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A B S T R A C T 

We have evaluated the spatial relationship between local blood flow and the structural 

integrity of layer 5 cortical neurons in YFP-H transgenic mice 2-10 h after stroke. Fortuitously, 

ischemic zones could be finely mapped with respect to dysmorphic YFP labelled axons and 

dendrites using histology since texas-red dextran used to measure blood flow in vivo was trapped 

within fixed ischemic vessels. Ischemic damage to layer 5 neurons located at the border of 

ischemia was contained within apical tuft dendrites and did not propagate to deeper dendrites 

despite the potential for diffusion of released cytotoxic factors. Dendritic damage decayed 

sharply with distance from the edge of ischemia (50% reduction in beaded dendrites within -100 

um) and increased with time up to 6 h after stroke but not thereafter. Axonal damage also 

increased with time after the infarct but extended further laterally than dendritic damage, up to 

600 pm from the stroke core. Apoptotic and necrotic cell death cascades were activated 6 h after 

stroke, however, only within 300 um of the ischemic core. These data suggest that the axonal 

and dendritic circuitry of neurons located 300 pm outside of an ischemic zone can be relatively 

free of damage or commitment to cell death pathways suggesting that they may be in an ideal 

position to contribute to functional recovery. Given that ischemic damage may have a larger 

effect on circuitry involving superficial dendrites and projecting axons it is conceivable that 

surviving peri-infarct neurons may have unique structural and functional properties. 
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I. CHAPTER 1; INTRODUCTION 

1.1. Clinical stroke and epidemiology 

It is estimated that in the United States someone has a stroke every 45 seconds and one 

out of four of these people die. This translates into approximately 700,000 new stroke patients 

and 273,000 mortalities due to stroke per year (American Heart Association statistics, 2006). 

These numbers rank stroke as the third leading cause of death, behind diseases of the heart and 

cancer. 

The risk of stroke in healthy adults over 55 is greater than one in six and women are even 

more prone to ischemic brain injury than men (Hum et al., 2005). Factors which increase the risk 

of stroke include smoking and high blood pressure (Frizzell, 2005). The degree of remission 

after stroke depends on a variety of factors but behavioral outcome will ultimately depend on the 

severity of the neuronal damage (Mayo et al., 1999). Out of those individuals that survive their 

stroke, 50-70% regain functional independence, 15-30% remain permanendy disabled and 20% 

require institutional care at three months after onset. The estimated cost of stroke in direct 

(hospital, nursing home, physicians, drugs) and indirect (loss of productivity and morbidity) 

finances amounts to 59 billion dollars per year (American Heart Association statistics, 2006). 

1.2. An overview of the different types of stroke 

Stroke results from the interruption of blood flow (ie. ischemia) to the brain (Gilroy* 

2000). There are two main categories of stroke that are distinguished by the nature of the 

ischemia that is their cause: ischemic or hemorrhagic (Hossmann, 1998). Ischemic stroke, the 

most common type of stroke, occurs when a blood vessel becomes occluded and blow flow to 

the brain is partially or permanently interrupted. Focal stroke, global stroke and embolic stroke 

are the three main types of ischemic stroke. Permanent focal ischemia generally occurs when 



there is a tear in an artery wall, causing platelets and clotting factors in the blood to aggregate 

within the artery thus impeding blood flow. This is also known as thrombotic stroke. Transient 

forms of focal ischemia also exist and result from severe vasospasms. The most common clinical 

cause of global ischemia is cardiac arrest where blood flow to the brain is completely 

interrupted. Embolic stroke differs from thrombotic stroke in that blood flow is obstructed by a 

traveling particle in a blood vessel, or embolus. Hemorrhagic stroke, also known as intracranial 

hemorrhage, occurs when a blood vessel in the brain ruptures, and blood escapes into the 

surrounding brain tissue. Although a more rare form of stroke, hemorrhagic stroke poses a 

greater risk for death and permanent disability than ischemic stroke (Rosamond et al., 1999). 

