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Abstract 1 

Deveiopment of 1 Four-Vesse1 Occlusion Mode1 of Murine Global Cerebral 
Ischemia: Inlluence of Straîn, Ischemîc Dunüon and Reperfusion T h e  

Cerebral ischemia nsulting fiom cardiac amst lads to delayed selective neuronal death. 
A similar pathological outcorne is o b m e d  in a variety of experimental animal modeîs of 
global ischemia. However, a repducible murine model of ischemia mnilting in delayed 
selective neuronal death has yet to be established. Such a model codd be applied to 
lramgenic and hockout mice to M e r  elucidate the mles of specific genes and their 
products in the underlying pathophysiology resulting from cerebral ischernia. Purpase: 
To develop a mode1 of giobal cercbral ischemia in the moue. Hypothesîs: Mice 
subjected to globd ischemia produced by a four-vesse1 occlusion ( 4 4 0 )  model will yield 
the delayed selective death of >90% of pyramidal nemm in the CA1 tegion of the 
hippocpmpus. Methoda: Under haloihane anesthesia, the vertebral arteries of male CD1 
mice (28-35g), wen pement ly  occluded by electtocoagulation tbrough the alar 
foramina Twenty-four hours îatu, the subjects werc n-anesthetiwd and their carotid 
artcrics were transiently occluded for 15 a in  (n=!i) and 20 min (n=5) to produce the four- 
vesse1 occlusion model of global ischemia To test for strah-related susceptibility to 
ischanic damage, CS7BU6 mice were subjected to 15- (n=5) and 20-min (n=5) of four- 
vessci occlusion. The effit of extendcd rspcrfusion times was tested in C57BV6 
sadiccd 7 (n=5) and 14 days (n=3) after 20 min of ischemk All mice were moaitored 
by an EEG. Sham-operated animais (n=3) had their veriebral arteries coagulated while 
their carotid artcries were only exposeâ. Seven days pst-ischtmia or sham-procedure, 
the brains were pcmision-fked and the number of ischernic CA1 pyramidal neurons w m  
wunttd following histologîcai staining by cresyl violet. Results: Histologid analysis 
of the CA1 region of the hippocampus in CD1 mice subjected to up to 20 min ischemia 
did not show a statistically signinmat Mdifferrnce in the number of ischemic neurons 
betwcen cbrllenged and sham-opcratcd mice (-3% ceil death). Similarly, 15 and 20 min 
ischemia in C57BV6 mice, and prolonghg the reperfûsion pdod  in this strain h m  7 to 
14 days also cüd not enhance hippocsmpal neutonal injury. Intra-ischemic isoelecûic 
silence was ncorded for ail subjects. Conclurionr: Although the model possesses a 
scientifically acceptable rate of mortdity (40 to 50%) and al1 mice record flat EEG tnices, 
the data suggest that the fout-vesse1 occlusion mode1 to be inadquate in yielding CAL 
neuronal de&. 



Abstract II 

Mice L a c h g  GluR2 a n  NOT Mon Susceptible to Focal Cerebnl Ischemia 

The massive influx of~aZ+  ions tbrough newonai glutamate receptors has been 
impiicateâ in the pathophysiology of focal cerebral ischemia. AMPA receptor ion 
charnels are composed of hetemmeric combinations of four subunits (GluRl, 2.3 Bt 4). 
Tbc inclusion of GIuR2 in its composition renders AMPA receptors ~a2+-irn~enneable. 
The GluR2 Hypothesis states that cerebral ischemia induces the selective loss of this 
subunit, and coasquently, incrra~es ~a2+-~emeabilit~ h u g h  GluIU-less AMPA 
teceptors. Purpose: We have thenfore tested the tesponse of mice lacking t&is subunit 
in a mode1 of permanent focal cerebral ischemia. Hypotheslr: GluR2(-/-) mutant mice 
wili be mon susceptible to ischemic injury resulting h n  the permanent occlusion of 
theu middle cerebd artery- Methds: Under halothane anesthesia, the middle cerebral 
artery (MCA) of wild-type ~lur~(+ /+)  and mutant ~lurZ(-l-) mice was occluded 
inüaiurninally using a 60 monofilament suture. Changes in ipsilateral cerebral blood 
flow (CBF) were monitored by laser Doppler flowmetry. Neusologic outcome was 
evaluated immediately prior to sacrifice ushg a neurobehavioural deficit score system (O: 
no deficits; 1 : inability to flex nght forepaw; 2: circling behaviour. 3: loss of righting 
reflex; 4: no spontaneous movement.) A M s  were smificed 24 hours after the omet 
of ischemia by perAision-fixation with 10% formalin-naline solution. Brallis were 
subsequently cut into four 2 mm thick slices and p~ocessed for histological analysis. 
M i t i o n  anas were quantifieci for each tissue slice using an image analysis system 
(MCID) and then integratcd to calculate the overall Uifarction volume for each brain. 
Remlb: The rcsults show that the extent of ischernic tissue damage betwem wild-type 
(n=7) and mutant mice (n=8) was not statisticaily different (~lur2(+/+) : 67.82 +/- 7.22 
mm3 vs ~lur2(-/-) : 69.32+1- 5.53 mm3.) Similady, clifferences in nembehaviourai 
deficit scons were also not significant (~lur2(+/+) : 2.86 +/- 4.04 and ~lur2(~//-) : 3-00 
+/- 4-23.) Conc~usions: These data suggest that the gcnetic deletion of the AMPA 
nceptor GluR2 subunit does not aihance susceptiiility to focal ischemic damage 
resulting h m  24 hom of petmanent MCA occlusion. 
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III. Introduction 

Ovewiew of Stroke 

m.i.a. Stroke: A Defuiition 

A stroke is a circulatory disturbance resulting in neurological impaiments that 

are sustained for at least a 24 hour time p e n d .  Strokes are classified uito two 

categories according to the vascular cause of aberrant cerebral blood flow. Occlusive 

strokes r d t  h m  the blockage of an ortery by a dot of possible thrombo- or 

cardiambolic origin. The niphiruig of blood vessels, as in the case of a haemorrhage, 

potentially leads to a second cless of stroke of which inüacerebral and subarachnoid 

types exist depending on the site of exûavasatiod bleeding'. 

III-i.b. Stroke Epidemiology 

Stmke continues to be the third most comnron cause of death in the industrialized 

nations, behind ody cardiovascular disease and cancer'. It accounts for approximately 

10% of al1 mortaiities in developed nations and bas a worldwide incidence rate estimated 

to be between an alarmhg 150 and 200 cases pet 100 000 people2. About 85% of al1 

strokes are thromboembolic in nabue. Cerebral hemorrhages account for approxiniately 

10 to 15% of al1 incidences of stroke'. 



Smke suMval is highly inkienced by its etiology. The 30 day mortality rate for 

victims of occlusive, intracerebraî and subacachnoid haemrnorrbagic strokes is 1 5%. 

45%, and 4842%. respectivelf. 

Stroice is the leading cause of disability in adults. In fact, stroke suIvivors 

account for approximately 3 miliiotl individuals in the United States alone6. 

Unfortunately, those who do survive d e r  a range of compounded permanent disabilities 

depending upon the extent and type of ischemic damage, including paralysis, speech 

impediments, dementia, memory loss, and depressionS. 

The econornic impact of stroke has b e n  estimated to totd $30 billion dollars 

aanually in the United States. This f i p  accounts for both the direct costs denved from 

hospital, physician, nhabilitatioa and equipment expenscs, as well as the indirect costs 

from iost wages and individual productivity? 

IILi.c. Stroke Prevention 

The identification and management of stroke risk factors nmah  an important 

means by which the incidence of stroke may be reduced. Improvements in the 

management of hypertension, and incnased public awmness of the ills of tobacco use 

and cardiac disease has been d i t e d  with the steady decline in both stroke incidence and 

mortaiity. 



Nevertheless, stroke susceptibility increases with age, and the risks associateci with 

gender, race and genetic pndispsition are not 

1II.i.d. Stroke Treatment 

Effective pharmacothetapy to reduce cenbral damage nsulting h m  a stroke is 

cumntly hadequate. Thtombolytic agents have been shown to ameliorate neurological 

i m p h e n t s  by restoring cerebral blood flow thmugh accluded arteries7. However, the 

nempmtective efficacy of such h g s  is dcpendent upon their timely administration 

immediately following the onset of the stroke event. Hence, the limited uscfuiness of the 

available phannacology necessitates improvements in the diagnosis of stroke, and bther 

elucidation of its pathophysiology for the development of novel thetapeutic strategies. 

The Cerebrovascular System 

III.ii.a. Cerebral Metabolism - General 

The adult human brain accounts for only 2% of total body weight, yet it consumes 

20./. of cardiac output and 15% of the total inspirod oxygen. This disproportionate 

co~lsumption of energy resources reflects the brain's dependence on the oxygen and 

glucose borne of its blood supply. ATP derived h m  the oxidative metabolism of 

glucose is rrsponsible for supporting al1 cerebral function. Paradoxically, the brain 



pssesses ody minimal energy rescms in the event of a cuculatory disturbance'. 

Neurological impainnents and syncope may be observed within seconds following a 

dimption in cerebiaf blood flow. 

nI.ii.b. Cerebrovascular Anatomy 

Arterial blood is delivemi to the brain thmugh the interna1 camtid and vertebral 

arteries. The basilar artery, arising h m  the conjunction of the vertebral arteries, 

anastarnoses with branches of the intemal carotid arteries to fom the Circle of Willis at 

the base of the braia This arterial ring is composed of the right and left anterior, middle 

and posterior cerebral arterie~~*'~. The circle is made intact by a pair of anterior and 

posterior communicating arteries that comect the two anterior cerebral arteries, and the 

intemal carotid and posterior cerebd arteries, respectively. 

The CVcle of Wilüs, by wtue of its anastarnoses, ensures a constant supply of 

blood to the brain in the event of a vascular obstruction originating in the carotid or 

vertebrai arteries. Therefore, following an arterial occlusion, blood flow may be restored 

to compromised tissue by the shunting of blood h m  the anterior or posterior circulation, 

or fiom the contralateral hemispherc". 



III.ii.c. Cerebrovascular Hemodynamics 

Variations in cortical blood flow have been show to correspond to region- 

specific cerebral activity. The couphg of cerebral blood flow, neuronal activity and 

cerebral metabolism is believed to be mediated by vasoactive substances including CO, 

H+, 4, acknosine, k, Ca2+ and niüic oxide gastL". 

Cerebral blood flow may be M e r  regulated by the parasympathetic and 

sympathetic innervation of the cerebrovasculature. Whereas puasympathetic innervation 

is a potent neural vasodilator, the vasoactive properties of the sympathetic nervous 

system is dependent upon the adrenergic receptor subtype. Alpha-adrenoceptor 

activation promotes vasoconstriction, while nor-adrenaline binding to beta- 

admoreceptors stimulates artenai vasodilation"? 

Despite localized fluctuations, total cerebral blood flow, under normal 

physiological conditions, is always held c~nstant'~". Cerebral autoregdation is the 

intruisic capacity of the cerebral circulation to maintain constant blood flow in the brain 

over a cange of systemic arterial blood pressuns between 60 and 150 cnmH& Thus, the 

delivery of oxygen and glucose is presmed even in conditions of either low blood 

pnssun or chronic hypertension. 



III.ü.d. Cerebral BLood Flow Thresholds 

Measurements of cerebral blood flow have established the basal rate of cerebrai 

perfusion to be 40 to 60 ml / min 1 100 g of brain tissue. Neurological deficits emerge 

following the nduction of blood flow levels below 20 ml / min 1 100 g of btain tissue, 

indicative of netuonai dysbction and synaptic failure. However, a m e r  reduction of 

cecebrai blood flow below 8 and 10 mi / min 1 LOO g of tissue fails to sustain cellular 

viability, leading to areas of dead cerebral tissue'x192o. 

1II.ii.e. Cerebral Metabolic Adaptation 

If cerebral b l d  flow is reduced beyond the lower limits of autoregulatory 

compensation, Le. 60 mmHg, the brain is capable of increasing oxygen uptake from a 

limiteci artmal supply". This enhanceci eficiency of energy utilization is critical for 

maintainhg the cerebral metabolic rate of oxygen co~l~lll~lption (CMRû2) required to 

preserve neuronal hction and viability. However, like autoregdation, this aâaptive 

capacity is limited to a finite range ofarteriai pressures between 25 and 60 rnmHg. A 

reduction of cenbral blood flow below 25 d g  tenders the tissue ischemic and 

susceptible to death*''? 



III.iii. Cerebral Ischemia - Definitions 

Ischemia refers ta a nduction in cerebral bloud fiaw to levels incompatible with 

tissue viability? Two types of cerebral ischemia exist according to the regional 

distribution of the affected arterial temtones: 

m.iii.a. Focal Cerebral Ischemia 

Focal ischemia refers to a localized reduction in cerebrai blood flaw, typically 

nsulting nom the occlusion of an artery by a thrornbotic or CIVdio-embolic clop. 

m.iii.b. Global Cerebral Ischemia 

Global ischemia arises fiom conditions of cardiac arrest (pump failure), massive 

brah swelling (incnased intracranial pressure), or sevcre systemic hypotension, in which 

blood flow to the entire brain is compromised~. 

The fûnctioaai deficits atüibuted to stroke neumpathology are indicative of the 

cerebmi temtories that have been hemodyndcally compromised. It is for this reason 

bat brain damage sustained h m  an occlusive stmke is disparate h m  that of a cardiac 

arrest? 



Experimental Cerebral Ischemia: Animal Models 

The validity of any animal model of cerebd ischemia is ultimately determined 

by its ability to reproducibly yield a lesion similar to that obsemd in the human stroke 

condition. It is essential that the magnitude of &mage and its distribution within the 

cerebral tissue be controlled to facilitate statisticai comparisons. The Iesion produced 

must also be amenable and sensitive to change such that the experimental perturbation of 

the model may elucidate the pathogenic mechaaisms of cerebral ischemian. Hence, the 

delayed development of symmetrical and seiective neuroad death in the CA1 subfield of 

the hippocampus is a pnnquisite for models of global cerebral ischemia2'. Shilarly, the 

most studied models of focal ischemia are those that consistently produce nlatively 

consistent infmction v o l ~ r n e s ~ ~ ?  

1II.iv.a. Choice of Animal 

Which animai species and seain should be used in a model of cerebral ischemia? 

The neuroanatomy, physiology and cenbrovascuiature of a chosen animal should be 

similar to those found in humans so as to yield a clinically analogous ischemic lesionu. 

In animals for which these cnteria are met and subsequentîy testeci, one must assume that 

the damage sustaind h m  experimental cerebrai ischemia is govemed by a 

pathophysiology îhat is consewed in humans. This necessary assumption bas I d  to 

cnticisms, as therapeutic strategies found to be neumprotective in animal models have as 

yet to be proven successfbi cLinidIy. 



The inducth ofcerebral ischemia first re~uires surgical access to the arteries 

that feed the brain. Early models were developed in larger animais, and in particular 

primates for which the surgical preparation was simiiar to neurosurgical procedures 

conducted in humuur. However, the n e d  to control outcome variability for the statistical 

validation of a given mode1 has infiuenced the development of different models of stroke 

in a variety of animai species and even their seainsu. For this reason, models have been 

developed in dogs, rabbits, pigs and catp. Models using rats and gerbils, in particular, 

have k e n  extemively used due to theù menability to a variety of outcome rneasures 

that charactcrize the morphological, biochemical and elecûophy siological changes that 

occur as a pathologicai comequence of cerebral ischernia? Controlüng those 

physiological parameters that may influence lesion variability, including temperature, 

systemic blood pressure, artenal blood gases, and levels of glucose and acidity, are more 

manageable in dents. Moreover, the relatively lower costs associated with nits and 

gerbils enables larger sample sizes that improve the power of statistical cornparisons in 

the studies that employ hem? 



III.iv.b. Controllhg Outcome Variability: Physiological Parameters 

Abenant changes in body temperature, systemic blood pressure, arterial carbon 

dioxide, pH, glucose and hematocrit may potentidly confound the interpretatioa of the 

ischemic outcome. T h d o r e ,  it is imperative that these parameters are controlled to pre- 

ischemic values throughout a study. 

Tmiaerahin 

Hypothermia is so poten tl y neuroprotective that it has been success fully 

implementbd clinically during specific neurosurgical procedures. Hypothermia gceatly 

reduces the extent of brain damage sustained in models of both focal and global cerebral 

ischemia. in contrast, hyperthennia is hown to exacerbate ischemic i~~ juZy '~ -~~ .  

Systemic blood pressure is determineci by the cardiac output, the total peripheral 

vascuiar resistmct, blood volume and artcrial cornpliance. Control of these determinants 

is necessary to maintain mean artenal blood pressure. Hypotension reduces cerebral 

blood flow; a pmperty that has been implemented in the development of models of global 

cerebral isc hemia3? 



- 
Increasing levels of P$02 and b l d  acidity produce vasodilation, resultïng in an 

increase in total cerebd blood flow . in contrest, hypewentilation induces arterial 

conditions of alkalinity and low P,CO, that promote vasoconstriction and reduction in 

cerebral blood fl~w'~'~. 

Glucost 

Hyperglycemia is known to exacerbate ischemic injury by contributing to the 

production of tissue acidosis. Cerebral blood fiow tends to become sluggish with 

increasing levels of blood sugar. in generd , hypoglycemia reduces tissue damage 

induccd by cerebral ischetniaM3? 

The hematocrit ratio is defined as the proportion of red blood cells (erythrocytes) 

in a given volume of b l d .  If this ratio is zero, the viscosity of blood is that of the 

plasma alone. Thaefore, in conditions of polycythemia, resultiag h m  an abnormdly 

excessive blood erythrocyte concentration, blood flow is diminished. in contrast, blood 

flow is enhancd by anaernia due to a demase blood viscosity. 



Focal Cerebral Ischemia 

1II.v.a Focal Cerebral Ischemia: Neuropathology 

The middle cerebral artery (MCA) is predisposed to potential occlusion by 

arterial debris, e.g. thrombotic clot, due to the step-dom reduction in its lumenal calibre 

distal to its b i k t i o n  h m  the interna1 cmtid artery in the Circle of Willis. The lesion 

that subsequently evolves is characterhed by a region of tissue damage, temed 

infition, that raides within the vascular territory of the MCA The liquefactive 

dissolution of the infarcted tissue, and the pcesence of edema in the affected hemisphere 

clearly demarcate the lesion h m  viable tissue. With time, the dead tissue is replaced by 

either a cavity or a cyst that mains with the individual for life. On a microacopic level, 

the infarct zone is defined by a region of pannecrosis in which al1 cells, Le. neurons, glia 

and endothelid cells. have succumbed to death. The tissue matrix, called the neutopil, 

spreads and expands as a consequence of adamatous swel l inp.  

