in human patients, ment  clinical work has indicated that 

CMZ provided neuroprotection in stroke patients that exhibited symptoms of a large 

Uifarct volume (Wahlgren et al., 1999). The fact that the H-I model produces a large 

infarct volume and that C M 2  was particularly effective in this model may suggest that 

that the Rice-Vannucci model produces a pathophysiology similar to that of the 

subpopulation of patients that responded to CMZ administration in clinical trials. 

Ciinical studies have recently show that one of the most unfavorable propostic 

signs for human stroke patients is a low concentration of GABA in the cerebrospinal fluid 

during the first few days after an ischemic event (Skovortsova et al., 1999). Thus, it is 

conceivable that CMZ produced its neuroprotective effect in human patients, and in 

animal models, by potentiating GABAergic neurotransmission. However, the results of 

the present study demonstrated that a wide dose range of known GABAA-potientiating 

agents administered at 3 hours pst-hypoxia did not produce an equivalent level of 

neuroprotection to that provided by CMZ in the H-I model. In fact, the highiy potent 

GAB A-agonis, muscimol, did not provide any neuroprotection against H-1 injury. This 

finding strongly suggests that CMZ may act through a non-GABAergic mechanisrn in 

order to produce its neuroprotective effat. However, a unique interaction with the 

GABAA receptor may also underlie the neuroprotective effect of this compound. 

In this study, a M y  protective dose of CM. produced ciramatic alterations in the 

normal patterns of gene expression induced by H-1. As in any correlational study, it is 

difficult to draw fûnctiod signifïcance h m  any one alteration in gene expression. 

However, collectively, the results of the rnolecular studies Uldicate that CMZ may 

interfere with the PCD process in order to achieve a neuroprotective effect. Specifically, 



CMZ rnay prolong c-Fos expression in order to prevent caspase activation in this model. 

Support for this hypothesis can be derived h m  the fact that caspase-inhibitors provided 

a similar degree of neuroprotection to that provided by CMZ in the H-1 model when 

administered at 3 hours pst-hypoxia (Cheng et al., 1998). Clearly, the huictional 

relationship between gene expression and CMZ-induced neuroprotection needs to be 

addressed and the results of the present study have identified good candidate genes for 

such experiments. Further work towards uncovering the rnechanism of action for CMZ 

would clearly influence future phamuuiotherapy in stroke patients. 

Functional analysis of CMZ-induced neuroprotection using the kindling model 

produced unexpected results. While administration of a Mly protective dose of CMZ 

prevented the increased pre-kindling AD duration that was observed in vehicle-injected 

H-1 animais, it also produced a decrease in the local seUure susceptibility in C M .  

However, the fact that a decreased seinire susceptibility was not observed in the 

contralateral hippocampus of CMZ-injected H-1 animals suggests that this result was not 

direct consequence of CMZ use in these animals. In fact, the effect rnay be rerniniscent 

of the preconditioning phenornenon whereby a sublethal injury produces a certain degree 

of tolerance to a subsequent potentially lethal insult Nonetheless, use of the kindling 

model in this study was s h o w  to be a very sensitive way in which to mess  the 

neuroprotective abilities of compounds in ischemia models. 

Collectively, the results of these studies have provided some information 

regarding the mechanism responsible for CMZ-induced neuroprotection in the H-1 model. 

However, further work should be conducting in order to pinpoint the site of action of this 

compound. These studies did not d e  out the possibility that the GABA-potentiating 

properties of CMZ rnay play a role in its neuroprotective effect. However, it appears that 

an additional mechanism of action rnay be involved. Future work that rnay aid in the 

search for such a mechanism would include the cellular localization of the altered CaM 

and c+s mRNA expression following CMZ administration in H-1 animals. In addition, 

further research into the mechanism underlying the permanent hypoexcitability of cells in 

the CA1 region of CMZ-treated H-1 animals rnay be important to the understanding of the 

mechanisms underlying plastic responses in the brauL 
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