1.3. The pathobiology of ischemic stroke 

1.3.1. A cascade of cellular events 

The brain is a highly metabolically active organ which consumes a large amount of 

oxygen and glucose. In stroke, cessation of blow flow and hence nutrients to the brain triggers an 

immediate cascade of cellular events that continue to evolve throughout time and space, leading 

to the demise of the brain tissue (Dirnagl et al., 1999). With energy depletion, first ion 

homeostasis and consequently membrane potential is lost, causing neurons to depolarize and 

excitatory amino acids to be released into the extracellular space (Katsura et al., 1994; Martin et 

al., 1994). Increased influx of Na + and CI" into the intracellular space also causes the passive 

influx of water into cells, leading to severe tissue edema (Heo et al., 2005). Increases in 

extracellular glutamate lead to the overactivation of N M D A receptors, resulting in increased 

intracellular C a 2 + levels (Park et al., 1989) and consequently activation of apoptotic and necrotic 

cell death cascades (Lipton, 1999). Calcium also triggers the activation of phospholipase A ^ 

cyclooxygenase and neuronal nitric oxide synthase (nNOS) which all contribute to the 

generation of free radicals, producing lipid peroxidation and membrane damage (Kristian arid 
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Siesjo, 1998). Mitochondria are severely impaired by free radicals which cause disruption of the 

inner mitochondrial membrane. This results in the cessation of ATP production, the oxidation of 

proteins that mediate electron transport and the subsequent production oxygen free-radicals as 

well the release of cytochrome C which also contributes to the activation of apoptotic 

mechanisms (Fujimura et al., 1998). Oxidative stress and free radicals have also been shown to 

activate a number of receptors from the transient receptor potential (TRP) family of cation 

channels (Aarts and Tymianski, 2005), some of which are permeable to C a 2 + and contribute to 

increased intracellular C a 2 + and anoxic neuronal death (Aarts et al., 2003). 

1.3.2. Tissue microenvironments after stroke 

The cellular mechanisms triggered by ischemia are not necessarily uniform throughout 

the ischemic territory and whether a region of cortex will survive depends on a variety of factors 

such as the location and the duration of the ischemic insult. Typically, a stroke will result in an 

ischemic core of irreversibly damaged tissue, surrounded by a severely hypoperfused penumbra 

where cells are functionally impaired but still viable (Hossmann, 1994). In terms of perfusion 

parameters, the stroke core may be defined as the area in which blood flow is severely reduced to 

20% of normal, or below lOmL/lOOgmin (Hossmann, 1994). If reperfusion does not occur 

naturally (through break-up of clots) or therapeutically (with a thrombolytic agent such as tissue 

plasminogen activator; TPA) within the critical time window of 3 -6 hours after the onset of 

stroke symptoms (Millan and Davalos, 2006), this severe reduction in blood flow will typically 

result in immediate cell death within the tissue that is supplied by the blocked artery. The nature 

of this cell death is usually considered to be necrotic and irreversible (Lipton, 1999). The 

ischemic penumbra is characeterized by a 60% decline in perfusion from control values, or to 

approximately 35mL/100gmin (Hossmann, 1994). Energy metabolism and ion homeostasis 

within this region is initially preserved; however, protein synthesis is surpressed (Hata et al., 
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2000). Again, with reperfusion penumbral tissue may be rescued from infarction; however, if 

blood flow parameters do not return to near normal levels the cellular events triggered by the 

initial ischemic insult will result in the recruitement of penumbral tissue into the stroke core, an 

event which can continue up to days after the infarct (Ginsberg and Pulsinelli, 1994). 

It has been shown that peri-infarct depolarizations are key mediators of the delayed 

' neuronal death that occurs in penumbral tissue (Hossmann, 1996). These spreading depression

like depolarizations reflect large decreases in extracellular Na + and C a 2 + , and increases in 

extracellular K + and glutamate and they cause widespread damage by propagating throughout the 

entire cerebral hemisphere (Ashton et al., 1990). Na + channel blockers as well as N M D A and 

non-NMDA glutamate receptor antagonists have been shown to surpress perinfarct 

deplolarizations, thus reducing the final size of the infarct (Gill et al., 1992; Iijima et al., 1992). 

As survival of penumbral tissue is known to be positively correlated with the fuctional outcome 

of stroke patients (Furlan et al., 1996), it follows that the therapeutic suppression of peri-infarct 

depolarizations may lead to enhanced functional recovery after stroke. 