The degree of motor and stasory dysbction, e.g. paralysis, following an 

occlusive stroke is a direct coasequence of the size and distribution of the infmted tissue 

within the affected cerebral hemisphere. 



1II.v.b. Experimental Focal Cerebral Ischernia: Basic Concepts 

m.v.b.i. Anatomy of the Middle Cerebral Artery 

The interna1 carotid artery bifurcates into the middle and anterior cerebral 

arteries. The vascular temtory of the rniddle cerebral artery encompasses the extemal 

d a c e  of the hemisphere, including the lateral parts of the fiontal, parietai, occipital and 

temporal lobedo. Perforating arteries that branch off the middle cerebral artery supply 

deeper cerebral tissues. Specifically, numerous lentriculostriate arteries arise from the 

proximal segment of the middle cerebral artery to supply parts of the intemal capsule, the 

caudate putamen and the globus pallidus? 

III.v.b.ii. Middle Cerebral Artery Occlusion 

The occlusion of the middle cerebral artety (MCAO) produces an ischemic lesion 

resembhg that observed in victims of embolic or tbmbotic stmke. in rnodels of focal 

ischemia, the quantification of the infantion volume remains the ultimate endpoint upon 

which statistical cornparisons are made. Tbus, it is imperative that the size and 

distribution of the ischemic lesion be controLled2? 

The volume and location of the infarciion has been shown to be dependent upon 

the pncise site of the occlusion dong the middle cerebral artery''. Occlusions distal to 

the origin of the lentnculostriate arteries result in predominantly cortical les ion^^^***". 

Infitions that penetrate deepet tissue acise h m  more proximal occlusions to the origin 



of the middle cerebral artery itseIf, However, the final lesion seldom encornpasses the 

whole of the susceptible MCA temtory. Aside h m  that con region solely dependent 

upon the middle cerebd artery, peripheml tissues may be nscued by collateral 

circulation fiom the anterior and posterior cenbral a r t e r i e ~ ~ ~ ~ ?  In fact, though the 

location of the nsulting lesion is centrally defined by the middle cerebral artery, minor 

shifb in its position is dependent upon the relative tlows nom the two coliaterai acteries, 

moving it in the direction of lesser compensation. 

Animal Models of Focal Cerebral Ischemia 

nie relative conservation of the middle cerebral artery in a variety of animal 

species has facilitated the development of models of focal ischemia in primates, dogs and 

cats. In particular, many models have been designed in the rat and their descriptions are 

In the development of focal madels of cerebral ischemia, two approaches bave 

been establishcd for the occlusion of the midâie cerebml artery: extravascular and 

inûavascular, 



Extravascular Occlusion of the Middle Cenbral Artery (MCA) 

With this approach, the surgeon is afforded the opportunjty to visually con- 

both the cessation and reperfbsion of blood flow through the middle cerebral artery. in 

these models of focal ischemia, the ntnoval of a portion of the skull by a craniectomy is 

necessary to expose the middle cerebral artery'6$7*u. Manipulation of the artery requins 

an additional incision into the protective dural sheath of the brain, thereby, breaching the 

integrity of the cerebd environment. Thetefore, to minimize exposun damage to the 

cerebral cortex, the pmchymal tissue is continuously imgated with wann saline or 

artificiai cerebrospinal fluid (CSF). 

Models of both permanent and temporary focal ischemia are possible with this 

surgical approach. However, the reversibility of the ischemia is dependent upon the 

method of occlusion. The use of micro-aneurysm clips, ligatures and vasoconstrictors, 

i r  endothelin, are amenable to investigations of transient focal iscl~ernia'l*'~~~. In 

contmt, electrocoagulation is u d  as a means of pecmanently occluding the middle 

cerebral ariery. Usually, the MCA is rnuisected following cautery to avoid nflow as a 

nsult of the recmuiation of the artery. 

In early models, focai ischemia was induced by the distal occiusion of the middle 

cetebrai artery. Cerebral tissue damage wiis minimal and also restricted to the cortex'? 

In fact, the incidence of Mmtion was poor as a result of compensatory collateral 



circulation fiom the lenticulostriate arteries, and the end-arterioles of the anterior and 

posterior cerebral arteries. 

ccq 

Brint et al. introduced a novel model of focal ischemia in which the distal middle 

cerebral artery is occluded in conjunction with its ipsilateral cornmon carotid artery? 

The occlusion of the latter was deemed necessary to increase the severity of the ischemia, 

and to restrict the contribution of collateral blood flow through the lenticulostriate 

artetes to infiirct variability. The tandem occlusion technique gives rise to consistent 

Uifarctions isolated to the cortical tissue. 

in this mode1 of focal ischemia, ihe stem of the proximal middle cerebral artery is 

occluded ibrough a subternporal d e c t ~ r n y " * ~ ~ .  As the occlusion is made lateral to the 

lenticuiostciate artmes, cenbral infmtioa is pduceâ  consistently in the cortex and in 

daper tissue residing in the Iated part of the caudate putamen. 



Intravascuiar Occlusion of the Middle Cetebral Artery 

: - O c - b v m  - 

A great disadvantage to the afonmentioned models is the potential injury to 

cerebral tissue h m  thermal and mechanical trauma during surgery. Despite the 

reproducibility of such rnodels, the influences of procedurally-related factors on the 

ischemic outcome cannot be neglected. 

The intravascular occlusion of the middle cerebral artery provides a technique 

that is minimally invasive, and pnsmres intracranial pressure, blood brain barrier 

pemieability and intraccrcbral temperature. Exposun injury is avoided as the brain is 

never exposed. In addition, the reversibility of the occlusion by suture withdrawal 

facilitates the study of reperfusion in the pathophysiology of focal cerebral ischemia4'? 

in this model, a suture is inserted into the extemal carotid artery and advmced a 

hown &tance through the interna1 camtid artery to occlude the middle cerebral artery at 

its ongin'? As the site of the occlusion is proximal to the lentriculostriate arteries, the 

influence of collateral circulation on the variability of the ischemic lesion is minimized. 

The cerebral âamage sustained in the intraluminai model encompasses the bulk of the 

vascuiar temtory of the MCA to include the neocortex, caudate putamen and 

hippocaInpuss I.  



The major drawback to this model is the surgeon's inability to vïsually coafimi 

the successfil occlusion of the middle cerebd artery. The nliability of the model hes 

been enhanced by the hm-operative monitoring of cenbral blood flow using laser 

Doppler flowmetry as a means of venfying the occlusions2. In addition, the occluding tip 

of the filament must be modified, either by heat-blunting or silicone-coating, to avoid 

perforating the arterJhU. The calibre of the suture mut be carefully matched to the 

mass of the animal to effectively block the lumen of the midàle cerebral arte~y'~. 

Residual blood flow derived from the posterior communicating artery has been known to 

circumvent a thin suture and npefise the MCA. 

1II.v.d. Outcome Measures: Evaluation of Focal Ischemic Darnage 

m.v.d.i. Diagnosis of the Lesion 

Identification of the lesion in cerebral tissue is acbieved histochemically by 

indicator dyes. The staining properties of each dye, and the mode and timing of their 

usage detamine their efficacy in delineating the infarction h m  viable tissue. For 

instance, 2,3,5-triphenyltetrazolium chloride (TTC) stains living tissue brick red bsed 

on the presence of a mitocbondrial dehydrogenase enzymesss. Ischemic tissue is clearly 

detected as it fails to stain. Neutmi red is a iattsceUuîar pH indicator whose tissue 

staining intensity increases with the degree of cerebral blood flow demasen. 



The need for fresh tissue for eEective stiiining avoids the pcocessing and fixing of 

tissue requind for histologid analysis. Brah tissue is eithei hnersed in the staia, or 

the dye is infwed into the cerebrovascuiature by an intts-srtecial injection. However, the 

pemision metbod has been shown to be ktter comlated to standardized histological 

s t a h  in estimating the size of the inf'imtion than by that detemined nom tissue 

immersion%. 

However, the efficacy of gross tissue Stains is dependent upon the timing of their 

administration. in contrast to histology which is able to identiQ ischemic damage at a 

cellular level, detection by gross tissue stains cequires the development of a critical 

volume of inf'tions5. Thus, diable diagnosis of tissue damage by these dyes requires a 

minimum of four hours. Earlier detection of ischemic damage is facilitated by histology. 

The ultimate pathological assessment of ischemic damage requires the analysis of 

tissue at a cellular level by histology. Fixation, and subsequent processing by alcohol 

and xylene are essential steps quired for the preparation of tissue for histological 

analysis. Under light microscopy, cellular sûuctures are disthguished by the differential 

staining patterns of histological dyes, including hematoxylin-eosin (HM) and cresyl 

violet (Nissl stain). Selectivity and intensity of staidng is dependent upoa the binding 

characteristics of each dye. Ciwyl violet is an acidophilic stain with an affinity for 

charged proteins. Hernatoxylh & eosin provide contrast by staining for both acidophilic 



(hex~îatoxylin) and basophilie moieties (e~sin)~*. Thus, morphological changes 

characteristic of ischemic ceU change may be disthguished nom normal cells in viable 

tissue. in addition, the efficacy of staining and damage detection is not dependent on the 

t h e  of animal sacrifice following the onset of the ischemia. 

HI.v.d.ii. Quantification of Ischemic Damage 

The size of the ischemic lesion is reportad as either a total infmction volume or as 

a series of iaf~t~tion areas calculated at specifk coordinates along the brain's long 

axiss3? Typically, the infmtion volume is calculated by a mathematical integration of 

the ischemic brain's infarct areas, the latter of whicb is determined by imaging devices. 

in some studies, cornparisons are made between the size of the ischemic and contralateral 

heaiispheres as a means of correcthg for the contribution of edema and tissue swelling to 

the apparent infarct volume". 



IlI.v.e. Outcome Measures: Assessrnent of Functionai Deficits 

III.v.e.i. Neurobehavioural Deficit Score System 

The degree of motor impoirments followiag the occlusion of the middle cmbral 

artcry is comlated to the severity of ischemic damage. The development of these 

deficits is alao an indirect indicator of the temporal evolution of the idaction. Scoring 

systems have been established to statistically validate the evaluation of neurobehavioural 

i m p a ~ e n t s ~ ~ + 4 9 * ~  . These scales are based on a rank-order of scores in which higher 

scores are indicative of a more severe deficit. For instance, specific behavioural 

tendencies may be assigned the following test scons: O - absence of any observable 

motor impairment; 1 - inability to extend Rght focepaw; 2 - circling behaviour; 3 - loss 

of nghting reflex; 4 - no spontaneous movement; 5 - death. 

m.v.f Outcome Measures: Meamernent of Cerebral Blood Flow 

m.v.f.i. Relative Measurement of Cerebral Blood Flow 

c 
Laser Doppler flowmetry provides a non-invasive method of monitoring relative 

changes in cortical blood fl ow coatinuouly, without the need to sacrifice the animal. 

The precise location and dqth of blood flow rneasurement is limited to $e recording 

pmpetties of the laser probe. Studies have s h  that laser Doppler rscordings correlaie 

welI with absolute memures of blood flow changes determined by autoradiography? 



Vascular injections of carbon black solution, India ink and Evan's blue dye 

provide a qualitative assessrnent of the measure of tissue pefision during periods of 

ischemiau. Thus, tissues directly affecteci by the ischemia remain unstained, wbereas 

zones of low, e.g. penumbra, to nomial blood flow are delineated by differential staining 

patterns. 

IIIx Eii. Absolute Measurements of Cerebral Blood Flow 

Autotadiography provides a quantitative, multi-regional me- of cenbral 

blood flow based on the accumuiation of radioactive tracers, e.g. "C-iodoantipyrine, 

within the brain. The technique is not conducive to either continuous or long-terni 

monito~g of blood flow changes, as the animal m u t  be sacnficed following the 

inüavenous injection of the doact ive  tracd3? 

Cerebral blood fiow is quantified at a specific polarographic coordinate within the 

brain by an electrode that measures changes in the tissue concentration of hydrogen6'. 

The technique enables repeated monitoring of blood flow without the need to sacrifice 

the raimai. The intracerebd insertion of an electmde, and the unreliability of 



messunments in severely ischemic tissue are potential drawbacks to the Hydrogen 

Clearance methodq. 

As with autoradiography, the regionai accumulation of microspheres in 

proportion to biwd flow provides a quantitative assessrnent of the cerebral circulation in 

models of ischemia Long-tem or continuous measurements of cerebral b l d  are not 

possible with this technique6'. 

III.v.g. Spatial and Temporal Profiles of Focal Ischemic Damage 

The occlusion of the middle cerebral artery produces a region of infiction 

conhed to the fiontoparietal aspect of the affected hemisphere6)? As previously 

described, the depth of the ischemic damage is dependent upon the segment of the MCA 

that is ocdude& the more proximal the site of occlusion, the greater the size of the 

lesion. 

At a cellular level, energy fiiilure following the artenal occlusion leads to almost 

immediate imversible ce11 death in that region of tissue in which the ischemia is most 

dense. However, total damage sustained by the onset of focal ischemia is progressive. 

in most animal species testeâ, infarcts appeat witbin I to 2 hom of swtained ischemia, 

and are near maximal within 3 to 6 houx-. By these tirne points, the Iesion is clearly 

demarcated h m  viable tissue. During the evolution of the infmtion, tissue damage is 



M e r  auicerbated by edema formation and infiammatory rwponses induced by the 

isc hemia3'. 

Primary damage to cerebd tissue resulting h m  tempomy or permanent focal 

ischemia is believed to be complete by 24 hours4'. For Uiis neson, the infarction 

outcome in models of focal ischemia is typically evaluted 24 hours following the MCA 

occlusion as a statisticaIly valid temporal endpoint. However, secondary damage 

attributed to neuronal degeneration of die a x o d  projections to and from the substantia 

nigra and thalamus has been shown to occur 72 to 96 hours following the occlusion of the 

MCA? Subsqumt to its peak at 24 hours, both the infation and ipsilateral hemisphere 

are gradualiy reduced in size as a consequence of nduced edema formaton, the 

resorption of exces tissue fluid and the elimination of dead cells by macrophages"R66. 

m.v.g.i. Hemodynamic Consequences 

Reduction of blood flow within the vascular territory of the occludad middle 

cerebral artery is not unifomly distriiuted. Rather, a gradient exists in which cerebral 

blood flow improves the M e r  the tissue is removed h m  the site of the artenal 

occlusion. Two regions of tissue are dehed accorâing to their ischemic severity: the 

ischemic con, and the penumbra. 



nie  ischemic core denotes that region of tissue closest to the site of the MCA 

occlusion in wbich the reduction of blood flow is most ~ e v e r e ~ * ~ * ~ ?  The degree of 

nsidual perfiision is incompatible with swtaining cellular viability. Within this region, 

ATP is depleted and no longer synthesized, contributing to the loss of ion homeostasis 

and membrane integrity. Thus, in the evolution of the stmke lesion, core tissue is the 

first to succumb. Histologically, cerebral tissue within the ischemic focus is pannecrotic 

such that cells of al1 types are dead. 

The penumbra is the region of cerebral tissue found between the ischemic core 

and that outside the vascular temtory of the middle cenbral a r t e ~ y ~ * ~ ~ .  Within this 

"shadow" of the ischemic focus, the reduction in blood flow, though significant, is still 

less severe as compared to core tis~ue'~". nius, the viability of penwnbral tissue is 

temporarily sustained by collateral circulation fiom the end-arterioles of the anterior and 

posterior c e n b d  arteries that maintain blood flow above the ischemic threshold". In 

contmst to the ischemic core, the active maintenance of ion homeostasis and membrane 

integrity in penumbral tissue are fuelled by near physiologicsl levels of ATP? 

Howcver, the penumbraI zone is chcterized by synsptic failurc and severe 

lactic acidosis. Therefore, despite viability, cells in the periphery of the ischemic focus 

are fhctionally compromised? The loss of theV f'unctionaiity appem to be mersiale 



with rapid and adequate reperhion. Otherwise, sustained focai ischemia promotes the 

evolution o f  the infhrctiona. nius, it is possible, that within a given whdow of 

opportiiliity, penumbral tissue may be rescued fiom ncruitment Uito the ischemic COR. 



III.vi. Global Cerebral Ischemia 

m.vi.a. Global CerebraI Ischemia: Neuropathology 

Survival fimm a cardiac arnst decreases with longer durations of circulatory 

stasis. Those who have been successfidly nsuscitated, however, suffer deficib ranging 

fiom amnesia to coma7'? However, unlike the lesions conEined to the vascular temtory 

of the MCA with an occlusive stroke, neuropathological analyses of brains subjected to a 

cardiac a m s t  reveaied distinct regions of bihemispherical tissue damage not pnscnied 

to a specifïc artery. In particular, selectively vulnerable populations of neurons wen 

identifïed in the CAL subfield of the hippocampus and layers iII, V and VI of the 

neocortexn? interestingly. the pathology of global ischemia was detedned to occur in 

a delayed fahion, presenting itself only days d e r  the initial ischemic epi~ode'*'~. 

Studies have shown that the memory deficits sutallied in survivors of 

dopulmonary amst to be attributed to CA1 hippoc8mpal lesions-. However, the 

assessrnent of the morbidity following a cardiac amst is M e r  complicated by systernic 

derangements owing to a mglobai" ischemia limiteci not just to the brain, but to the body 

as a wh~le'~-? 



III.vi.b. Global Cerebrai Ischemia: Animal Models 

An effective model of global cerebral ischemia must ceproduce the clinical 

outcome of CA1 hippocampal neuronal death in a selective and deiayed mamer. The 

degree of ischemia must be sufficiently severe to induce a near maximal neuronal 

dropout (>go%) from the CA1 subfield for statistid comp~sons to be valid. To this 

end, a variety of animal models of global ischemia have been developed düfering in the 

consistency of the ischemic outcome, the uniformity of the blood flow reduction, the ease 

of the swgical preparation, and the amenability to the long-term recovery of challenged 

animals2? 