1.3.3. Neuronal apoptosis 

Apoptosis is a form of programmed cell death that is characterized by nuclear DNA 

condensation and fragmentation (Majno and Joris, 1995). Apoptotic cell death is also 

distinguished from necrotic cell death in that it is an energy dependant process that requires ATP 

and does not provoke inflammation of the surrounding tissue (Yamashima, 2004). Cytosolic 

cysteine proteases known as caspases are the key molecular players in the apoptotic cell death 

cascade and the activation of these caspases has been shown to be associated with apoptotic cell 

death after ischemic brain injury (Chen et al., 1998; Namura et al., 1998). Early activation of 

apoptotic cascades involve the pathways linked to caspase-8 and caspase-1; whereas, recruitment 



of the penumbra into the stroke core primarily involves pathways linked to caspase-9 (Benchoua 

et al., 2001). Activated caspase-3 has been documented as early as 4 hours after reperfusiort in a 

transient model of focal ischemia by M C A O (Ferrer et al., 2003) and this specific caspase 

isoform has also been shown to contribute to delayed apoptosis following the same model of 

transient focal ischemia (Chen et al., 1998). A further role for caspase-3 in ischemic cell death 

has been supported by evidence that inhibitors of caspase-3 activation reduce cell death up to 7 d 

after global ischemia (Chen et al., 1998). 

1.3.4. Neuronal necrosis 

Necrotic cell death generally occurs during neurodegeneration in response to distress 

from physical or chemical challenges. Necrosis may be differentiated from apoptosis on a variety 

of levels. The hallmark features of necrosis are mitochondrial and cell swelling, non-specific 

DNA fragmentation in the nucleus, and plasma membrane rupture (Majno and Joris, 1995). 

Further, necrosis is an ATP-independent process which incurs damage to the surrounding tissue 

as the intracellular contents of cells leak out into the extracellular space upon membrane rupture 

(Yamashima, 2004). Necrotic cell death is known to be mediated by calpain, a calcium-

dependent neutral cysteine protease whose activation has been shown to be associated with brain 

ischemia (Yamashima et al., 2003). During ischemia, increases in intracellular Ca 2 +lead to the 

activation of calpain which mediates cytoskeletal breakdown leading the loss of structural 

integrity resulting in cell death. It should be noted that calpain activation is not only specific to 

necrotic cell death as it also been shown to be associated with neuronal apoptosis (Nath et ah, 

1996; Wang, 2000). 

1.3.5. Brain ischemia and neuronal cell death 

Apoptosis and necrosis are two distinct forms of cell death that have both been 

implicated in ischemic brain injury (Majno and Joris, 1995; Lipton, 1999); however, a 
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controversy exists as to the relative contribution of these two cell death pathways following 

cerebral ischemia. It is generally accepted that following an ischemic event, apoptosis is the 

predominant form of cell death within the penumbra; whereas, neuronal necrosis is specifically 

localized to the infarct core (Aggoun-Zouaoui et al., 1998). Certain studies, however, have 

shown that supposed necrotic cells within the ischemic core show morphological, physiological 

and biochemical characteristics of apoptosis suggesting that apoptotic cell death is in fact the 

first cell death cascade to be activated within the infarct core after acute ischemia (Benchoua et 

al., 2001). In a photothrombotic ring model of stroke with spontaneous reperfusion both 

apoptotic and necrotic cell death cascades were shown to be activated within the well-defined 

region of severely reduced cerebral blood flow. Further, markers for apoptosis and necrosis have 

been shown to be expressed within the same set of ischemic neurons after transient and 

permanent M C A O (Unal-Cevik et al., 2004). Thus, it appears that postischemic neuronal death 

may involve a combination of apoptotic and necrotic processes even at the level of the individual 

neuron. 

1.3.6. Structural changes to neurons 

The ischemic cascade involves the activation of a number of proteolytic enzymes which 

ultimately lead to the breakdown of cytoskeletal and extracellular matrix proteins (Dirnagl et al., 

1999). Thus it is understandable that as a result of ischemic damage, neurons will loose their 

structural integrity before progressing to a necrotic or apoptotic state of cell death. Focal, bead

like swelling of dendrites (also known as varicosity formation) consisting of collapsed 

cytoskeletal proteins and motor proteins has been shown to be a morphological response to 

ischemia (Hori and Carpenter, 1994) that precedes neuronal cell death (Takeuchi et al., 2005). 

Interestingly, this has been shown to be a reversible phenomenon after sublethal N M D A 

concentrations (Ikegaya et al., 2001), reperfusion (Zhang et al., 2005) or warming of previously 
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chilled brain tissue (Kirov et al., 2004). The induction of neuritic beading by activated microglia 

in vitro is thought to be mediated through N M D A receptor signaling as blockade of N M D A 

receptors abolishes the beading response (Takeuchi et al., 2005). As dendritic swelling has also 

been shown to be accompanied by A M P A receptor internalization (Ikegaya et al., 2001) it is 

thought that this pathological structural alteration to dendrites may be an early defensive 

response to excitoxicity. 

Morphological changes to neurons following cortical damage have also been studied in 

depth at the level of individual synapses. In a comprehensive study (Gonzalez and Kolb, 2003), 

changes in the dendritic branching pattern and spine density of layer 5 pyramidal cells in the 

forelimb area were compared between 3 different models of stroke as well as between the 

affected and unaffected hemispheres. The resulting pattern of structural modifications to 

dendrites and spines of layer 5 neurons was found to be dependant on the site (affected vs. 

unaffected) as well as the type of stroke (aspiration lesion, devascularization, or MCAO) being 

investigated, illustrating that neuronal plasticity is highly sensitive to the nature of different brain 

lesions. Structural changes to spines following ischemia have also been studied in vivo where 

again, it would appear that different models of stroke produce different effects. In an endothelin-

1 model of ischemia, a moderate reduction in blood flow (-50% supply) did not result in a 

significant disturbance of spines within 5 h; however, in the cortical photothrombosis model* 

there was a rapid deterioration of spine and dendrite structure within 10 minutes of the ischemic 

insult (Zhang et al., 2005). Interestingly, reperfusion was associated with the recovery of 

dendrite and spine structure and not further damage. 

It is known that neurons display plastic properties after stroke; however, it would appear 

that not all subsets of neurons are equally plastic after brain injury. Following unilateral lesions 
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in the forelimb region of the rat sensorimotor cortex, the dendritic arborization of layer 5 

pyramidal neurons was found to increase in a time-dependant manner in the contralateral 

homotopic cortex until 2-3 weeks after the lesion (Jones and Schallert, 1992). In agreement with 

this, morphological assessment of dendrites in layer 2/3 and layer 4 spiny stellate cells in the 

contralateral hand region of adult primates indicated expansion of the distal regions of the 

dendritic arbor with few changes proximally after denervation (Churchill et al., 2004). In 

contrast, lesions of the nucleus basalis magnocellularis (NBM) in aged rats indicated a decrease 

in the dendritic branching pattern of layer 2/3 frontal cortical neurons; however, this affect was 

also found to be most pronounced in dendritic material distal to the soma (Wellman and 

Sengelaub, 1995). 

These studies are consistent with the idea that cortical damage evokes changes in the 

morphology of neurons and that these changes differ between populations of neurons. It would 

appear that neurons located within the damaged hemisphere retract their dendritic processes 

whereas those located on the contralateral hemisphere expand. Further, it seems that in both 

cases, changes in dendritic arborization are most prominent within the distal regions of the 

dendrite whereas the more proximal regions of the dendrite appear to be minimally affected. 

1.4. Neural correlates of recovery of function after stroke 

Acutely, ischemia induces a cascade of cellular events leading to immediate neuronal 

damage within the stroke core. The effects of stroke; however, continue to evolve beyond the 

initial ischemic insult in both time and space. Molecular changes as well as changes in the 

structure and physiology of cortical circuits surrounding the lesioned tissue have been 

documented in the months following stroke (Sharp et al., 2000; Weinstein et al., 2004) and these 

have been suggested to be a neural substrate for stroke recovery (Ward, 2005). 
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The ability of the adult brain to reconnect with partially damaged brain areas after stroke 

is thought to be associated with axonal sprouting. Evidence for axonal sprouting after stroke has 

come from studies of growth associated protein 43 (GAP-43), a membrane phosphoprotein 

important in linking membrane signaling to actin cytoskeleton modification (Benowitz and 