II1.vi.b.i. Complete venus Incomplete Global Cerebral Ischernia 

In model development, the tenn global ischemia refers loosely to a reduction in 

cerebral blood flow to at least both hemisphens ofthe brain. Models are classified into 

two categocies according to the totality of the ovedl blwd flow nduction. 

Complete global cenbrai ischemia, as produced by a cardiac amst ,  is 

chatacterized by a state of circulatory stasis within the brain. in contrast, models of 

incomplete global ischemia are defined by a severe duction of blood flow primarily to 

the forebrain (cerebnun) with adequate perfusion to the midbrain and cerebellum? 



III.vi.b.ii. Animal Types 

Strategies to develop these models have entaileci the occlusion of a combination 

of arteries and I or the manipulation of hemodyaamic detenninants of cerebral blood 

flow, i.e. systemic blood pressure and intracranial p n s s d .  The approach takw is 

largely dependent upon the size and manageability of the animal species, and the de- 

of the artmal development of their Circle of Willis. 

Complete global ischemia is produced either by a cardiac arrest or by blocking 

aortic b l d  flow. This has been facilitated in larger animals, including primates, dogs, 

rabbits and pigs that provide surgical access to the heart and thereby, pennitthg the 

intrathoracic clamping of the brachiocephaiic and left subclavian artenes. Other meth& 

used to produce global ischemia in large animals include the elevation of intracranial 

pressure, and the innation of a neck tourniquet with induced hypotension in order to 

nducing total cenbial blood flow? 

In contrast, rodent models of global cercbrai ischcmia have primanly been 

developed by ceducing blood flow in major arteries that directly supply the brain. Thus, 

in gerbils that possess a poorly deveiopeâ Circle of Willis, the occlusion of the carotid 

arteries is sufficient to produce severe fonbrain ischemian. However, a similar strstegy 

is inadquate in rats due to collateral blood flow arising from the vertebro-basilar system. 

Therefon, to producc a rat mode1 of gIobai ischernia, the occlusion of the carotid arteries 

must be accompanied by the induction of systemic hypotension, or the additional 

occlusion of the vertebral or basilor arterie~'~~? 



Rodent Models of Incomplete Global Ischemia 

n ie  lack of posterior communicating artenes renders the gerbil susceptible to 

forebrain ischemia following the occlusion of both common carotid arteriesnaSs. The 

absence of these arteries in an incomplete Circle of Willis denies compensatory collateral 

circulation h m  the vertebro-basilar system. The simplicity of the surgical technique, 

and the induction of delayed CA1 neuronal death following less than five minutes of 

ischemia are advantages to the model. However, excessive interanimal variability in the 

d e p e  of hippocampal damage, and the omet of epileptic seizuns in challenged animais 

have limited the extensive use of gerbils as the animal model of choice for global 

ischemiaP. 

In contrast to the gerbil, the rat possesses a complete of Circle of Willis. 

Consequently, the occlusion of only îhe common cmtid arteries is insufncient in 

ducing cerebral blood flow below ischemic thresholds. For this m o n ,  Smith et al., 

introduced a novel model of global cerebral ischemia in which the occlusion of the two 

arteries is combined with an induction of systemic hypotension3? The duction in mean 

artenal blood pressure is initially achieved by exsanguination and m e r  enhanceci by 

hypotensive dnigs, e.g. Monad (a ganglioside blocker). 



The ischemia produced in this mode1 is unifody distributed to al1 cecebral 

regions. An ischemic duration of 15 minutes is sufficient to pmduce symmetrical 

damage to the CAL hippocampal region in a delayed fashion. Furthemore, graded levels 

of ischemic injury may be sustained by manipulating the de- of systemic hypotension 

in the mdel. 

In d e r  popular model, global ischemia is produced by occluding the four 

major arteries ihat supply the brain with bloodW. In a two stage surgical procedue, the 

vertebral arteries are pemanently occluded by electrocautery through the alar foramina 

of the first cmical vertebrae. Twenty-four hours later, both cornmon carotid arteries are 

transiently occluded by microaneurysm clips in either anesthetized or unanesthetized 

animals. The absence of anesthesia during the ischemia eliminates the codounding 

influences that it may have on the ischemic outcome. An ischemic duration of 15 

minutes is d c i e n t l y  severe to reproducibly yield *O% CA1 hippocampal neuronal 

death 7 days following the ischemia. 

The mode1 was initially criticized for its inconsistency in the ischemic outcome of 

chailenged animals. This was atüibuted to collateral blood flow h m  the vertebro- 

basilar system onginating Rom the anterior spinal artery".". Consequently, a gradient of 

ischemia is produced yielding -ter CA1 injury in the dorsai hippocampup. lschemic 

criteria were established such that only those animais displaying a Iack of nsponsiveness, 



pupil dilation and the recordhg of a flat EEG trace during the fout-vesse1 occlusion were 

to be included in any study". The model is associated with a high mortality rate (-50%) 

owing to the invasiveness of the surgical procedure and potential damage sustained to the 

cadi0 and respiratory centres in the midbrain h m  the electrocoagulation of the vertebral 

arteries. 

d Four-VweI O c c m  

To improve the consistency of the ischemic damage induced in early versions of 

the four-vesse1 occlusion model, Sugio et al. ncognized the need to restnct suspected 

coilateral blood flow thugh vessels r d g  through the cervical and paravertebral 

muscles*. The tightening of these muscles by a suture during the four-vesse1 occlusion 

was shown to significantly improve the success rate of the model and the consistency of 

CAL hippocampal damage. However, care mut be taken to avoid autonomie nerve 

damage and respiratory amst attributed to overtightening of the muscle ~titch' '~. 

DI.vi.d. Rodent Models of CompIete Global Ischemia 

In this appmach, the basilar artery is occluded in combination with the comrnon 

carotid acteries to produce a model of cornplete global cerebral ischemia7? The occlusion 

of the besilat artery eliminates the collateral blood flow h m  the anterior spinal and 



vertebral arteries believed to be responsible for variable degrees of ischemia in other rat 

models. Although levels of cerebrai blood flow produced by the three-vesse1 occlusion 

are near zero, characterization of the nempathological outcome of the model is lacking. 

In addition, an intradwl approach is requireâ for the occlusion of the basilar artery, 

iacreasing the techaical difficulty of the surgery and the risk of brainstem injury. 

Complete global cerebral ischemia is produced by the occlusion of the basilar 

artery in combination with the right and left pterygopalatine, external camtid and 

cornmon cmtid arterie~~~. Like its three-vesse1 occlusion counterpart , this model was 

intended to impmve the consistency of the ischemic outcome produced by the occiusion 

of the vertebral and carotid arteries in the four-vesse1 model. Heace, the invasiveness of 

the surgicai protocol is apparently justified by the need to becter control collateml 

circulation h m  the anterior spinil artery derived h m  blood flow thugh  vessels distal 

to the points of vertebrai and camtid artery occlusion. Cerebral blood flow in the model 

is almost completely eliminated. Howeva, full characterizatioa of the consistency and 

extent of ischemic damage is lacking. The model has not achieved widespread use in 

studies of global cerebral ischernia. 



In this model, animais are admiaistend a dose of a nondepolarizing 

neuromuscular junction blocker, e.g. vecu~oaium, to induce respiratory muscle 

pdysisg4. Cardiac m s t  results from the aisuing apnea. The animal is resuscitated 

after breathing has ceased for 8 min. 

Despite their clinical devance, the use of cardiac amst models in rats, dogs and 

primates has been limited in the field of global ischemia. Animals tested in the mode1 

require extensive pst-operative can to ûeat pulmonary edema, the obstruction of 

aimays by mucus and a host of systemk derangements attributed to anoxia end 

circulatory stasisu+ The consistency of ischemic damage is poor and non-selective. 

Furthemore, studies of long-term survival following the m s t  are not possible due to 

high animal mortality. 



III.vi.e. Outcome Measures: Evaluation of Ischemic Damage 

m.vi.e.i. Diagnosis of Ischernic Lesion 

Cellular damage in regions of selective neuronal vulnerability are not detectable 

by the gross tissue Stains often employed in the pathological assessrnent of focal 

ischemia. The primary method of lesion detection in models of global cerebral ischemia 

is by histological staining, e.g. cresyl violet (Nissl stain). 

III.vi.e.ii. Quantification of Ischemic Darnage 

Selective regions of the brain are susceptible to damage foIlowing global cerebral 

ischemia'? Specifically, the degree of neuronal death in the CA1 subfield of the 

bippocampus is useà as a measun of the severity of ischemic damage. Hippocampal 

damage may be calculated as a percentage of the number of pyknotic neurons in the CAL 

ngion divided by the total neuronal count in that subfieldeS. As a means of 

standardkation, the latter value is usually denved fkom the totai number of neurons h m  

the CA1 hippocampus of  a sham-operated animal. Altematively, hippocampal damage 

may be quantified as a density of the number of dead neurons within a defiuied distance 

of the CA1. Ranked scores have also k e n  used as a qualitative measure of hippocampal 

dsmage following global cerebral ischemiaS. 



Outcome Measures: Assessrnent of Fuflctional Deficits 

A common development in patients who have surviveci a cacdiac amst is memory 

105s. This deficit has been associated with a lesion in the CAL region of the 

hippocarnpus8'. In models of experimental ischemia, the behaviod nspoase of rdents 

tested in a variety of mazes is an indicator of the degree of CA1 hippocampal neuronal 

death. Specifically, dents  are subjected to either the Moms water maze, radial or T- 

maze as a means of evaluating deficits in theù leaming, memory and spatial navigational 

skills. 

iii.vi.g. Outcome Measures: Electrical & Cerebral Blood Flow 
Deficits 

c 
Electroencephalography (EEG) has been used extensively in âiagnosing global 

cenbral ischemia in both experimental models of sîmke and intra-operatively during 

surgical procedures that potentially pemirb cerebral blooâ flod9. EEG tracings do not 

âirectly m«isurr cenbral blood flow. Rather, the electrocncephalogram records global 

cortical electrical activity. Conditions of severe metabolic dysfiuiction, as induced by 

cerebral ischemia, aboüshes this activity, and is recorded on an EEG tracing as a flat line. 

Previously describeci methods of cerebral blood flow measunment have also been 

extnisively used in models of global cerebral ischemia. 



III.vi.h. Spatial and Temporal Profiles of Global Ischemic Damage 

Nemaal death sustained foliowiug global cerebrai ischemia evolves in a delayed 

manner in selectively vuhemble regions of the brain. The profile of ischemic damage is 

nlatively conserved in a variety of models and animal species tested. 

The nsponse of brain tissue to global cerebral ischemia is hetemgeneous. 

Ischemic damage within the hippocatnpus is restncted to the subiculum, hilus and the 

pyramidal neurons of the CAI. In contrast, the CA3 and dendate gym are markediy 

nsistant to even severe global ischemia. Selective death is also observed in the small 

and medium-sized newons of the stria- and layers ïII, V and VI of the neocortexn? 

Within the CA1 region of the hippocampus, neuronal death is ody observed to 

occur 48 to 72 hours following the ischemic eventn. In fact, neurons that are destined to 

die are functionally nomal 24 hours after transient forebrah ischemia. Hence, the delay 

between the onset of ischemia and the ensuing ce11 death serves as an inûiguing 

therspeutic window for the development of neuroprotective strategies. 



ïiï.vii. Transgenic & Knockout Mice in Experimental 
Cerebral Ischemia 

Much of our cumnt undetstanding of stroke pathophysiology bas been derived 

from the phannacological manipulation of rat models of ischemia However, it has 

becorne increasingly clear that the complex mecbanisms of cerebml ischemia exist at 

both cellular and molecular levels. Uafomuiaely, advances in the field have been 

limited by the lack of subcellular phannacology. Even though agoaists and antagonists 

to these molecular targets may exist, questions ngsrding their selectivity and 

pharmacokinetics, specifically, their ability to cross the blood brain barrier in effective 

yet noalethal doses, has hindered their use. 

To this end, genetically engineered mice, either lacking or overexpressing 

specific genes, have provideci the opportunity to investigate the role of paaicular proteins 

in the mechanisms of cerebral ischemia Mutant mice act as gcnetic tools that may be 

tested in models of focal and global ischemia to answer specific questions regmding the 

genetic and molecular determinants of cerebral ischernia. The power of this techology 

is clearly evident in the ever growing number of studies that an published ernploying 

them (Tables 1 & 2.) 

Two general classes of mutant mice exist as distinguished by the nature of the 

genetic manipulation that bas produced them. Transgenic mice are constnicted by the 

genomic insertion of a novel gene or the overexpression of one that is endogenous to the 

host mimal. In contrast, knockout mice, also cailed ndî mutants, are pdduced following 



the deletion or inactivation of a specific gene. A wild-type mouse refers to a nomial 

animal whose gemme has not been alteced. 

iII.vii.a. Murine Models of Cerebral Ischemia 

The study of genetically engheered mice in the pathophysiology of stroke has 

necessitateci the development of murine models of cerebral ischemia. The design of 

these models have been adapted from exïsting models used to test other rodents. Thus, 

cerebral blood flow monitoring, the assessment of fhnctional deficits and the diagnosis 

and quantification of the ischemic lesion are similar to that used in rat and gerbil models 

of cerebral ischemia. 

In early investigations, the mouse middle cenbral artery was occluded by 

electrocoagulation"? However, most saidies cumntly being published test tmsgenic 

and knockout mice using the intraluminal occlusion mode1 of focal ischemia. As 

previously stated, the mode1 is amenable to the study of both the permanent and 

temporary occlusion of the middle cerebral art-, and has k e n  wellsharscterized in the 

literature44w0"39 



A cepmducible mode1 of murine global ischemia has yet to be established. 

Attempted models of global ischemia produced in the mouse either by a three-vesse1 

occlusion of both the basilar and carotid artenes, or by the bilateral occlusion of the 

carotid artenes alone have been unnliable in the coasistency and selectivity of sustained 

2496110.11 1 hippocampal damage 



III.viii. Cerebral Ischemia: Pathophysiology 

Aithough models of focal and global ischemia produce lesions by reducing 

cerebral blood flow, differences exist in the spatiai and temporal profiles of their 

d t i n g  damage. This is attriiuted to the distribution and severity of the ischemia; the 

latter of which is detennined by the duration and degree of blood flow reduction. Thus, 

the delayed death of selectively wlnerable neuronal populations produced by a global 

ischemia of short duration, contrasts the pannecrosir observed in the vascular territory of 

a perrnanently occluded middle cerebd artery. 

At present, the pathogenic mechanisms underlying focal and global ischemia 

remah unclear. Although the disparity of theu pathological profiles suggest distinct 

cytotoxic pathways, specific mediators of ce11 death following both types of ischernia 

have been identifid, including ischemia-induced energy failure and the concomitant 

perturbation of glutamate and calcium ion homeostasis. 

1II.viii.a Consequences of Energy Failure 

The omet of cerebral ischemia produces a state of energy failun in which the 

delivery of oxygen and glucose to the affected tissues is severely compromised. This 

leads to an impairment of ATP synthesis and the rapid depletion of minimal energy 

r e ~ e r v e s ~ ~ ~ .  As a11 cellular processes are intimately Linked to ATP, the vitaiity of the ce11 

is jeopardized &ter the onset of cerebral ischemia Without intervention, the ce11 



succumbs as a consequence of intenial derangements that have been initiated by the lack 

of ATP. 

ATP depletion impairs the operation of the Na%+ ATPase which is respotwible 

for maintainhg sodium and potassium ion concentration gradients across the neuronal 

membrane. The c&g rise in intracellu(ar Na* and extracellular K+ ion concentrations 

produces a state of maintained membrane depolarizations7. This results in the 

perturtwtion of voltage-dependent cellular rnechanisms, and the subsequent loss of 

cellular ion homeostasis triggered in part to the unregulated nlease of neurotransmitters 

into the synapse. 

III.viii.b. Disruption of Ca2+ Homeostasis 

Calcium is a ubiquitous divalent cation that acts a second messenger responsible 

for the activation of a myriad of cellular processes including membrane excitability, 

synaptic triinsmission, gene expression and celi growth and diflerentiationsg.'". This 

activity is dependent upon the maintenance of an intracellular concentration of fne Ca2+ 

that is four times less than that found in the extracellular space. Cytosolic Ca2+ levels are 

maintained by a dynamic balance of those mechanisrns that coatrol for calcium influx, 

extrusion, and sequestration? Calcium may enter the cell through ion charnels, 

exchmgers and purnps. Subsequently, îree Ca2+ ions may then be bound to specific 
. 

cytosolic binding proteins or s t o d  in the endoplasmic reticulum or mitochondria. The 



intracellular concentration may be M e r  regdateci by the removal of Ca2+ ions from the 

ce11 through additiod pumps and ex~hangers'~'". 

Cerebral ischemia disnipts normal calcium ion homeostasis by irnpaking the 

regulation of Ca2+ influx and efflux pathwaysY. This results in an elevation of its 

intracelldar concentration. Consequently, the calcium ovedoad triggers a variety of 

catabolic processes initiated by proteases. phospholipases, endonucleases, frre radicals 

and the disruption of mitochondrial hction that ultimately destroy the cel19? 

III.vüi.c. Routes of Ca2+ Influx Activated by Cerebral Ischernia 

A description of those sources of cytosolic CaN influx that are perturbed during 

cerebral ischemia is as follows: 

The movement of Ca2' across the neuronal membrane by the Na' / Ca2+ exchanger 

is driven by sodium electrochernical gradient. Under normal physiological conditions, 

the exchanger operates to extrude one Ca2+ for every thne Na' ions üansported into the 

ceil. However, during cerebral ischemia in which the Na* gradient falls, the exchanger 

reverses the direction of ion movement by importing mther than exporting Ca2? 



The austained neuronal depolarization during cerebral ischemia facilitates the 

movement of Ca2+ fiam the extracellular Wace into the ce11 t h u g h  voltage-dependent 

calcium channels. L, T, N and P subtypes of VSCCs exist differing in the kinetics of 

theu activation states9? Of these, the L-subtype (long-lasting) has been most extensively 

studied using specific antagonists from the dihydropyridine frunily of dnigs, including 

nimodipine '"'. 

- 
In addition to the activation of voltage-sensitive calcium chanaels, the ischemia 

induced membrane depolarization triggers the unregulated release of aeuroüansmitters 

into the synapse. Although both excitatory and inhibitory newotransmitters an nleased 

duriag the ischernic episode, glutamate bas been the most extensively studied in its role 

in cerebral ischemia 

Glutamate is the major excitatory newotransmitter of the mammaîian central 

nervous systan, and has been implicated in mernory, cognition, and motor and sensory 

perceptionl"? Glutamate binâs to specific pst-synaptic receptors, of which both 

ionotropic and m e t a h p i c  classes exid? Ionotmpic glutamate ceceptocs are âirectiy 

coupied to ion channels, and are subdivided into two types according to theu binding 

aflhitics to selective exogenous ligands: N-methyl-D-aspartate (NMDA) and alpha- 

a m i n o - 3 ~ y d r o x y - 5 - m a h y i 4 i ~ 0 ~ 8 2 0 l e p m p i o ~ ~ ~  (AMPAAcainate). In contrast, 



metabotropic receptors mediate their activity via G-protein llliked second messenger 

systemslM. 

huing cerebml ischemia, excessive nemtransmi(ter nlease by neuronal 

depolarization and the fiiilure of clearance mechanims d t  in the sustained 

accumulation of glutamate in the synapse. This le& to the overstimulation of post- 

synaptic glutamite receptors and mediates ceU death by a phenomenon described as 

e~citoxicity'~*". Consequently, h m e d  Ca2+ permeability through stimulated 

glutamate receptors has been implicatcd in the neurotoxicity of glutamate exposudo3. 

nie mechanisms by which these ceceptors contriiute to the calcium overload is as 

follows: 

Three classes of metabotropic glutamate receptors exist encompassing eight 

different subtypes. Though not dircctly Med  to ion channels, mGluRl and 5 of Class 1 

metabotropic glutamate tcc:eptors trigger a second messenger cascade involving the 

Ca* ions h m  the intemal stores of the endoplasmic reticulum. Monover, this class 

facilitates the activation of  ah-permeable NMDA receptor#". 



Nhmu=m= 

NMDA receptors are cuupled to ion channels that are permeable to Na', K' and 

Ca2+ ions. However, ion pemieabiüty is dependent upon receptor activation by specific 

ligand binding and the removal of the depolarking bloclcade of the c h e l  by M g t M .  

Calcium influx through NMDA nceptots has ken shown to mediate glutamate 

neurotoxicity'? An overwhelming body of evidence has demonstrated the 

neuroprotcctive efficacy of NMDA receptor antagonists in models of focal is~hernia'*"~. 

In fact, infmt volumes have been ceduceci up to 88% over untreated controls following 

the administration of the noncornpetitive NMDA antagonist, MK-80 1 " '*"" Similady, 

CAL hippocarnpal loss was arneliorated in early shidies testing -80 1 in models of 

global ischemia' '4v1's. However, subsequent studies confhcd that the neufoprotective 

effects ofNMDA antagonists in global ischemia to be attributed to the induction of 

cercbral hyp~thermia~~*'~~. Intcrrstingly, NMDA-mediated netaroprotection was not 

observed when brain temperature was nguiated. 

- 
AMPA receptors are ioaotropic glutamate receptors that are readily permeable to 

Na' and k ions facilitating their role as the principle mediators of fast excitatory 

synaptic transmission in the central nervous system"? AMPA ceceptor antagoaists, 

including NBQX and CNQX, bave been extensively studied in their capacity to pmtect 

CA1 hippoc8mpal neurons in models of global cerebral ischemia'16~1'g. However, in a 

~een~ingly reversal of mles with NMDA entagonists, the reduction of infàrction volumes 



by the blockade of AMPA receptors in focal ischemia has been controversial, and at best, 

theu ncwoprotective afncacy to be modest, Le. 0 0  y@lOt.l2&12s 

It is believed that advated AMPA receptors mediate ischemic damage by the bi- 

directional movement ofNa+landX'4onrr through its ionophores that subsequently 

depolanëe the neuronal membrane1? As a consequeme, ca2+ enters the ce11 indûectiy by 

the reversal of the Na+ / caB exchanger, and through the activation of voltage-dependent 

ca2+ channels and NMDA receptor ion channels whose depolarking blockade has  been 

removed by the AMPA-mediated membrane depolarization. In fact, ca2' pemeability 

through AMPA receptors was considered to be negligible. Howevet, recent evidence has 

shown that ca2+ influx through AMPA receptors to be dependent upon the channel's 

in, 12s subunit composition . 

IlI.viü.d. The GluR2(B) Hypothesis 

AMPA receptor ion channels are composed of heteromeric combinations of four 

subunits termed GluR1, 2, 3 and 4'". Inclusion of the G l u N  subunit testricts ca2' 

permeability through AMPA receptors due to the presence ofa positively-charged 

argbbe midue in the subunit's second transmembrane d ~ r n a i n ' ~ ~ ' ~ ~ .  In fa* 

subpopulations of neurons including cerebellar giial ce~s"~,  hippocampal basket ceiis, and 

ncacocticd nonpymmdial cellsu6 possess GluR2-Iess ca2+ pemeable AMPA 

130.13 1 Teceptors - 



In a model of transient global ischemia, it was recentiy obsemed that the delayed 

death of CA1 hippocampal newons was preceded by the selective domgulation of 

GluR2 m ~ \ 3 2 - " 1 "  . The proposed GluR2 Hypothesis states that this change in gene 

expression, as triggered by ischemia, will lead to the formation of AMPA receptors 

lacking the GluR2 subunit. Consequently, in the prwence of endogenous glutamate, Ca2+ 

influx through these GluIU-less receptors contributes to or causes ischemic ce11 

deathlML" 

To further saidy the role of the GluR2 subunit in delayed neuronal death, 1 have 

proposed to test the relative susceptibility of the GluR2 nul1 mutant mouse to global 

cerebral ischemia. However, the lack of a reptoàucible model of murine global ischemia 

necessitates its development. Therefore, 1 propose to develop a four-vesse1 occlusion 

model of global cerebral ischemia in the mouse. Therefore, by occluding both the 

vertebrat and camtid artenes, I will attempt to produce selective neuronal damage in the 

CA1 subfield of the mouse hippocarnpus in a dciayed rnanner. 



As moûels of murine focal ischemia have been well-established in the literature, 1 

have proposed to study the response of the GluR2 nui1 mutant mouse in a mode1 of 

permanent focal ischemia Hence, 1 will determine the relative susceptiibiiity of these 

mutant mice to the filamentous occlusion of the middle cerebral artery, as compared to 

wild-type controls. 



IV. Thesis Objectives and Hypotheses 

V. Development of a Mouse Mode1 of 
Global Cerebrai Ischemia 

Genenl Objective: 

Specüic Objective: 

Hypothesis 1: 

To develop a reproducible model of murine global cerebral 
ischemia. 

To reproduce the four-vesse1 occlusion rat model of global 
cerebral ischemia in the mouse. 

Occlusion of both vertebral and carotid arteries will yield a 
high percmtage (>go%, as with the rat) of delayed 
neuronal death in the CA1 region of the murine 
hippocampus. 

VI. Response of GluR2 Knockout Mice to Permanent 

Generai Objective: 

Specitie Objective: 

Eypotheris 1: 

Focal Cerebrai Ischemia 

To elucidate the d e  of GluR2 subunit in the 
pathophysiology of focal cenbral ischemia 

To detetarine the nsponse of mice lacking the GluR2 gene 
in a model of pennamnt focal cerebral ischemia. 

GIuR.2 knockout mice will be more susceptiible to ischemic 
injury following 24 houn of permanent filamentous 
occlusion of the middie cerebral artery, as cornpared to 
wild-type control mice. 



V. The Development of a Four-Vessel Occlusion 
Mode1 of Murine Global Cerebral Ischemia 
Influence of Strain, Ischemic Duration & Reperfusion Time 

The complete interruption of cerebral pemision, as in the case of a cardiac anest, 

is termed global cerebral ischemia. Survivoni suffer from a range of neurological 

impairments; the severity of which is dependent upon the length of patient survival, and 

the duration of cuculatory stasis7? Autopsies performed on the brains of such 

individuals showed selective tissue damage, suggesting a heterogeneous response of the 

brain to a global ischemic insultW. In particular, the clinical presentation of amnesia in 

resuscitated patients was associated with lesions specific to the CA1 subfield of the 

h i p p o c a m p ~ ~ ~ ' ~ .  

Studies using rat and gerbil models of global cerebtal ischemia bave m e r  

characteri& the neuropathological profile of hippocaropal neuronal death. The CA 1 

and hilus subfields of the hippocampus were identified as regions of selective neuronal 

vulnerability, and distinguished from the CA3 and dentate gynis that were particularly 

resistant to severe i~chernia~~~". It was also observed that the death of hippocampal 

neurons o c c d  in a delayed mannet 5 In fact, vulnerable CAL pyramidal neuioas 

cemain fiinctiodly normal 24 hours af€er transient foreban ischemia, degenerating ody 

2 to 4 days latein. Hence, the deIay between the onset of ischemia and the ensuing ce11 



death serves as an intriguing therapeutic window for the development of neumprotective 

stratepies. 

The exact mechanisms by which these ceils die are not hilly understood. 

However, ment evidence, includiag the fragmentation of hippocampai DNA, and 

neuropmtcction by protein synthesis inhibitors in models of global ischcmia, has 

suggested that CA1 hippocampal neurons may die by ap~p tos i s '~~~ '~~ .  Hence, the ment 

prolifemtion of mutant rnice, many of which have alnady been studied in murine models 

of facal ischemia, provides the opportunity to investigate the role of specific gmes in the 

mechanisms of delayed neuronal death. 

However, a nproducible model of murine global ischemia that successfuliy yields 

selective, symmeûical and graded CA1 hippocampal injury has yet to be established. 

Traditionally, the choice of model was dictated by the cerebrovasnilatun of the rodent. 

For instance, the Mongolian gerbil, which lach a complete Circle of Willis, develops 

severe forebrain ischemia upon bilateral m t i d  artery occlusionu. In contrast, strong 

collateral circulation renders the rat ischemically resistant to the occlusion of only the 

carotid arteries. Hence, in order to produce selective neuronal death, a more severe 

ceduction in blood flow cm only bc achieved by either occluding both vertebral and 

m t i d  arteries, knom as the "fou-vesse1 occlusion" model, or by bilateral cacotid artery 

occlusion in combination with systemic hypotemionn~'? Murine madels of global 

ischemia pmduced either by a ttuee-vesse1 occlusion of both basilar and carotid arteries, 



or by the bilateral occlusion of the camtid arteries aloae have been unreiiable in the 

wnsistency and selectivity of hippocampal damage 249614û,i41 . 

Thus, we hypothesized that a murine four-vesse1 occlusion model, in which both 

camtid md vertebral arteries are occluded, would produce a severe enough ischemia to 

yield teprodricible delayed CA1 neuronal death. Here, we report on the development of 

the model, and the influences of mouse strain, ischemic duration, and f'eperfiision t h e  on 

CAL hippocampal damage. 

V.ii. Objectives 

General Objective: 

Specific Objective: 

Hypotheses 

To develop a reproducible model of murine global cerebral 
ischemia. 

To develop a four-vesse1 occlusion d e l  of global 
cerebd ischemia in the mouse. 

Genenl Hypotherir: Occlusion of both vertebral and camtid arteries will yield a 
high percentage (>go%, as with the rat) of delayed 
neurod death in the CA1 ngion of the murine 
hippocamp-* 



The degree of CA1 hippocampal damage in the mouse will 
depend on the duration of the four-vesse1 occlusion. 

The de- of CA l hippocampal darnage will depend on 
the relative location of the CA1 pyramidd aeurons within 
the hippocarnpus (i.e. dorsal vs. ventral profiles). 

The degree of CA1 hippocampal damage will be enhanced 
by the tightening of a paravertebral muscle stitch during the 
four-vesse1 occlusion. 

The degree of CA1 hippocampal damage will depend on 
the mouse strain and its inherent relative susceptibility to 
ischemic damage (i.e. CD 1, C57BU6 & SV4 29J strains). 

The degnt of CA1 hippocampal damage in the mouse will 
depend on the duration of the reperfusion penod. 



Materials and Methods 

Al1 experiments were performed in strict cornpliance with guidelines established 

by the Animal C m  Cornmittee of The Toronto Hospital. 

V.iv.a. Animal Preparation 

Aduit male CD 1 mice, weighing 25-3 8g, were anesthetized with 1.5 - 2.0% 

halothane in 70% N20 and 30% 4 .  Body temperature was monitored by a rectal 

temperature probe and maintained at 37 O C  +/- 0.5 OC using a heating lamp throughout the 

procedure. 

V.iv.b. Four-Vessel Occlusion Mode1 of Mutine Global Ischemia 

The surgical procedure for the four-wssel occlusion mode1 in the mouse followed 

methodology prescribed by Pulsinelli et op. A dorsal midline incision of the skin was 

made posteriotly to the occipital bone and directly overIying the first two cervical 

vertebrse. The panspinal muscles were separated h m  the midline exposing the right 

and leA alar foramina of the nrst cervical vcrtebrae. An electrocautery tip was canfully 



advanced into each dar focamen, through which the vertebrai artenes pms befon uniting 

to form the basilar artery. The vertebral artenes were completely transected by 

electtocauterization. Surgical boue wax was applied to the space between the two newly 

fonned arterial ends to presme the permanent occlusion. Deeper penetration of the 

electrocautery tip into the alar foramina was not attempted, as in the rat version of the 

model, so as to avoid excessive bleeding and higher rates of mortality. Mice were then 

allowed to recovet from mesthesia following wound closuce. 

Twenty-four hours later, CD 1 mice were n-anesthetized ushg the same 

anesthetic ngimen, at which tirne a ventral midline incision was made exposing the 

cornmon carotid arteries. Following their isolation, anesthesia was shut off, the common 

carotid artmes were bilatdly occluded by microaneurysm clips, producing the four 

vesse1 occlusion model of global ischemia. Anestheisa was shut off immediately pcior to 

the carotid clipping to ensure that only those animais experiencing a loss of 

consciousness during the occlusion period wem included in the study. The clips were 

naioved at the end of the pnscnaad ischemic duration: 5 min (n= 5); 10 min (n= 5); 15 

min (n=3) and nstoration of carotid blood flow was vcrïfied visually. 

Cortical electncal activity was recorded by an EEG, via four needle electrodes 

inserted under the scalp, for al1 mice following the clipping of the carotid arteties. ûnly 

those animals recording intra-ischemic isoelecüic quiescence were included in the study. 

Animals were also monitored for pupil dilation and the l o s  of the corneal reflex during 

the ischemic pend 



in all shidies, mice subjected to occlusion of only their vertebral arteries served as 

controls. 

During die development of the well-establisheâ rat four-vesse1 occlusion model 

of global cerebral ischemia, it was recognized b t  the reliability of significant CA1 

hippocampal damage was depdent on the severity of the ischemic insult. Pulsinelli et 

al. modified the model by requiring the insertion and tightening of a paravertebrai muscle 

stitch during the ischemic period as a means of controlling collateral circulation derived 

b m  arteries in the cervical and paravertebral muaclesg'. Although never described in the 

context of cerebral ischemia, it may be sunnised that the blood supply to these arteries 

potentially originates h m  tntbutaries of the ascending cervical artety, anterior spinal 

artery end other anastomoses between the cmtid I vertebral I subclavian artenal systerns 

that bypass the points of occlusion in the modei. 

Therefon, the effect of a paravertebrai muscle stitch to exacerbate CA1 neuronal 

âamage induced by the four-vesse1 occlusion was testeâ in a separate group of male CD 1 

mice. Foilowing the occlusion of the vertebral artcries, a 3-0 silk suture was inserted 

through the pmvertebral muscles, at the level of the first cenical vertebrae, to form a 

loop such that it exited the s h  on both sides of the ventml incisionm3'. To control for 

the contribution of collaterai circulation tbrough the neck muscles, the suture was then 

maintaineci maxllnally taut during 5 min (n=8); 10 min (n=3); and 15 min (n=S) of the 

four-vesse 1 occlusion. 



To explore potential strain-related susceptibility to this model, mile C57BV6 

mice were subjected to 15 min (n=S); 20 min (n=S); and 25 min (n=5) of the four-vesse1 

occlusion with the paravertebral muscle stitch. Male SV4291 mice were subjected to an 

identical pmtocol for an ischemic dmtion of 15 min (n= 10). 

To detemine the effect of a longer reperfusion @od on the degm ofCA1 

hippocampal damage, male CS7BV6 mice were sacrificed 7 (n=S) and 14 (n=3) days 

after 20 min of the four-vesse1 occlusion plus the muscle stitch. 

V.iv.c. Histological Analysis of CA1 Hippocampal Neuronal Death 

Seven days pst-ischemia, challenged animals were n-anesthetized with 2% 

halothane in 70% N20 and 30% O,, and then sacrificed by the transcardiac perfusion of 

heparinized physiological saline and 4% phosphate-buffered fomialdehyde. The brains 

were huvested h m  the slcull, and subsequently immersed in fiesh 4% phosphate- 

buffend fomialdehyde for an additional 24 - 48 hours. 

Fixed mouse brains were pmcessed in alcohol and xylene, and subsequently 

embedded in pamffh. Using a microtome, 6 rmi thick coronal slices of brain tissue were 

CU& and then stained by cmsyt violet for histological anaiysis. This stain cecognhes 



basophilie cytoplasmic material. including ribosomal RNA, and is a commody used 

staining methoci for this type of neuronal d y s i s .  

CA1 hippocampal damage was assessed by direct visualization ming light 

microscopy ( X 400 magnification). In contrast to viable CA1 neurons, dead pyramidal 

nemm were identified by the appearance of darkiy staing neumns with pyknotic 

nuclei and homogenized cytoplasm, typicai of imversible ischemic ce11 change. 

Specifically, CA1 hippocampal damage was evaluated in both the dorsal (Bregma -1.70 

& -2.06) and ventral (Bregma -2.70 & -3.16) hippocampus to establish a spatial profile of 

hippoc8mpal damage for each animal, (Figure 5). The number of dead pyramidal 

neutons in the whole of the CA1 region of the hippocampus h m  one 6 um thick tissue 

section per hippocampai level for each animal was counted and expnssed as a percentage 

of the total number of CA1 hippocampal newons [(# of dead neurons I (# of dead 

newons + # of viable murons)) x 1001. The mean percentage neuronal death at each of 

the four hippocarnpal levels for al1 animals within an ischemia group was calcuiated and 

compand to the comspondhg group means of control animals. 