Routtenberg, 1997). GAP-43 has been shown to be directly related to axonal sprouting as 

overexpression of this protein induces enhanced sprouting after lesions and knockdown of GAP-

43 reduces axonal sprouting (Benowitz and Routtenberg, 1997). Interestingly, GAP-43 has been 

shown to be highly elevated in human brain tissue following stroke (Ng et al., 1988) as well as in 

the tissue bordering the infarct in rats after M C A O (Stroemer et al., 1993) and photothrombotic 

ischemia (Wu et al., 2002). Thus it appears that GAP-43 plays an essential role in the remodeling 

and repair of neurons after brain ischemia. 

Further evidence for neuroplasticity in peri-infarct regions of partially damaged synaptic 

structures comes from studies looking at synaptophysin immunoreactivity as a measure of 

changes in the number of synapses. Two months after recovery from M C A O , rats were found to 

have increased levels of synaptophysin in regions of cortex surrounding the infarcted area 

(Stroemer et al., 1992) suggesting that synaptogenesis is occurring in the perilesion cortex. In 

another study by the same group, the maximal increase in synaptophysin was found to occur 

after increases in GAP-43 following ischemia, and the temporal pattern of both of these 

processes was found to correlate with behavioral recovery of rats (Stroemer et al., 1995). Hence 

neurite growth followed by synaptogenesis may contribute to recovery of function after stroke. 

Axonal sprouting following stroke has also been shown to be associated with remodeling 

of cortical sensory maps, again, a potential substrate for stroke recovery (Carmichael et al., 

2001). Following an ischemic event, neurons in areas distant from the lesion site as well as those 
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near the infarct core have been shown to have the ability to form new synaptic connections 

(Dancause et al., 2005). As a consequence, the brain can recruit adjacent areas of the 

somatotopic map such that a cortical region devoted to one specific function may grow in size. 

As an example of this, it has been shown that the recovery of hand use after human stroke 

correlates with an increase in the hand region of the motor cortex and that the degree of plasticity 

of this motor map, in turn, correlates with the level of functional recovery (Traversa et al., 1998). 

This has also been shown in a study with primates where microlesions abolished the cortical 

region specifically involved in a small-object retrieval task but recovery of function was 

associated with a reemergence of an even larger region of motor cortex devoted to this skill 

(Xerri et al., 1998). Other studies have also linked changes in brain morphology after stroke to 

functional outcome. In one study, damage to the sensorimotor cortex resulted in an increase in 

dendritic arborization of layer V pyramidal neurons in the contralateral homotopic cortex and 

this change was shown to correlate closely with behavioral events (Jones and Schallert, 1994). 

Specifically, expansion of the dendritic arbor in the hemisphere contralateral to the lesion was 

associated temporally with increased use of the unaffected forelimb for postural and exploratory 

movements, and pruning of the dendrites at a later time point occurred at the same time as the 

animals returned to a more symmetrical use of the forelimbs. 

In line with the apparent plasticity of the brain following stroke contributing to recovery 

of function is the ability of the brain to respond to behavioral therapies and environmental 

enrichment. It is well known that the even the adult brain is particularly sensitive to its 

environment and that this may have profound effects on neurogenesis, synaptogenesis, and hence 

the strength of connections between neurons (Lledo et al., 2006). Behavioral therapy following 

stroke is known to improve functional outcome and this has been shown to be related to 

functional reorganization of the motor cortex following injury and recruitment of adjacent 
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regions of the motor map (Nudo et al., 1996). Similarly, exposure to an enriched environment 

before or after focal ischemic injury has also been shown to result in improvement on 

sensorimotor tasks (Ohlsson and Johansson, 1995; Johansson and Ohlsson, 1996). 

Environmental enrichment and task-specific rehabilitive therapy after focal stroke have both 

been shown to be associated with enhanced dendritic complexity and length, and thus improved 

functional outcome in these cases is thought to be mediated by the augmentation of neuronal 

plasticity after stroke (Biernaskie and Corbett, 2001). Taken together, these studies indicate that 

rehabilitive therapies have the ability to remodel the neuronal circuitry surrounding injured tissue 

and this neuroanatomical reorganization may contribute to the recovery of motor deficits 

following stroke. 