A two-way analysis of vm*ance (ANOVA) was used to calculate significant 

differences between challenged mice and vertebral artcry occlusion controls. Percentage 

CA1 hippocampai neuronal death, as prrscnted graphically, was converteci by an arcsine 

transformation for statistical analysis by the ANOVA9s*181. Factors employed in 



statistical calculations for a given study were: Ischemia ( VAO-Control, 5 min, 10 mia, 

15 min ) ; Strain ( CD1, CS7BV6 ) ; Reperfusion Period ( 7 Days, 14 Days) ; 

Septotempond Level ( Bregma Coordinates: -1.70, -2.06,3.70, -3.16). Note: The 

septotemporal ltvel was one factor in each of the study compsrisons, Le. effects of straia, 

repemision period and ischemia duration with and without a paravertebral muscle stitch, 

to explore a potential statistically sigaincant ciifference in the dorsal-ventral profile of 

CA 1 hippocampaî neuronal death. 

Cornparisons between the number of dead CA1 neurons at a given hippagmpal 

level for a given study were perfonned by the following statistical tests: Ischemia 

duration (with & without a paravertebral muscle stitch) - one way ANOVA ; Strain - t- 
test ; Reperfbsion - one way M A .  Identical anaiyses were p«fomed for total CA1 

hippocampal neurons at each o f  the pnscribed septoternporai levels. Statistical andysis 

tables an nported in Appendix C. 

Data were expressed as mean +/- SD. Results were considend statistically 

sigaifiant for p < 0.05. 



Results 

Hat EEG üacings were recorded for al1 CD1 and C57BV6 mice tested in the 

model, (Figure 7a). SV4291 mice were excluded h m  the study as isoelecûic silence 

was recorded in only 3 of 10 SV-129J mice durhg the four-vesse1 occlusion. 

In this study, there were no differences observed in the degree of CA1 neutonal 

death in CD1 mice subjected to the four-vesse1 occlusion, regardless of ischemic 

durations of 5- (n=5); 10- (n=S); and 15-min (n=3), when compareû to control animals. 

The extent of CA1 hippocampal damage, as detennined histologically, was 

approximately 3% for al1 test groups (Table Ii). Consequently, a dorsal-ventral gradient 

of neuronal death within the hippocampus could not be established. The tightening of the 

paravertebral muscle stitch during the four-vesse1 occlusion did not enhance CA1 

hippocampal damage following 5- (n=8); 10- (n=3) and 1S-rnin (n=S) of ischemia, when 

compareci to controls, (Figure 2). CD1 and C57BV6 mice did not differ in their 

susceptibility to ischemia following either 1 5-min or 20-min of four-vesse1 occlusion, 

(Figure 3; Table Iii). Increasing the repecfûsion period fiom 7 (n=5) to 14 days (n=3) did 

not significandy increase the percentage of neuronal loss within the CA1 hippocampus of 

C57BV6 mîce subjected to 20-min ischemia, (Figure 4; Table Liii). 

Al1 C57BV6 mice, (n=5), cbalîeaged for 25-min in the four-vessel model 

subsequently died within 72 hrs of reperfusion. Hippocampal injury in SV4291 mice 



could not be evaluated as ali animals meeting ischemic criteria, Le. a flat EEG ncording, 

died either intra-ischemically (n=2) or early within the ceperfbsion period (n=l). 

Histologicai photographs of the CA1 hippocampus in CD1 and CS7BU6 mice for 

their respective ischemic durations and nperfusioa periods an presented in Figure 6. 

V.vii. Conclusions 

The hdings of the present shidy demonstrate that the occlusion of both carotid 

and vertebrai arteries to be inadequate in nliably producing selective delayed neuronal 

dcath in the CA1 region of the mouse hippocampus. 



VI. Response of GluR2 Knockout Mice in a Mode1 
of Permanent Focal Cerebral Ischemia 

VI.i. Overview 

Focal cerebral ischemia nfers to a nduction of blood flow to a localized region 

of the brain resulting fiom the occlusion of a cerebral arteryla. In animal models of focal 

ischemia, the occlusion of the middle cerebral artery produces a lesion similar to that 

obsewed in clinical cases of thrombotic or embolic strokea. Following the occlusion, the 

ensuing drop in blood flow is most severe in tbat tissue completely dependent upon the 

occluded artery. In contrast, surromding this core is a region of tissue, texmed the 

penurnbra, in which the severity of the ischemia is lessened due to collaterai 

circulationa@. As a result, penwnbral tissue is temporarily rescued fiom the rapid 

infmtion experienced in the ischemic focusm. Preventing the delayed recruitment of 

penwnbral tissue into the evolving lesion is critical in ducing focai ischernic injury. 

However, the mechanisms by which viable, yet fiinctioually compromiseci, penwnbml 

neurons die are still unclear. 

It has k e n  well-established that focal cerebral ischemia resuîts in the excessive 

release of the excitatory nemûansmitter glutamate. The ensuing overactivation of 

glutamatergic receptor-Iinked ion channels leads to a rise in the intracellular 

concentration of Ca2+ i~m~*" ' ' * '~~  . The resulting Caz+ ovaload triggers a catabolic 

sequence of biochemical reactions initiated by cndonucleases, phosphoiïpases, proteases, 

and £tee radicals that eventuaily lead to the demise of the 



Ionotropic glutamate receptots are categorized into N-methyl-D-aspartate 

(NMDA), and alpha-amin0-3-hydroxy-5-methyl4i~0~8~)lepmprionate (AMPA)/kalliate 

nceptor classes. Both types are coupied to ion channels that upon nceptor activation an 

Na* and K* ion pernKablelOl. However, they an distinct in îhat NMDA receptors are 

nadily permeable to Ca2* ions, and this provides a plausible mechankm underlying the 

ne~~~pmtective benefits of its receptor antagonism in models of focal is~hernia'~. 

However, despite the reduction in ischemic damage by such AMPA receptor antagonists 

as NBQX, YM872 and YM890, the exact mschanisms by which these quinoxalinediones 

confer neuroprotection in models of focal ischexnia remah ~nclear'~'*~~"? 

AMPA receptors are the principle mediators of fmt excitatory synaptic 

transmission in the central nervous system106. Therefore, by rcâucing membrane 

excitability induced by ischemia, it has b a n  hypothesized that AMPA receptor 

antagonists reduce the Ca2+ innux through NMDA receptors and voltage-sensitive 

calcium ~bannels~* '~.  The activity of these ion channds is ngulated by membrane 

depolarization. interestingiy, calcium influx through AMPA receptors was initiaiiy 

considered negligible. However, subpopulations of nemm and glia, including 

cerebellar glial c e l l ~ ' ~ ,  hippocampal basket cells, and neocortical nonpyramdial cells'", 

have calcium permeable AMPA receptors. It is now h o w n  that the regdation of Ca2+- 

pemieability h u g h  these cbuuiels is dictated by the receptor's subunit 

127,130 composition . 



AMPA ceceptors are composed of hetemmenc combinations of four subunits 

denoted GluRl ,2,3 and 41M. Inclusion of the G l W  subunit nnders these channels 

cas-impermeable as a result of electrostatic repulsion by a positively-charged amino 

=id, mginine (R), in its second transmembmt d ~ m a i n ~ ~ ' ~ ' " .  In contrast, subunits 

GluR1,3 and 4 possess a negativelycharged amino acid, g l u t h e  (Q) in this sarne 

position. GluRî is highiy expnssed in AMPA receptors located in the ptincipd neurons 

of both cecebrai hemispheres'w'6s. 

Therefore, it is possible that Ca2+ pemeability through AMPA ncepton lacking 

the GluR2 subunit may be linked to neurotoxic darnage resultiiig b m  cenbral ischemia. 

in fact, studies have shown that the death of CAL pyramiâal neurons in the rat and gerbil 

hippoc~mpus to be preceded by the selective dom-regulation of G l W  mRNA 

following transient forebraui is~hemia'~~~'? Enhanced Ca2+ pemmbility in these 

n m n s  wss obseweâ at t h e  points subsequent to the reâuced GluR.2 expression. The 

GluR2 Hypothesis states that the down-regulation of GluR2 mRNA may lead to the 

formation of AMPA receptors lacking this subunit. Consequtntly, the augmented Ca2' 

influx through these channels would then increase cellular susceptibility to ischemic 

death via Ca2+-dependent rne~henisrns'~~". 

Mutant mice lacking the gene encoding the GluR2 subunit were ncently 

constructed. These Glu= knockout mice (GluR2(-/O)) possess a relatively nomal 

nemous system, yet exhibit a 9-fold incnase in relative hippoc8mpal Ca2+-permeability 



following kainate appticatiod? This m e r  emphasizes the regulatory role of the 

GluRZ subunit in gating Ca2+ entry through AMPA nceptors. 

Neuroprotection by CaN chelators, calcium channel blockers and glutamate 

receptot antagonists have underscond the importance of pnseMng Ca2+ homeostasis 

following the induction of focal cerebral ischemia. Evideace now suggests that Ca2+ 

pumeability through AMPA nceptors lacking GluR2 may also contribute to an 

intracellular calcium overloadlx'". At the present tirne, a GluR2 subunit specific 

rntagonist does not exist. Therefore, to investigate the potential role of GluR2 in focal 

cmbrai ischemia, we tested the response of GluR2 hiockout mice to 24 hours of 

permanent middle cerebral artery occlusion (MCAO). 



VI. ii. Objective 

General Objective: To elucidate the role ofGluR2 subunit in the 
pathophysiology of focal cenbral ischernia. 

Specific Objective: To detennine the rrsponse of mice lacking the GluR2 gene 
in a permanent model of focal cerebral ischemia. 

VI. iii.Hypotheses 

Generd Eypothesis: GluRZ knockout mice will be more susceptible to 
ischemic injury following 24 hours of permanent 
filamentous occlusion of the rniddle cenbral artery, 
as cornpared to wild-type control mice. 

GluR2 knockout mice will sustain larger infmction 
volumes 24 hours pst-middle cerebral artery 
occlusion, than wild-type control mice. 

GluR2 knackout mice will display more 
exacerbated neurobehaviotual deficits assessed 24 
hours pst-middle cenbrd artery occlusion, than 
wild-type control mice. 



VI.iv. Methods and Materials 

V1.iv.a. GluR2 Knockout Mice 

Al1 experirnents were perfomed in süict cornpliance with guidelines established 

by the Animal C m  Cornmittee of the Mount Sinai Hospital. Mice were boused under 

diumal lighting conditions and allowed fne access to food and water ad libitum. 

Polymerase Chain Reaction (PCR) Assay for GluR2 
Genotyping 

GluM nul1 mutant mice (GluRZ (-/-)), a generous donation nom Dr. I.C. Roder, 

were constnicted on a CD1 x SV129J background according to the methodology 

described in detail by Jia et alL3'. The identification of knockout mice was accomplished 

by a polymersse chah nection (PCR) assay for GluRZ genotyping. in bief. pure 

genomic DNA was extracted fiom the tails of hetemzygote brceding pair progeny, and 

then subjected to two PCR reactions. In Reaction #l, the primers 

CAGCAGATZTAGCCCCTACG and CCTCACAAACACACCATTTCC were added to 

the DNA for the detection of the wild-type GluR2 allele (623 bp band). In Reaction #2, 

the primers, CCTCACAAACACACCA'MTCC and GGATGATCTGGACGAAGAGC, 

were added to the DNA to detect the PKGneo cassette (1022 bp band) that replaced the 

transmembraae kgion TM1 and the pore lwp of exon 11 deleted in the targetteci 

construction of the GIuRZ mutant mice. DNA from wild-type mice were positive for 

only Reaction #l, mutants only for Reaction #2 and heterozygotes for both. Following 



theu identification, male mice were grouped in cages according to their respective 

genotypes. 

VI.iv.c. Mode1 of Permanent Focal Cerebral Ischernia 

Adult wild-type (CDlxSV129J) and GluR2 knockout mice, weighing 25-381, 

were anesthetized with 1.5 - 2.0% halothane in 70% N,O and 30% O* Body temperature 

was monitond by a rectal temperature probe and maintained at 37 +/-0.5OC using a 

heating lamp throughout the studies. 

Occlusion of the middle cerebral artery (MCAO) was achieved using the 

intraluminaI filament technique with minor rnodificatiotl~~~~*~'~. Following a ventral 

midline incision, the common, interna1 and extemal camtid arteries were exposed by 

blunt dissection. The cornmon and extemal m t i d  arteries were loosely ligated by 6-0 

siik braided suture and then retracted to retard blood flow. A silicone-coated 6-0 

monofilament suturc (Prolene) was then insertcd through the arteriotomized extemal 

m t i d  artery and then advanced h u g h  the intemal carotid artery a distance of 10 +/- 

0.5 mm to occlude the MCA. The filament was then pemanently ligated to the extemal 

carotid artery by 6 9  braided si& sutun. To avoid potential backbfeeding, the extemal 

cmtid artery was thni cauterized and subsequently cut, (Figure 8). 



V1.iv.d. Measurement of Regional Cerebral Blood Flow 

The filamentous occlusion of the midde cerebral axtery was confimeci by laser 

Doppler flowmetry (Perimed, Stockholm. Local cerebral blood flow recorded pre- and 5- 

& 1 S i n i n  post MCAO h m  a point qnsentative of the ischemic core at 2 mm posterior 

to bregma and 6 mm lateral to midline on the temporal-parietal bone of the ipsilateral 

hemisphere. Occlusions were considered successful if regional blood flow values fell to 

l a s  than 20% of baseline recordings. 

V1.iv.e. Quantification of Marction Volume 

Twenty-four hours pst-MCAO, mice were re-anesthetized with 2% halothane in 

70% N,O and 30% 4 and exsanguinated by trans-cardiac perfusion with heparinized 

saline. Fixation was achieved by the infusion of 10% formalin in saline at a pefision 

pressure of90 mmHg. The brains were removed and subsequently immersed in 

formalin solution for an additional 24 - 48 hours. Each brain was sliced into 2mm thick 

coronal slices using the mouse Brain Matrix. Each section was then processed, cut at a 

thickness of 6 um, and then stained with hematoxyh & eosin stain for histological 

analysis. Histologidly, by twenty-four hom of permanent focal ischemia, the region of 

infarction, characterized by pannecrosis and neuropil swelling, is clearly delineated h m  

non-ischemic tissue, (Figure 9b). The infition area of each brain slice was quantifiai 

usiag an image analysis system (MCID) and then integrated to detemiine the overali 

infarction volume for each mouse brain. The quantification of the ischemic lesion was 



accomplished using the Frustnim Summation method which is descn'bed in detail in 

Appendk D. 

V1.iv.f. Assessrnent of Neurological Deficits 

Wild-type and GluR2 knockout mice were evaluated for their motor Unpairments 

24 hours after MCAO using a four-point neurologicai deficit scoring ~ystern~~? 

Specific behavioural tendencies were assigned the following test scons: O - absence of 

any observable motor impainnent; 1 - inability to extend right fonpaw; 2 - circîing 

behaviour; 3 - loss of righting reflex; 4 - no spontaneous movemmt. 

VI.iv.g. Statistics 

Statisticai cornparisons in infàrction volumes and blood flow measurernents 

between wiid-type and GluRZ mutant mice were made using a Student's t test. 

Neurobehavioural deficit scores were compand with an ANOVA followed by a Mann- 

Whitney U-test. Data wete expresseâ as mean +/- SD. Resulto were consided 

statistically significant for p < 0.05. 



W.V. Results 

Wiid-type and GluR2 knockout mice did not differ in their susceptibility to 

permanent MCAO, (Figure 10). Infmtion volumes for wild-type (n=7) and knockout 

mice (n=8) were calculated to be 67.82 +/- 19.10 mm3 and 69.32 +f- L 5.64 mm3, 

respectively, (Table Iiii.). Histological analysis by hematoxylin and eosin (H & E) 

stainiag revealed pannecrosis within the infmtion area characterized by pyhotic (red) 

nuclei, expansion of the neuropil and a generalized pallor of the ischemic tissue, (Figure 

Sb). 

Laser Doppler recordings of residual cmbral blood flow, Le. the percentage of 

rCBF following the MCAO compared to a 100% baseline pn-MCAO in wild-type mice 

(5-min p s t :  6.59 +/- L .8 1%; 15-min pst-MCAO: 5.80 +/- 1.77%) was also not 

statisticaily different h m  mutant aaimals (5-min post: 5.04 +/- 1.29%; 15-min post- 

MCAO: 4.64 +f- 0.9 l%), (Table Iii). 

Acconiingly, neurobehavioud deficit scores did not differ betwem groups, as al1 

animais wae assigned moderate (circling behaviour) to severe (lack of spoataneous 

movement) scons (wild-type: 2.86 +/- 4.04; mutant: 3.00 +f- 4.23), (Table Iiiii). 



VI.vü. Conclusions 

The results of this study demonstrate that mice with a null mutation in the GluR2 

gene locus are not mon susceptible to ischemic injury when tested in a mode1 of 

permanent focal cerebral ischemia. 



VII. Discussions & Future Directions 

The Development of a Four-Vesse1 Occlusion 
Mode1 of Murine Global Cerebral Ischemia 

in tbis study, CD1 and C578U6 mice did not cliflier in the degree of CA1 

hippocampal damage following the occlusion of both vertebrai and conunon m t i d  

arteries, regardless of the ischemic duration or repecbion tirne, when compared to 

controls. SV-129J mice could not be evaluated histologically. These cesults suggest that 

the four-vesse1 occlusion model, though well-estabiished in the rat, to be inadequate in 

nliably producing murine global cerebral ischemia. 

The fou-vesse1 occlusion model when performed in the rat produces a condition 

of incomplete hemispherical ischemia, sufnciently severe to induce the delayed death of 

mon than 90% of CA1 pyramidal Similar depes of a l1  death are 

obsmed in the bippocampus of rats subjected to a two-vesse1 occlusion combined with 

hypotension, and in the gerbil model of transient forcbcain ischemia due to bilateral 

carotid artery o c ~ l u e i o n ~ ~ * ~ ~ ~ ~ ~ .  Why, then, did the technique of occluding both cornmon 

m t i d  and vertebral artenes in the mouse not yield the hypothesized me- of CA1 

hippocampal damage? konically, the answer to this question may requllr the 

understanding of those mechanisms underlying selective and delayeû neuronal death, for 

which the model was originaily inteaded to elucidate. 