1.5. Animal models of stroke 

The development of reliable and reproducible animal models of cerebral ischemia which 

mimic most features of human clinical stroke as best as possible is of key importance for the 

systematic study of the pathophysiology of stroke. As outlined above, there are many different 

types of stroke thus it follows that there have been many different stroke models that have been 

devised (Table 1-1). Each model of stroke produces a lesion of different size and affects 

different cortical areas. Further, the choice of model also has an impact on the nature of the pOst-

injury pathology as well as on functional recovery or compensation mechanisms. Thus it is 

evident that it is important to be aware of the pathophysiological differences between animal 

models in order to choose a model that is best suited to answer the hypothesis being tested. In 

this study, we have chosen to use two different animal models of stroke, namely the rose bengal 

(RB) cortical photothrombosis model and the middle cerebral artery occlusion model (MCAO). 
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Model Type of stroke Strengths Weaknesses Reference 
bilateral 
common 
carotid 
artery 
occlusion 

global stroke - simplicity of 
surgical manipulation 

- high level of mortality 
in animals and seizures 

Traystman, 2003 

MCAO permanent or 
transient focal 
ischemia 

-models the ischemic 
penumbra 
-good for studies of 
neuroprotective 
therapies 

-subarachnoid 
hemorrhage 
-hypothalamic damage 
-damage to functionally 
diverse brain regions 

Bederson et ai., 
1986; Kuge et al., 
1995; Schmid-
Elsaesser et al s, 
1998 

embolic 
MCAO 

embolic ischemia -immediate perfusion 
deficits 
-no hypothalamic 
damage 
-lesion size easily 
manipulated 

-time course of lesion 
expansion is slower 
- lesions are more 
variable in size and 
location 

Miyake et al., 
1993; Mayzel-Oreg 
et al., 2004 

endothelin-1 focal ischemia -dose dependent 
blood flow reduction 
-highly localized 
lesions 
-white matter 
ischemia 
-no BBB breakdown 
-little tissue edema 

-large penumbra Masaki and 
Yanagisawa, 1992; 
Fuxe, 1997; 
Hughes, 2003 

photo
thrombosis 

focal ischemia -size of infarct can 
closely resemble 
human condition 
-highly localized 
lesions 
-minimally invasive 

- minimal penumbra 
region 

Watson et al., 
1985; Lee etal:, 
1996; Van Hdecke 
et al., 2005 

Table 1-1. Summary of the most widely used animal models of stroke. 

1.5.1. Cortical photothrombosis 

The photothrombotic stroke model is a unique model of focal ischemia in that it utilizes a 

photosensitize dye such as rose bengal to induce a highly localized lesion within the cortex 

(Watson et al., 1985). When irradiated by light through the intact skull, the dye injected either 

through the tail vein or abdomen (Kim et al., 2000) of the animal undergoes a photochemical 

reaction leading to the release of singlet oxygen, causing damage to the vascular endothelium 

and ultimately leading to the formation of a thrombus thus impeding blood flow (Dietrich et al., 

1987). The extent of damage to the targeted cortical areas can be precisely manipulated in this 
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model by controlling the intensity, duration, shape and position of the irradiating beam as well as 

the dose of photosensitive dye (Lee et al., 1996). 

Cortical photothrombosis is a great tool for studies of stroke because, technically, it 

offers many advantages that other stroke models don't. First and foremost, the potentially small 

size of the infarct produced by this model makes it closely resemble the human condition, a 

characteristic that many of the other models lack. Human strokes are generally small in size, 

ranging from 28-80mm which translates into 4.5-14% of the ipsilateral hemisphere 

(Carmichael, 2005). The size of photothrombotic lesions will vary depending on experimental 

factors, however in previous studies this has ranged from 14-69mm3 corresponding to 9.9- 29,8% 

of the ipsilateral hemisphere (Shanina et al., 2005; Van Hoecke et al., 2005). Another advantage 

of the cortical photothrombosis model is that there is little inter-animal variation in the size of 

the cortical infarct, making the model well suited for replicate studies of pharmacotherapy 