Of importance to this investigation, is the determination of the 

precise reduction of cerebd blood flow in the mouse forebrain produced by the fout- 

vessel occlusioa In this study, pupil dilation, the losses of both the comeal reflex and 

apparent consciousness, and electrogencephPlographic (EEG) quiescence were used as 

inàicators of cerebd ischemia, according to previoruily defined ischemic criteriau. The 

EEG is a recordhg of cerebrd electricd activity, and tbus, very sensitive to changes in 

cerebral blood flow". The abolishment of this activity by conditions of severe metabolic 

dysfunction, as potentially iaduced by ischemia, are recorded by the EEG as a flat line. 

ûnly those Mimals  for which such tracings were made during the four vessel occlusion 

were includeâ in this study. I n t e d g l y ,  isaelectric silence was recorded for al1 CD 1 

and C57BV6 mice tcsted in this model, despite the lack of significant CAi hippocampai 

damage. In this regard, a potential threshold phenornenon may have k e n  exposed that is 

unique to the mouse. One might sunnise that the degree of blood flow reduction between 

the thresholâs for synaptic failwe and ischemia to be wider in the m o w  than those in the 

rat and gerbil. Thus, the failutt of the EEG to p d c t  the hypothesized ischemic 

outcorne necessitates the Unplementation of more precise methods of blood flow 

quantification for model validation. 

Historically, thne différent methods have been mutinely employed to measure 

cerebral blood flow changes in models of ischemia: autoradiography using radioactive 

tnces, hydrogen clearance and laser Doppler flowmeüy ='*'". Rilsinelli et al. measured 

a nduction of blood flow of appmximately 3% or Iess of control values in the forebraia 

of rats subjected to the four-vesse1 occlusion using t4~-iad~antipyrine92t49. When 



measund by hydmgea clearance, the residual forebrain blood flow was about 6% of 

control valuesa"? Similady, residual flow in the rat cortex was measureâ by laser 

Doppler flowmetry to be on average 12% of baseline recordings in the four-vesse1 

Cerebral blood flow in mouse models of bilateral occlusion of the carotid arteries 

have rcvealed decreases in b l d  flow to be about 20% of control values when measured 

by laser Doppler flowmetry and autoradiography? in a three-vesse1 occlusion model of 

murine global ischemia (Le. basilar + both common camtid arteries), blood flow 

dtc~eased to less than 10% of baseline2'. interestingly, this is the oaly published mouse 

model that has achieved a decrease in cerebral blood flow that approaches that of the 

Pulsintlli model. Therefore. it would be interesthg to rneasure blood flow changcs in 

the four-vessel occlusion model of this study. Although the method of hydrogen 

c h a n c e  dlows for the polarographic measunment of blood fiow, the requinment of 

electrode insertion into cerebral tissue, end its relative inaccuracy in severely ischemic 

tissue render it potentialiy less favourable in addressing this Rather, 

fiturc studies employing laser Doppler flowmetry and autoradiography should permit 

the accurate determination of cerebral blood flow changes in our model of murine global 

ischcmia. 

Quantification of this parameter might facilitate in the explanation of the results 

observed in this investigation. In a preliminary study, EEG tracings made during 

bilaterai camtid artery occlusion in CD1 and C57BU6 mice were recorded as flat, Thus, 



in the four vessel occlusion model, two possible scenarios exist. In both, blood flow 

reduction during the occlusion period is suflicientiy seven to paralyze synaptic hction 

resulting in electmencephaiographic quiescence. However, they may daet  in that in 

one, although the synaptic Who ld  is surpasseci, the decrease in blood flow during the 

four vessel occlusion does not nach levels of ischemia. In the second, the reduction 

exceeds the threshold for ischemia, and the cerebrai tissue, though ischemic, is either 

protected or physiologically resistant to damage. 

The following is an attempt to explain the failure of the four vessel occlusion 

model of murine global cmbral ischemia to produce significant neuronal death in the 

CA 1 ngion of the mouse hippocampus. 

Scenario 1: Cerebral Blood Flow Above Ischemia Threshold 

Incomplete occlusion of either the camtid or vertebral artenes could account for 

the potential lack of ischemic stverity. However, successfiil occlusions were visually 

coanmied for both sets of arteries in al1 animais testeâ in the model. It is mon likely 

that blood flow through the anterior spinal artery and vessels thmugh the paravertebral 

and cervical muscles contributeâ to the posterior circulation of the Circle of Willis9'. 

Measurement of b l d  flow durhg the rat four-vesse1 occlusion have clearly 

demonstrateci milder degrees of ischemia in the caudal structures of the rat 

f ~ r e b r a i n , ~ ~ ~ ~ '  potentiaily accounting for the documented dod-ventral gradient of 



ischemic damage in CA 1 pyramidal nemnsM. In this study, the degree of CA 1 

hippocsmpal âaxnage was qwtified at the prescribed four septo-temporal levels 

(Bregma: -1 JO; -2.06; -2.70; 03-16), in an attempt to chmacterize a comsponding spatial 

profile in the mouse. DEerences in neuronal death dong such a gradient was 

nonexistent in the mouse model. Monover, Pulsinelli et al. introduced the muscle 

ligation, a technique empioyed in this study, to control for the collaterai circulation 

arising from the paravertebral and cervical m ~ c l e s ~ ~ ' .  However, the hypothesued 

increase in ischemic severity by the muscle stitch did not significantly enhance CA1 

hippocampal damage. To assess n s i d d  cerebral blood in the modifiecl foin-vesse1 

model, latex was perfused transcafdiacdly in a series of pst-mortem CD 1 mice (n=3). 

Despite the combination of both the muscle stitch and the complete transection of the 

vertebral and carotid arteries, latex originating from the auterior spinal ertery was 

obsewed filling the Circle of Willis through the vertebro-basilar system, (Figure 7b). 

A potential drawback to this study is the lack of da& conceming the arterial levels 

of CO, and pH during the four-vesse1 occbioa. Artcrial blood samples were not taken 

from chailenged mice owing to thek small b l d  volumes, and to avoid the technical 

difficulties associated with the cannulation of the fernoral artery. However, both 

parameters are intimately couplai in their replation of cerebral blood fl~w"~". 

Increasing levels of P$O, and blood acidity produce v d l a t i o n ,  resulting in an 

increase in total cecebral blood flow . In contrast, vasoconstriction is induced by arteriai 

conditions of aikalinity and low P,CO,. in fat, lowered levels of P,CO, are indicative of 

hypewentilation, which is hown to aid in the cestomtion of autoregulation through the 



reduction of cerebral blood volume by vasoconstriction and increased intracranial 

Pubüshed values for P8COz for CDI, C57BV6 and SV 1291 mice were 

reported to be about 39.47, and 42 mmHg, respectively during bilateral carotid artery 

oc~lusion~~"~. Thus, the detection of disparate levels of both P8COz during the four- 

vessel occlusioa could prompt the necessaty comction required to ensure consistent 

ischemic severity. 

If the degm of ischemia sustained during the four vessel occlusion does not 

approach accepted values of b i d  reduction in similar rat models, alternative procedures 

to induce murine global ischemia may have to be pursued. Historically, additional rat 

modcls ewrged as measures were taken to enhance the severity and the uniformity of 

forebrain ischemia For instance, in an attempt to better control collateral blood flow 

derived from the anterior spinal artery flowing through vessels distal to the points of 

vertebrai and m t i d  artery occlusion, Knmeyiuna et al. developed a thne-vesse1 

occlusion model (basilar + 2 common carotid asteries) of global ischemia? Shirane et 

al. developed a seven-vesse1 occlusion model (basilar + 2 pterygopalatine +2 extemal 

wotid + 2 comrnon camtid arteries) to M e r  iacrease the reduction of cerebral blood 

flod3. Although a near complete cessation of cerebrai blood has bmi demonstrated in 

both models, their extensive use bas been iimited. The same may be said of other global- 

ischemia producing stratepies which have ùicluded decapitation, the use of a neck 

tourniquet, elevating the cenbmsjhl fluid pr*unne and d a c  a m s t  by the 

phamicological induction of asphyiation However, the limitation of such models 

by high mortaiity rates, complexity of technique, and their Iack of conduciveaess to long 



terni ncovery and selective neumnal wlaerability, hindezs their application to murine 

global cerebral ischemia. 

Thea, what alternative strategies may be employed to nproducibly yield delayed 

neuronal death in the CA1 region of the mouse hippocampus? In rat and gerbil models of 

global ischemia, blood flow changes duruig reperfiision are characterized by a sequence 

of initiai hyperemia followed by a period of delayed and prolongeci hyp~perfiision*'~'. 

Studies have shown that a series of nonlethal cerebral ischemic insults repeated at one 

hour intervals, produces extensive neuronal damage, possibly by increasing ischemic 

severity by cumulative degrees of hypopemision'? Thus, a similar approach may be 

applied to our murine four-vesse1 model of global cerebral ischemia. 

As pceviously mentioned, neuronal viability and bction is dependent upon the 

sensitive balance between the circulatory supply of nutrients and the metabolic demands 

of the cerebral tissue. It is possible that a model may be derived from the perturbation of 

those factors that dictate cerebral blood flow: intramnial pressure, cembral perfusion 

pressure, blood viscosity, arterial blood gases, and the diameter and distribution of 

collateral channelsl'. Additional strategies have included compromising the oxygen 

cairying capacity of hemoglobin by exposing mice to carbon monoxide, hypobaric or 

nomobaric hypoxia and injections of Km'W*'" .  Moreover, conditions that pezhub the 

delicate energy balance of cerebrai tissue, such as hyperglycemia and the elevation of the 

cerebrai metabolic rate of oxygen consumption (CMROd duruig times of arterial 



occlusion, remain potential strategies for inducing hippoarnpal damage in murine 

models of global ischcmia. 

However, by M e r  modifying the ischemia in o r d a  to establish a murine model, 

its relevance to stroke lessens as does the clinical application of successful 

neuroprotective strategies derived üimin. 

Scenario 2: Cerebral Blood Flow Below Ischernia Threshold 

In the event that the reduction of blood flow during the four-vesse1 occlusion is as 

seven as per the rat, the lack of delayed CA1 neuronal death in the moue hippocampus 

may most effectively be explained by the neuroprotective effects of hypothennia. 

Aithough the rectal temperature of al1 mice was monitored and maintained at 

normothermic ranges of 37.5 +/- 0.5 O C  throughout al1 surgical procedures, intracranial 

temperature was never measured. Shidies have clearly demonsüated that during 

ischernia of 5 to 20 minutes of duration, brain temperature, if not controlled, may fa11 2 to 

4 This reduction in temperature bas been shown to completely pnvent the 

neuronal death in selectively nilnerable regions of both the rat and gerbil hippocampus 

In fact, hippocampal neuronal death was not observed in any mice subjected to 

temperatures of 3 1 to 33 OC during 20 min of bilateral camtid artery occlusion'? 

Prolongeci hypothermia initiated 1 to 2 hours post-ischem-a was effective in reducing 

CA I loss in both gerbüs and  rat^"^'""^ Thmefore, the continwus monitoring of intra- 

and pst-ischemic braïn temperature will be rrquirrd to detemine whether mice 



subjected to the four-vesse1 occlusion benefited from hypothennia. Thur, implantation of 

brain temperature probes would facilitate data collection during ôoth the occlusion and 

the critical phase of early repedbsion when the auimais are awake and fieeiy-moving. 

It is worth repeating that although regions of selective vuherability succumb to 

delaycd neurond death following global cerebral ischemia, the precise mechanism by 

which this occurs remairis unknown. However, the pathogenesis of ischemia is known to 

evolve more rapidy with incnasing degms of the ischemic insult, described as the 

"maturation phenomenon" *'? Studies in the rat four-vesse1 mode1 have yielded >90% 

CA1 neuronal loss 7 days after ischemia The duration of pst-ischemia reperfiision 

tirne nquked for the initiation of delayed neuronal death has yet to be fully estabiished in 

the mouse. For this muon, we assessed CA1 hippocampal damage at 7 and 14 days 

foliowing the fourœvessel occlusion. Our study found that C57BV6 mice, considercd the 

most susceptible to ischemic injury,*In failed to produce signincant neuronal loss in the 

CA1 region of the hippoc8mpus either 7 or 14 days following 20 min of four-vesse1 

occlusion. Thus, in üght of the "maturation phenomenon", even though highiy unükely, 

studies with repcrfusion t h s  in urcess of 14 âays may be requind to yield the 

bypothesized ischemic outcome in the mouse hippocarnpw. 

In addition, a less Wrely yet possiôle, cxplanation for this study's hdings may be 

attributed to the induction of ischemic tolerance following the initial vertebral artery 

occlusion. A 2 min sublethal ischemic iusult foliowed by 1 to 7 days of reperfusion has 

been shown to protect vuineraôie nemns to subsequent periods of i~chemia'"'~'. 



Whether a period of "ischemia" necessary for tolerance induction wm initiated following 

the occlusion of the vertebral a h e s  has yet to be detennined. 

Another possibility is the induction of heat shock protein 70 (HSP70) expression 

following the tirst stage of the surgical prepmtion of the mouse four-vesse1 occlusion 

model. In generel, heat sbock proteins are nsponsible for maintainhg the tertiary 

structure of normal or partially denahmi proteins. There is evidence to suggest that 

HSP70 is selectively induced in hippocampal neurons made tolerant to ischemia by an 

initial exposure to hyperthennia'". It is possible that elevated brain temperatures 

resulting h m  the electrcauterization of the vertebd arteries may have increased levels 

of HSP70, and thereby inducing ischemic tolerance. This hypothesis may be tested by 

probing the hippocampus of mice subjected to electrocautery of the vertebral arteries 

with an antibody specific for HSP7O. 

Contexnial Significance 

Pcevious stuâies attempting to develop moue versions of either the four-vesse1 

occlusion or two-vesse1 occlusion in combination with conüolled systemic hypotension 

were hindereâ by excessive animal r n ~ r t a l i ~ ~ ~ " .  Accordingly, cumnt strategies to 

p d u c e  mowe global ischemia exploit potential sûain-related susceptiiilities to 

ischemia, owing to differences in the cornpleteness of their Circle of Willis, in moâels of 

bilaterai m t i d  artey ~ c c l u s i o n ~ ' ~ ' ~ .  Intenstingly, by successfully occludîng both 

vatebral and carotid artenes in the mouse, our study is the frst to expiore the ischemic 



cespouse of mouse hippocampal neurons, independent of the degne of anastarnoses 

between the anterior and posterior circulation of the forebraia. 

Nevertheless, how do we reconcile the apparent d~screpancy between the results 

of this investigation and those in which mouse ischemia produced by the occlusion of 

only the carotid artenes fields CA1 hippocampal damage? To address this issue, one 

must nalize that the reliability of any model is dependent on the statistical vaiidity of its 

quantitative data. The significaat inmases in the loss of CA1 pyramidal neurons 

following bilateral carotid occlusion that have been published have only been detected by 

qualitative assessments of mouse hippocampai da~nage~"'*'~'". The use of scores, 

defined by ranges of ce11 death, to qualitatively evaluate hippocarnpal damage eliminates 

the variability that would normally preclude statistical signiticance if the number of 

ischemic CA1 neurms were achially counted. 

In this study, a signifiant loss of CA1 hippocampal neunms was not observeci in 

CD1 mice followhg 20-min of ischemia. In stark con- Murelrami et al. reported 

that 3-min of bilateral carotid artery occlusion under conholled ventilation was suficient 

to produce hippocampal damage in the same strain of mouse[". 

The success of the rat version of the four-vesse1 occlusion model of global 

ischemia lies in its reproducibility and cousistency in yietding > W h  CA1 hippownpal 

neuronal death following seven days of rePem,sioa The near complete loss of this 

region of the hippocampus pro"des a stable baseline upon which neutopmtective 



stratesies mpy be compared. Thetefiore, in developing a model of global ischemia in the 

mouse, both the statisticai signincance and measwe ofdelayed CAL hippocampal 

nemaal death must be taken into account. The pirsent murine four-vesse1 occlusion 

model fails to meet both of these critena. 

It has been published that the rnonality rate of the four-vesse! occlusion is at le& 

50% in rats, even when peflormed by the most experienced investigators. A similady 

high rate was obsmed in testhg the mouse four-vesse1 occlusion model owing to the 

tortuosity of the surgicd pmcaduns and the severity of the ischemiaP. To accommodate 

for this mortality, a larger numbet of mice must be chaîlenged in order to obtain 

statistically significant smple sizes. This presents a dilemna, as mutant mice, for which 

the model is intended, are generally very expensive to constnict and breed. In faimess, 

the majority of the mortalities were recorded during the k t  stage of the model during 

which the vertebral arieries an occluded by electrocautey. Therefore, bad the 

hypothesized ischemic outcome been observe4 Le. ~ 9 0 %  CA1 hippocampal neuronal 

death, the proposal of alternative strategies to pemanently occlude the vertebral arteries 

would have k a  w m t e d .  

The m l t s  of the present investigation failed to demonstrate a straindependent 

susceptitbility to ischem0a in the four-vesse1 model. It has been postdateci that the 

reâuced patency of the posterior cornmunicating artery is responsible for the increased 

susceptibility of C57BV6 and BALBfc mice to ischemia in models of bilaterai camtid 

artery occlusioaM"'? The occlusion of the vertebml arteries in the four-vesse1 model, 



however, should have effectively eliminated any significant contricbution of the posterior 

circulation to cerebd blood flow. Paradoxically, in contnist to the results of studies of 

oniy the two-vesse1 occlusion, the four-vesse1 mode1 did not yield significant 

hippocampal death after 15- and 20-min of ischemia in either CD1 or C57BV6 mice. 

The maintained spontaneous elechical activity recorded by the EEG in 7 of 10 

SV4291 micc during the four-vesse1 occlusion may be attributed to this strain's 

enhanced ischemic resistance demonstrated in both models of focal and transient 

forebrain ischerniaJ3? The death of SV-129J mice (n=3) registeriag Bat EEG records 

may lilcely be attributed to a fatal restriction of blood flow to the respiratory centres in 

the midbrain. 

Even though hippocampal damage has been pduced by WO-vesse1 models of 

mouse ischemia, such studies neglect to nport either the selectivity of CA1 death or its 

temporal profile. The m l t s  of such studies may possibly be attniuted to widespread 

necrosis induced by the severity ofprolonged durations of b i l a t d  carotid artery 

occlusion. In fact, Murakami et al. npoited that hippocampal injury was more delayed 

following 3-min of b i l a t d  carotid utery occlusion, than when compareci to that 

observed after 10-min14i. Moreover, the absence of significant hippocampal death in 

C57BV6 mice subjected to 20 min of four-vessel occlusion, and the 100% animal 

mortolity following an additional 5 min insult suggests that a heterogeneous nsponse of 

murine brain tissue to global ischemia may not exist It may be possible that the 

hippocarnpai physiology of mice may be intrinsicaliy distinct ficm that of other rodents. 