(Markgraf et al., 1993). Further, the simplicity and minimal invasiveness of the surgical 

manipulations involved in this technique make for excellent survival of the animals (Van Hoecke 

et al., 2005). This is also ideal for in vivo imaging studies where it is possible to induce stroke 

while imaging the animal simultaneously. Probably the best advantage this model has to offer is 

its adaptability in terms of the region of infarct. As previously mentioned, photothrombosis 

allows for the localization of a stroke within distinct subdivisions of the cortex by manipulating 

the region of the skull being illuminated. This makes it possible to study the recovery of function 

after insults to a particular sensory modality. For example, by localizing a stroke within the 

forelimb area of the motor cortex, animals may then be tested on a forelimb motor reaching task 

to assess recovery and compensatory mechanisms (Metz et al., 2005). In human stroke, 

behavioral impairments are the result of damage to a particular neuronal circuit responsible for a 
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given brain function. Thus this model is relevant to clinical studies assessing ischemic deficits 

and rates of behavioral recovery. 

One of the criticisms of this model is that the lesions are induced with such a sharp 

border that there is generally little local collateral blood flow and thus a minimal penumbra 

region, one of the defining characteristics of human stroke. One way to overcome this issue is to 

use a ring filter placed over the laser during photoactivation to create a central area within the 

lesioned cortex thus modeling a region of peri-infarct cortex (Hu et al., 2001). In the 

photothrombotic ring stroke model the ring lesion region is the central area at risk and the 

severity of the injury can be modulated by changing the intensity of the irradiation (Wester et al., 

1995). By using low-intensity irradiation with a thin laser beam spontaneous reperfusion may 

occur between 48 h and 72 h after stroke onset (Gu et al., 1999). In contrast, high ring beam 

intensity produces consistent lack of reperfusion (Hu et al., 1999). 

Another concern with the photothrombotic stroke model arises from the physiology of 

the photochemical insult. Activation of the rose bengal dye produces free radicals (singlet 

oxygen) which initiates disruption of the endothelial walls leading to substantial local vasogenic 

and cytotoxic edema (Watson et al., 1985; Gajkowska et al., 1997). Free radical induced 

neuronal damage, swollen cells, and leaky vessels more closely resemble traumatic brain injury 

models than human focal stroke (Albensi et al., 2000; Schneider et al., 2002). Despite this, 

studies have shown that the cellular cascades initiated by photothrombotic ischemia resemble 

those in other more classical models of stroke. Photothrombotic infarction has been shown to 

trigger spreading depression in distant brain regions (Dietrich et al., 1994), and N M D A and 

A M P A receptors have also been shown to be involved in the photothrombotically induced 

ischemic cascade (Yao et al., 1994; Umemura et al., 1997). 
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1.5.2. Middle cerebral artery occlusion (MCAO) 

The M C A O model of focal ischemia has been in use since 1975 (Robinson et al., 1975). 

Many different techniques of occluding the M C A exist such as cauterization via a craniotomy 

(Tamura et al., 1981) and photothrombosis (Markgraf et al., 1994); however, the most widely 

used model of M C A O is the intraluminal thread model (Longa et al., 1989). In this technique, 

occlusion of the M C A is achieved by first transecting the external carotid artery (ECA) so that a 

suture may be passed through the internal carotid artery (ICA) to lodge in the junction of the 

anterior and middle cerebral arteries (Fig. 1-1). The suture can be left in place for variable 

durations and then removed to produce reperfusion. The most common durations of suture 

occlusion of the M C A in the rat are 60, 90, and 120 minutes and permanent occlusion 

(Carmichael, 2005). More recently, a new adaptation to the technique has been devised where 

the intraluminal sutures are coated with poly-L-lysine, a polycationic polymerized amino acid 

(Belayev et al., 1996). This modification was found to reduce subarachnoid hemorrhage and 

premature reperfusion, leading to more consistent infarct volumes. 

procedure. 

In the MCAO model of focal ischemia, occlusion 

of the middle cerebral artery (MCA) is achieved 

by first transecting the external carotid artery 

(ECA) so that a suture may be passed into the 

internal carotid artery (ICA) to lodge in the 

junction between the ICA and the MCA. 