In this study, hipp~campal damage was reporteci as a percentage of dead 

pyramidal nemm compand to the total number of neurons in the CA1 subfield. 

Alternative methods to quantify hippocampal neuronal death include canked scores and 

masures of neuronal density. In particular, neuronal death using the latter method is 

expresseci as the number of ncwous per unit length. e.g. 1 mm, and facilitates the 

detection of changes in total ceii wunts resulting h m  the clearance of dead neurons by 

scavengers. However, the lack of significant differences in the percentage of 

hippocampal neuronal death and in the totai ce11 counts ( Appendix D) at each of the 

septotemporal levels (Bregma coordinates: - 1 JO, -2.06, -2.70, -3.16) suggest that such 

additional measures to control for counting variability may not be warranted. 

Dead pyramidal neurons were identifiecl by light microscopy using cnsyl violet 

staining acmding to the appearance of darkiy stsining nemm with pyknotic nuclei. It 

is widely believed that delayeci hippocnmpal neuronal death produced by global cerebral 

ischemia is rnediated by apoptosis"*. Although the morphological features of nuclear 

and cytoplasmic shrinking, chtomatin condensation anci plasma membrane blebbing 

typical of apoptosis sharply contrapts the ce11 swelling, karyonrhexis and cytoplasmic 

hypereosinophilia of nectosip, the hisâological analysis employed in this study cannot 

reliably distinguish between them. Moreover, it is also difficult to d e t e m e  whether 

pyknotic nuclei, as pcesented by aesyl violet staiaing, tmly nflect dead neurom, or 

t a k ,  viable non-newonal ceîis, For instance, mimglia are known to invade the CA1 

pyramidal layer following an ischemic in~mlt'~~. Coasequently, their mis-identification as 



dead neurons would nsult in an ovetesthnation of neuronal ce11 death. Thus, the use of 

cell-type specific markers, e.g. NeuN for neurons and GFAP for astrogtia, in combination 

with TUNEL staining would detect nuclear changes, such as DNA hgmentation, in CA1 

pyramidal neurons undergohg programmeci ce11 death. 

Therefon, is a murine model of global cerebcal ischemia possible? The m e r  is 

a resounding - maybe. Again, the ceguiation of brain temperature and the measurement 

of blood flow changes during the fou~~vessel occlusion are of critical importance to this 

issue. 

Historically, the development and validation of standard models of cerebral 

ischemia were tested in a variety of animal species and strains. It was apparent that the 

animals were chosen to fit the madel. Ironically, with the introduction of genetically 

engintend mice, the situation ha9 been merseci. Now investigators have the dauatmg 

task of developing models that are amenable to the moue. Success has been achieved in 

establishing repmducible murine models of focal cerebral ischemia. Unfottunately, the 

nsults of this investigation may now k added to a list of failed studies attempting to 

pmduce a reliable model of mouse global cerebtal ischemia. 

However, there is room for optimism. A ment study of global ischemia 

published in the Journal of Neuroscience investigated the efXects of the overexpression of 

a superoxide dismutase in a hpasgenic "rot" u h g  Pulsinelli's four-vesse1 occlusion 



model'". Thus, if geneticists Lean towarch mutant rats, the mles of specific genes in 

stroke pathophysiology may be hirther elucidated in already established models of global 

cerebral ischemia. 

A New Direction 

It should be notcd that such efforts were invested in the development of this 

model for the purpose of studying the response of the GluR2 null mutant mouse to global 

cerebral ischemia. Without a reproducible model of delayed neuronal death, however, it 

is not possible ta test the GluR2 Hypothesis using this mutant mouse, or any other. 

Rather than impiowig upon the rnethodoiogical aspects of this model, as descnied in the 

Discussions, or exploring a potential species-dependent resistance to global ischemia, Le. 

rat vs. mouse, it was decided that it was necessary to take advantage of the availability of 

the GluR2 null mutant mouse. For this reason, the GluR2 knockout mouse was tested in 

a mode1 of permanent focal cerebral ischemia. in contrapt to murine global ischemia, this 

d e l  has been well-describeci and established in the literature. 



WI.iii. Response of GluR.2 Knockout Mice in a Mode1 of 
Permanent Focal Cerebral Ischemia 

Descsiption & Validity of the Modei 

Prior to testing valuable mutant mice to a middle cerebral artery occlusion. it was 

necessary to reproduce and validate an established model of permanent focal cerebral 

ischemia. In so doing, the intraluminal occlusion model of focal ischemia was chosen on 

account of its minimal invasiveness, and its preservation of intracranial pressure, blood 

brain banier perrneability and intracerebral temperature. In addition, the absence of the 

mechanical and themi  trauma associated with the more well-established rat models of 

focal ischemia is a great advantage to the intraluminal model. 

The success o f  this mode1 lies in the carefbl preparation and selection of the 

occluding tilament4'*'? The suture mut fit the lumen of the carotid arteries, be pliable to 

facilitate its advancement through the vascuiature, and thin enough to traverse through 

the carotid foramen at the base of the skull. However, this filament must also possess the 

thickness to completely occlude the odgin of the middle cerebral artery, yet be flexible 

enough to prevent the accidental perforation of its sheathing artery. To this end, a 

number of methodology papers have been published emphasizing the appropriate 

matching of the filament calibre to the body weight of the murine We 

tested the occlusion success of different suture types and sues and round that for rnice 

weighing 25-401 (CD1 strain; n=17), a 6-0 monohlament suture, though inadequate in 

yieldhg infimtions, did not perforate the middle cerebral artery as did those sutures of 

greater thickness. By convention, the filament is moâified at its tip with a coating of 



biocompatible dental silicone which pmvides the necessary augmentation to the filament 

calibre without comprishg its flexibility. 

Although the use of an intraluminal filament pnsents the opportunity to study 

reperfbsion injury by the reversibility of the occlusion, we decided to estabiish a model 

of permanent focal cerebral ischemia. In t&is model, the mouse would be sacnficed 24 

hours followiag the filamentous occlusion of its middle cerebral artery as a means of 

controlling the size and distribution of the ischemic lesion. Thus, by nducing i n f i t  

variability, a stable baseline may be created against which the changes in infmtion 

volume ascnbad to potential thenipeutic strategies rnay be measmd and compand. 

Studies have demonstrateci that this model yields near maximally evolved infiarctons, 

with the least variability, 24 hours following the onset of ischemiaW. 

The&, a pilot snidy was conducted to establish a model of permanent focal 

ischemia by the intraluminal occlusion of the middle cerebral artery. To validate the 

model, male CD 1 mice were subjected to similar experimental conditions anâ pmtocols 

as described in the Methods and Materials section (VLiv.). This particular strain of 

mouse was tested since the GluR2 nul1 mutants were generated on a CD1 background"'. 

Cenbral infarction, as detected by 2% TTC stairiing, was produced in 16 of 21 

(76.2%) male CD1 mice, 24 boum following the permanent filamentous occlusion o f  the 

middle cmbral artery, (Figure 9a). Ischemic dsmage, although d i s û i i d  tbroughout 

the ischemic hemisphere, was most severe in the antero-temporal region of the brain, and 



reproducibly encompassed both cortical and mïatal tissue. Intuitively, the distribution of 

tissue injury reflected the describai vascular taritory of the middle cerebral artery. 

Edematous swelling of cerebrai tissue was apparent in each of the ischemic hemispheres. 

However, it should be noted that the described method of infarct volume quantification 

does not include a correction for edema. 

Of the total 25 mice tested in the model, 4 did not survive the 24 hou ischemic 

time period (16% rnortality rate.) The mean Uifàrction volume and standard deviation in 

those mice that swived was 69.33 +/- 14.36 mm3. 

Variability in the infmtion volume following the middle cerebral artery 

occlusion is typical in models of focal ischemia. However, the lirnits of this statistical 

variation is dependent upon the measun of control over those experiniental parameters 

known to influence the lesion size. in this pilot study, core rectal temperatm was 

controlled ôetween 37 +/- OS0C during al1 operative procedures. The variability may 

also be attribua to differences in animal physiology as described by arterial blood 

gases, pH and arterial blood pressure. Due to technical limitations, i.e. lack of 

appropriate physiological monitoring devices, such parameters could not be measured. 

Nevertheless, a 20.7% (14.36 1 69.33) variability in the infmtion volumes may be 

considered scientifidly acceptable since it lies within the statistical range published in 

studies in which ischemically-challengcd mice were monitored for the said 

paramete#3fd7L1n 



An additional source of vatiability lies with the efficacy of the MCA occlusion. 

Despite the advancement of the filament over a length of 10+/- 0.5mm, the surgeon is 

bünd to the actual occlusion of the middle cerebral artery. Tbenfore, a suture that is too 

thin may not d u c e  cerebral blood fiow to ischemic levels. In other instances, the suture 

may be npositioned witbia the artery by vasospBsm and I or retrograde perfiision through 

the Chle of W f i s .  In fact, the absence of M d o n  in 5 of the 21 (23.8%) mice tested 

may be attributcd to any of these reasons. As a solution, the use of laser Doppler 

fiowmetry allows for the monitoring of cerebral b l d  flow changes foliowing the 

insertion of the occluding filment, With this technique, criteria may be established sucb 

that the occlusion is deemed successfbi oniy if the me- of flow post-MCAO is qua1 

to or less than 20% of the beseliac, as meawued prior to the insertion of the filament. It 

was decided at the conclusion of the pilot study to monitor regional cenbral blood flow 

in the GluR2 project with a laser Doppler device to improve the success of the model. 

GluR2 Knockout Mice are Not More Susceptible to 
Permanent Focal Ischemia 

This saidy m e &  thst the infiucton volumes and neurobehavioural deficits 

sustained 24 hours following the permanent intduminai occlusion of the middle cerebral 

artery did not differ between wild-type mice and those with a mutated GluR2 gene. 

These n d t s  werc not attribut4 to ciifferences in cenbral blood flow measund both pre- 

and 1 5-min pst-MCA occlusion by laser Doppler flowmetry. 



This is the first study to test the GluR2 null mutant mice in an in vivo model of 

cerebral ischemia. It is also the first study to explore the potential role of the GluR2 

subunit in the pathophysiology of focal cerebral ischemia. As the reeults Mer, the 

mutation of the GluR2 gene does not rende mutant mice more susceptible to ischemic 

injury in a permanent model of focal ischemia. 

This hding supports the null hypothesis of the study, since it was believed that 

the hiockouts would have larger infatction volumes than their wild-type controls. The 

lack of a statistical ciifference between these two experimental groups rnay not be 

attributed to inf't variability resulting h m  inadequate phy siological monitoring. The 

variability in the wild-type and knockout lesions were 28.2% and 22.6%, nspectively, 

both of which are within the statistical range of papers published with controls for arterial 

b l d  pressure and In addition, each animal that recordeci an acceptable 

reduction in cerebral blood flow (eV!% midual CBF) following the filament insertion 

poceedcd to infition. 

A caveat of al1 studies employing in vivo genetic manipulation is the veritable 

possibility that the response of the mutant mice to the ischemia may be adulterated by 

developmental compensation. In addition, it may be surmised that al1 GluR2dependent 

interactions have been eliminited in the knockout mice, and the resulting functional 

perturbations aot fully known. However, newonai excitability and cellularity are 

relatively normal in the GluR2 nuil mutant mice? And more importantly, the 

expression of calcium bindhg proteins including caibindia, parvdbumin, caimoduiin and 



calretinin, which were hypothesized to be upngulated as a means of buffering enhanced 

Caz' pcrmability in the knockoutg were shown to not differ h n  wild-type 

littermatedn. 

Genetically engineered mice an tools used to better appnciate the contextual 

signifiace of specific genes and their proteins in the rnechanisms underlying ischemic 

ceU death. Aihough they rnay be the star attraction of a given study, they are not the 

show. Their importance Lies in how their role influences the scientific story. For 

instance, a major drawback to the scientinc ment of the present study is the 

inapp~ateness of the model used to test the knockout. It was originally hypothesized 

that the GIuR2 mutant mice would have larger i n f i o n  volumes as compami to wild- 

type controls in this rnodel of permanent focai iscbemia. However, this model is 

ischemically very severe, such that the available margia of lesion growth to be limited to 

only about 10% of that present at 24 hours post-~C~@'~". Therefore, it is possible 

that the lack of a differaice between the knockouts and the controls may be due to a 

ceiling effect ascribed to the model. 

Contextuai Significance 

The quhoxalinedione class of AMPA receptor antagonists, including NBQX, 

YM872 and YM890, have c o n f i  aeuropmtection in models of both temporary and 

permanent focal ischemia in rats and c a t ~ ' ~ ' - ' ~ ' ~ .  However, die exact mechanisms by 

wbich they do so an not compIeteIy undetstood. It may be sunnised that the blockade of 

AMPA receptor physiology during ischania rnay deay NMDA and voltage gated Caw 



channels the necessary membrane depoIarization nquirod for their activation. And 

although the indirect inactivation of calcium conductances through these chamels bas 

b a n  proposeci to explain the efficacy of diese d n i g ~ ~ * ' ~ ,  evidence to support an AMPA 

receptor GluRZdependent mechanism in models of focal ischemia has yet to be teported. 

The nsults of tbis study argue against the importance of the GluR2 subunit in 

mediating tissue damage in a severe model of focal ischemia. However, it should be 

noted that the most compellhg evidence to support a mle for AMPA receptors, and more 

specifically the GluR.2 subunit, in cerebral ischemia has been derived from models of 

delayed neuronal death"s'? in fact, the GluR2 Hypothesis is established upon 

obsexvations made h m  studies of transient forebrsin ischemia and statu epilepticus. 

Hence, one would ideally test the GluR2 knockout mice in a murine mode1 of global 

cerebral ischexnia. Aithough some have been rep~rted~'~l**"', a reproducible mode1 of 

transient forebrain ischemia rrquinilg minimal techaical expertise has yet to be 

pubüshed. 

For this neson, the GluR2 mutant mice were tested in a model of permanent focal 

ischemia However, mild models of focciI ischemia have been recently described in the 

rat and m~use'~'*'". Thus, it is possible that in a model of mild focal ischemic severity, 

GltW mRNA may be selectively downngulated, and the consequent formation of caN- 

pemiesble AMPA receptors may contribute ta the final i n f i t  volumc. To this end, 

penumbral changes in glutamate receptor mRNA expression may be detecteâ by standatd 

methods of Îmmuwhistochemisûy. Monover, the hctional sipaincance of potential 



GluR2 expression changes d e r  mild focal cerebral ischemia may be m e r  explored by 

the ability of 1-mphthylacetyl speIllWle (1-NA-Spm) to d u c e  infmtion volumes. An 

analogue of spider joro toxin, this antagonist to calcium permeable AMPA receptors, was 

nccntly shown to be a potent anticonvulsant when administered intracercbroventricularly 

176479 in a rat s e h  mode1 of amygdala-lcindling . 

Validity of the GluR2 Hypothesis 

The GluR2 Hypothesis states that the mRNA of the GluR.2 subuait is 

downregulated in vuinerable neurons destined to die by global ischemia. This will ihen 

lead to the formation of Ca2+-permeable AMPA recepton lacking the GluRZ subunit. 

Consequentiy, in the presence of endogenous glutamate, Ca2+ influx through these 

GluR2-las receptors contributes to or causes ischemic ce11 deathlwl". Interestingly, the 

data supporthg the GluR2 Hypothesis has not been fully embraced nor cepmduced. 

Spedically, the causal relationship between the selective downreguiation of the GluR2 

subunit, and its fiuictionai consequenccs leading to neuronal degeneration has been 

questioned". In fact, studies bave show âhat GluR2 mRNA is not selectively 

downreguiated foîlowing global isctiemia, including one such papa published by 

Pelligrini-Giampietm; coauthor of the hypothesis iwlf'". Regardless, this 

dowuregdation in the Glu= mRNA reportedly OCCLUS 48 to 72 hours pst-ischernia in 

the CA1 hippocamp~s'~~. In consideration of the time course of ischemia-induced 

delayed neuronal, however, the 1ikeIihood of aew ~a~~pemeab1e AMPA channe1 

formation occurriag within this time bmc must k questioned. in fact, direct evidence 



of newly fomed AMPA charnels subsequent to the selective domguiation of GluR2 

mRNA has yet to be nported. More recently, shdies have show that AMPA receptor- 

mediated excitoxicity in cuitured cortical neurons denved from the GluR2 mutant mice 

to be mediated not by Ca2+ penneability, but rather, Na+ influx ln. 

The kdings of the pnsent investigation hdicate that the absence of the G l W  

subunit, nadering AMPA c h a ~ e l s  Ca2+-permeable, does not worsen the ischemic 

outcome following permanent focal ischemia. However, the severity of the ischemia 

atûibuted to the mode1 uscd in this study may mask the poteutial importance of the 

GluR2 subunit in more delayed fornui of neuronal death. Further evaluation of this role 

will necessitate the testing of the GluR2 mutant mia in a producible murine mode1 of 

global cerebral ischernia. 
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Figure 1 . A. Rouks of Ca2+ Influx through Voltage Sensitive Calcium Channels (VSCC), and NMDA and AMPA receptor linked ion 
channels following glutamate activation. B. Ca2+ penneability lhrough AMPA receptors is dependent upon the inclusion 
of the GluR2 subunit in its ion channel composition. a 



Fodesse l  Occlusion Does Not Produce Significant CA1 Hippocampal 
Darnage Following 5-, 10- & 15 min of Global Ischemia in CD1 Mice 

A. Without Muscle Stitch B. With Muscle Stitch 

Figure 2. Bar graphs show lack of statistically significant differences between the percentage o f  CA1 neuronal death at 
dorsal (Bregma -1.70 & -2.06) and ventral (Bregma -2.70 & -3.16) levels of the hippocampus in mice subjected 
to the four-vesse1 occlusion mode1 with (B) and without (A) a paravertebral muscle stitch. Newonal death (-3%) 

was assessed on the appearance of pyknotic nuclei in the CA 1 subfield of the CD1 mouse hippocampus. 



No Difference in CA1 Hippocampal Damage Between CD1 & C57BV6 Mouse 
Strains Following 15- and 20-min Four-Vesse1 Occlusion 

A. 15-min Ischemia B. 20-min Ischemia 

Figure 3. Bar graphs show lack of  statistically significant differences in the percentage of CA1 neuronal death at 
dorsal (Bregma -1 JO & -2.06) and ventral (Bregma -2.70 & -3.16) levels of the hippocampus in CD1 and C57BV6 
mice subjected to (A) 15 min and (B) 20 min of four-vesse1 occlusion. Neuronal death (-3%) 
was assessed on the appearance of pyknotic nuclei in the CA1 subfield of the mouse hippocampus. 



No Difference in CA 1 Hippocampal Damage in C57BV6 Mice 
7 or 14 Days Following 20-min Four-Vesse1 Occlusion 

VA0 Contrd (n=S) 
7 Day Regaifusion (n=5) 
14 Day Reperfuskn (n=3) 

Figure 4. Bar graph shows lack of  statistically significant differences in the percentage of  CA1 neuronal death at 
dorsal (Bregma -1.70 & -2.06) and ventral (Bregma -2.70 & -3.16) levels of the hippocampus in C57BY6 mice 
7 and 14 days following 20 min of four-vesse1 occlusion. Neuronal death (-3%) was assessed on the appearance 
of pyknotic nuclei in the CA1 subfield of the mouse hippocampus. 



Normal CA 1 Hippocampus 
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Post-lsc hcmic CA I Hippocampus 

Figure 5. A. Septotemporal levels of mouse hippocampus used to quanti@ CA1 neuronal 
death. CA 1 pyramidal layer lies within the bounded region of each represented level 
of the hippocampus. Hippocampal damage was evaluated at four kvels to establish 
a potential dorsal (Bregma coordinates: - 1-70, -2.06) to ventral (Bregma 
coordinates: -2.70,5.16) gradient of delayed newonai death. High rnagnification 
(X 500 ) ofCA1 subfield depicting normal, viable neurons (B) and highly 
eosinophilic, pyknotic newons h m  a pst-ischemic mouse hippocampus 
(armwheads, C). Cresyl violet staining was used for Panels A and B: Panel C was 
stained by hematoxyh & eosin (H&E). 
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Figure 6. Photographs of cresyl violet stained CA 1 pyramidal neurons taken at high magnification ( X 500 ) in mice 
subjected to the labeled durations of ischemia ( vertebral artery occlusion (VA0)-control, 50, 10-, 15- & 20-min 
of four vessel occlusion) and reperfusion periods ( 7 & 14 days). Note that the CA1 hippocampal neurons 
appeiir normal in both CD1 (A) and C57Blf6 (B) mice regardless of the ischemic challenge, as compared to controls. 





Mbed Suture Tip BlocWng 
Y&Wa Cembd Artwy 

Figure 8. A. Surgical window created in the mouse following a ventral midline neck incision. 
B. Intrduminal occlusion of the middle cerebral artery by a siliconecoated 
6-0 monofilament suture, 
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Figure 9. A. Photograph of brain tissue stained with 2% 2.3.5-triphenyltetrazolium chloride solution (TTC). Infarcted tissue 
in the right hemisphere remains unstained; viable tissue is stained brick red. Dorsal / ventral profiles, and 
coronal slices (2 mm thick) of the ischemic brain are presented. B. Histological representation of the ischemic brain. 
Lesion is characterized by regions of pallor, tissue swelling and pyknotic nuclei. Border of the ischemic lesion is  
readily apparent in the high magnification (X 400) photograph where the infarci lies to the left of viable tissue. 



Response of GluR2 Knockout Mice to Permanent Focal Cerebral Ischemia 

B. Neurological Scores C. Infarction Volume 

Figure 10. Wild-type (n=7) and GluR2 nul1 mutant mice (n=8) did not differ in their susceptibility to permanent 
focal cerebral ischemia. Infarction volumes (C) and neurobehavioural deficits (B) sustained 24 hom following 
the intraluminal occlusion of the middle cerebral artery did not differ between wild-type and knockout mice. 
(A) Residual cerebral blood flow measured 5- & 15- min after MCAO was less than 20% of thepre-MCAO 
baseline, without a statistical difference in the relative reduction between mutant and wild-type mice. 



Validation of the Frustrum Summation Method for 
Infarction Quantification 

Fiustrum Summrtion (mm3) 

Figure 1 1. Correlation maiysis comparing a standard method to calculate rat 
infafction volumes & the f b û u m  summation method of m u ~ e  
lesion quantification. A Pearson correlation coefficient of 0.998 
was genenited statisticaily to validate the methodology. 
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X. Appendix A: Literature Summary Tables 

Mutant Mice Tested in Models of 
Focal Cerebml Ischemia 

Table 1: 

Re ference Model of 
Strategy Isc hemia 

Knockout P~t l l l i l~cnt  Ncwnal nitric 
oxide synthase 

ffiockout T='Wrar~ Neuronal nitric 
oxidesyathase 

Endothelid nitric 
oxide synthase 

Exacerbation 

Knockout Permanent Inducible nitric 
O* synthast 

Knockout Reduction 

Knockout Transient 

Reduction 

Reduction 



Table 1 Continued: 

Mutating 
Süategy 

Reduction 

Transient I Reduction l [29 1,3021 Knockout 

CAMP-responsive 
clernent- binding 

ptotcin 

Knockout 

Transient iL- 1 beta convctting 
enym= 

Reduction Transgcnic [30 11 

Transient I Reduction 

Knockout Transient I Exacerbation 

Transgcnic Reduction 

tissue p lasminogen 
activator (PA) 

Knoc kout 

Transient Reduction j661 



Table 1 Continued: 

Modelof 1 Change in 

I Volume 

Petmanen t Rcduction 

Transient Rcduction 

Mitochondtial 

supetoxide 
disrnutase 

Transient 

Ptrm8ncnt Exacerbation 

epsilon subunit of 
NMDAR 

Transient Knockout Rcduction 

Permanent Rcduction Knoc kout 

Pefmanent Exacerbation 

Permanent I No Diffcrcncc Knockout 



X.ii. Table 2: Mutant Mice Tested in Models of 
Global Cerebral Ischemia 

Gcne Protein 1 Mutating 1 Mode1 Type 1 e&ct on CA1 1 Refemce 

CuZn-SOD- l CuZn-supetoxide Transgenic BCCAO Rtduction Pl 
dismutase 

N'NOS ffiockout Reduction Pl 



XI. 

Mi. 

Appendix B: 

Data Table 1: 

Data Summary Tables 

Percent CA1 Hippocarnpal Damage 
Sustained in a Four-Vessel Occlusion 
Mode1 of Murine Global Cetebrai Ischemia 

Xka .  Data Table Ii: % CA1 Hippocampal Damage 7 Days Following 5-, 
1 û- & 15-min of Four-Vesse1 Occlusion in CD 1 
Mice 

D o d  I h n a I 2  Ventral 1 Vc1stral2 
1 

Br- -1.70 Bregmr -2.06 B w  02-70 Bregma -3.16 

Smin 1.99 0.63 2.56 , 0.72 2.02 0.89 236 0.37 
10 min 2J8 0.89 261 0.49 2.19 - 0.75 2-47 0.44 

Sniin 2.02 0.42 2.47 0.34 2J7 0.43 2.23 0.25 
10 min 2.20 0.29 225 0.45 2-47 0.31 2.33 0.22 



Data Table Iii: % CA1 Hippocampd Damage 7 Days Foliowing 
15- & 2û-min of Four-Vesse1 Occlusion in C57BY6 
and CD I Mice 

~ o r ~ a l  1 D O ~ I  2 I ventral 1 I ventral 2 I 

Strain (CD1 vs C57BV6) p = 0.8972 Strain (CD 1 vn C57BV6) p = 0.4588 
Septotcmporal Level p = 0.6552 Scptotemporal Level p = 0.6199 



XI.i.c. Data Table iiii: % CA1 Hippocampai Damage 7 & 14 Days 
Following 20-min of Four-Vesse1 Occlusion in 
C57BV6 Mice 

1 Hippocampai 1 Dorsal 1 1 Dorsal 2 1 Ventral 1 1 Ventrai 2 
1 I 

VAO-Contml 2.83 . 1.38 2.61 1.33 2.90 0.20 2.63 1.84 
7 Day - 2.94 0.92 232 0.57 2.40 0.56 2.47 1.01 

Statistics 1 Two-Way ANOVA 

Reperfiision 
1 

Septotemporal Level 
Interaction 

p = 0.9785 
p = 0.4120 
D = 0,9628 



Data Table II: 

Data Table Hi: 

Response of GluR2 Knockout Mice to 24 
Hom of Permanent Focal Cerebral 
Isc hemia 

% Residual Cerebral Blood Flow 5- & 1 5-min Post- 
Middle Cerebra1 May Occlusion in Wild-type and 
GluR2 Knockout Mice 

5-min Post 1 15-min Post 



XI.ii.b. Data Table IIii: Infmtion Volumes Sustained in Wild-type and 
GluR2 Knockout Mice 24 Hom Following 
Permanent Focal Cerebral Ischernia 



XI.ii.c. Data Table IIiu: Neurobehaviod Deficit Scores Assessed in W ild- 
type and Glu= Knockout Mice 24 Hom 
Following Permanent Focal Cecebral Ischemia 

Note: Neurobehaviowai Deficit Score System 

O - absence of apparent nembehavioural deficit 
1 - inability to extend cight focepaw 
2 - circling behaviour 
3 - tendency to fa11 to its side 
4 - no spontaneous movement 



XII. Appendix C: Statistical Analysis Tables 

Statistical Table mi: Septotemporal Level Cornparisons of the Number of Dead 
Neumns and Total Nmber of CA1 Hippocampal Neurons 
following 50, 10- & 15-min of Four-Vessel Occlusion With 
and Without a Pglgvertebral Muscle Stitch (ûne Way 
ANOVA) 



Statistical Table Wii:Septotemporal Level Com@sons of the Numbet of Dead 
Neurons and Total N e  ofCA1 Hippocampal Nemns 
following 15- & 20-min of Fou1:-Vtssel Occlusion in CD1 
and C57BV6 Mouse Straias (t-test) 



Statistical Table XIIiii:Septotempod Level Cornparisons of the Numbcr of Dead 
Neuons end Total Numba of CAL Hippocampal Neurons 
foiiowirig 7 & 14 Days of Reperhsion in CS7BV6 Mice (One-Way 
M A )  
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Appendix D: Infwct Volume Quantification 

XIII.i. Lesion Quantincation Following Permanent 
Focal Cerebral Ischemia 

A novel method of infarct volume calculation was used to quantitate the cerebral 

damage swtained from the permanent occlusion of the mouse middle cerebral artery. 

Aithough this approach s b s  in the use of an image analysis system to quanti@ lesion 

areas per slice of brain tissue, it differs from other methods in tenns of its integration of 

those areas into a final infarct volume. 

Investigators have typically calculated the overall lesion size by summing the 

infarct volumes per slice of brain tissue; the latter of which is calculated from the proâuct 

of the iafarct area per slice and the slice thickness. By convention, the infarct area fiom 

t&e caudal face of each tissue section is used for this calculation. Thus, for an ischemic 

brain cut into four coronal slices of 2 mm thichiess, the hfarct volume would be 

calculateci as follows: 

Slice Infmt Volume (mm') = Infmt Area (mm2) Tissue Tbickntss 

Owdl Lesion Volume (mm') = S m  of i n f i  Volumes (mm') P a  Four Brain Sliccs 

The general criticism of this method of calculation lies in its concephialization of 

the infârct volume withïn a given slice to be cylindrical. Therefore, this approach 

assumes that the infarct areas on eithet side of a coronai brain slice to be equal. 

However, this is not me. For two consecutive ischemic brain slices, the caudal fice of 



the fust is representative of the rostral face of the second With the spatial evolution of 

the lesion within the ischemic hemisphere, rarely are the caudal and rostral infarct areas 

of a given slice equal, and likewise, the caudal infmt areas from two adjacent sections of 

2 mm thickness. 

To better represent the evolution of the Uif8tct wit&in a tissue slice, I have 

conceptualized the lesion as a fiutnim. This is a conical section with two circular sides 

with differing radii. This approach more adequately represents the disparate infarct areas 

qmtified h m  both the rostral and caudal faces of a given brain slice. Thenfore, for an 

ischemic brain cut into four coronal slices of 2 mm thickness, the iafarct volume would 

be calculated as follows: 

Slice infuct Volume (mm') = ID Pi Tissue Thickness * ( RI*RI + RI * EU + R2 * R 2 ) 

where R1 = Radius of the Rostral Face of the Slice 

R2 = Radius of the Caudal Face of the Slice 

RI& R2 art calculateci h m  the i n f i t  arcas of a slice, thercfort: 

e.g. RL = Square Root ( lnfarct Atea I Pi ) 

Remember: Area of Circle = Pi Radius Radius 

To cdcuJate the Infarct Arcs of Slice 1: 

R1 is derived h m  the caudal fact of Slice 1 

R2 is dcrivtd h m  the rostral face of Slicc 2 



Ovctali h ion  Volume (mm3) = S m  of Infhrct Volmes (mm') P a  Four Brain Slicca 

To validate this method of infwt volume calculation, data frwi a rat focal 

ischemia sawly unrelated to the cumnt work was inputteci into the "Fnrstnim" forna.  

The results were then comlated to that calculated by an alnady established mcthod of 

lesion quantification. A Pearson cornlation coeficient of O.998OM was calculateci by 

statistical software, (Figure 1 1). 



XIII.ii.a Data Table IITi: Correlation Analysis & Marcton Volume Data 
Derived h m  Both the Fnrstrum Summation and an 
EstabLished Methocl of Lesion Quantification 

M't Volums (mm') h fàm Volume (mmS) 

Note: Differences in the absolute value of infation volumes denved h m  each 
method is atûibuted to difierences in a magnification factor used to their respective 
quantification f o d a e .  This factor is useâ to c o m t  the infmt atea measunxi by the 
image anaiysis system from a histological slide preparation of the ischemic tissue, so that 
it is more repnsentative of the ana of damage in an unproccgsed broin slice. 



Infarction Volume Program Source Code 

const Pi:= 3.1459 
var Ana 1, Ana-2, Area-3, Area-4 : real 
vart:nai 
1 0 0 ~  

var reply : string 
put skip, "Please enter the thickness of each slice of tissue (mm): ".. 
get t 
put skip, "Please enter the value of Ana-1 : ".. 
pet Ana-1 
put "Please enter the value of Area-2: Y. 
get Area-2 
put "Please enter the vaiue of A - 3 :  ".. 
get A r e t 3  
put "Please enter the vaiue of Ana-4: ".. 
get Ares-4 
put skip, "Slice Raw Wmt Ana (sq. mm)'' 
for Row : 1 . J  

Put Il II, l t  1 li, 16 tt 
9 

Ara-1 
n tl, 1t211, 11 0 

9 

Ana-2 
, 3 ,  Put II * O 

1 

Ana-3 
II w, 11411, ~l tn 

9 

Ana-4 
end foc 
put skip, "Are the data correct Wh)? ".. 
get R P ~ Y  
exit when reply = "yn 

end loop 
var - 1  ,ca-2, ca-3, ca-4 : real 
var mag : reai 
put skip, "Please enter the rnagnitication factor, e.g. mouse = 6: ".. 
get mag 
- 1  := Area-l/magf *2 
ca-2:= Area-Zmag-2 
ca-3:- --3/mag**2 
ca-4:= Asea_4/mag**2 
put skip, "Siice Raw Infmt Area (sq. mm) Comcted Infarct Ana (sq. mm)" 
for Row : 1.J 

I) w, I* ln, II n 
9 

A=-1, " Il 
9 

- 1  



p t  11 ll, ll2N, ll t# 
9 

Ases-2, " II 9 

ca-2 
11 w, 131, II 11 

9 

Area-3, " In 9 

ca-3 
w I, ilqiv, w 11 , 

Area-4, " II , 

433-4 
end for 
var Volume-1, Volume-2, Volume-3, Volume-4 : real 
var TotVol : real 
varR l,R 2.R 3,R4:reai 
var f i - 1 ,  Ev-Z C V ~ ,  CV-4 : reai 
var CR-1, CR-2, CR-3, CR-4 : real 
var CVTot : teal 
R-1 := sqrt(Area- 1 /Pi) 
R-2:= sqrt(Area-2Ri) 
R-3 := sqrt(A-3Pi) 
R-4. sqrt(Area-4Di) 
CR-I := sqrt(ca-lRi) 
CR-2:= sqrt(ca_UPi) 
CR-3 := sqrt(ca-3Pi) 
CR-4:= sqrt(ca-4/Pi) 
const R-5 := O 
const Area-5 := O 
comt - 5  := O 
const ca_5 := O 
Volume 1:= 1/3+Pi*t*(R-1**2 + R-1 * R-2 + R 2** 2) 
volumeœ2:= 1/3*Pi*t*(R_2**2 + R-2 R-3 + ~ 1 3 . ~ 2 )  
~olume-3:= l/3*Pi*t*(R-3**2 + R-3 * R-4 + R.4**2) 
~olume-4:= 1/3*Pi*t8(R 4**2 + * R-5 + R_S8*2) 
T'otvol:: Volume 1 + ~&nc-2 + Volme-3 + Volume-4 
put skip, "The tohï volume of Uifmtion is ", TotVol, " CU. mm." 
CV_l:= lB*Pi*te(CR-1 **2 + CR 1  CR-^ + CR-2**2) 
CV_2:= 1/3*Pi*t*(CR-2**2 + ~ ~ 1 2  * C L 3  + CR-3**2) 
C V - 3 ~  l/3*Pi*te(CR-3**2 + CR-3 * CR 4 + CR 4**2) 
C x 4 ~  IL3 *Pi* t*(CRCR4**2 + CR.4  CR^ +  CR^-2) 
CVTot.-. CVJ + C L 2  + cv-3 + cv-4 
put skip, "The total comcted volume of infiirction is ", CVTot, " CU. mm." 



Infarction Volume Program Monitor Output: 

DispIay of Program Prompts 

Please enter the thickness of each slice of tissue (mm) : 

Please enter the value of Ana-1: 

Please enter the value of Ana-2: 

Please enter the value of Ana-3: 

Pleape enter the value of Area-4: 

Slice Raw Infict Ana (mm2) 

Are the data comct (y 1 n)? 

Please enter the magnification factor, e.g. mouse = 6 . 

Raw lnfarct Asea (mm3 

The total conected volume of infmtion is 