(figure adapted from Kandel et al., 2000) 

Figure 1-1. Schematic diagram illustrating 

the arteries involved in the M C A O 
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The main advantage of the M C A O stroke model lies in its resulting pattern of cell death 

which is consistent with the concept of an ischemic penumbra, a hallmark feature of human 

stroke. In M C A O with reperfusion, the striatum remains densely ischemic as thus serves as an 

ischemic core whereas the overlying cortex returns to control blood flow values, creating a 

region of delayed, progressive neuronal death or an ischemic penumbra (Takagi et al., 1995). 

The ischemic penumbra is a salvageable region of cell death which has serious implications for 

the study of neuroprotective therapies (Cheng et al., 2004). 

As with the photothrombosis model, there are several concerns with the M C A O model of 

stroke. Firstly, the model has been consistently shown to produce subarachnoid hemorrhage, 

leading to a bilateral reduction in cerebral blood flow (Bederson et al., 1995; Kuge et al., 1995; 

Schmid-Elsaesser et al., 1998). This may decrease the pathophysiological relevance of the 

model. Second, hypothalamic damage is evident in models where suture occlusion lasts 60 

minutes or longer (Li et al., 1999). Hypothalamic ischemia is of concern because it leads to a 

hyperthermic response for a minimum of a day during the recovery period of the animal which 

may exacerbate cell death (Li et al., 1999). Further, hypothalamic ischemia is rarely seen in 

human stroke. Thirdly, the intraluminal thread model of M C A O requires the E C A to be cut 

before thread insertion, a procedure which interrupts blood flow to the muscles of mastication 

and swallow, producing difficulty in eating in animals and weight loss. Although this practice 

has no repercussions on the size of the infarct, it was associated with poorer performance on 

post-stroke behavioral measures (Dittmar et al., 2003). Finally, because the M C A O stroke model 

creates damage in many functionally diverse brains regions it is likely to produce complex 

deficits in a wide range of sensory modalities. Thus the M C A O model of focal ischemia may be 

a more difficult model to study the contribution of specific neuronal circuits to the recovery Of 

function after stroke. 
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1.6. Research hypothesis and rationale 

Focal stroke is characterized by an ischemic core surrounded by a severely hypoperfused 

penumbra (Hossmann, 1994). Tissue at the core of a stroke is generally considered to be 

irreversibly damaged; however, penumbral tissue may still be viable as here, only a fraction of 

cells are lost (Kato and Kogure, 1999; Sharp et al., 2000). The evolution of cell death in the 

ischemic penumbra is a highly dynamic process, with the incidence of dying cells increasing 

with time after infarction (Jones et al., 1981). Ultimately, whether or not a penumbral cell will 

survive depends on its proximity to the ischemic vasculature and the degree/duration of 

ischemia. Although survival of penumbral tissue has been previously evaluated, it is not 

known whether there is acute damage to the fine axonal and dendritic circuitry within this 

region in vivo and how this relates to ongoing apoptotic and necrotic cell death. 

Previously using 2 photon-m vivo imaging of layer 5 neurons in YFP expressing 

transgenic mice in our lab, we have shown that severe cortical ischemia produced by local 

photothrombosis leads to a widespread loss of cortical tuft dendritic structure within minutes 

(Zhang et al., 2005). Here, we wish to uncover whether this in vivo damage will propagate 

into the deeper dendritic and axonal compartments of these same neurons as well as what 

the spatial and temporal pattern of this ischemic damage will be. Examination of the 

integrity of tissue immediately adjacent to the infarct is important as this is where changes such 

as adaptive neuronal plasticity (Xerri et al., 1998; Dancause et al., 2005) and circuit 

reorganization (Carmichael et al., 2001) that underlie functional recovery have been shown to 

occur. By defining the extent as well as the time course of axonal and dendritic ischemic 

damage within the penumbra we wish to establish how much of the peri-infarct circuitry is 

salvageable and thus may contribute to recovery acutely after stroke. 
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n . C H A P T E R 2: M A T E R I A L S A N D M E T H O D S 

2.1. An imal s 

Adult, C57BL/6 YFP expressing transgenic mice (H-line; (Feng et al., 2000) aged 3-5 

months and between 25-32 g were used for all experiments. These animals were purchased from 

The Jackson Laboratory (Bar Harbor, ME) and bred at the University of British Columbia animal 

facilities. Protocols were approved by the Canadian Council for Animal Care and the University 

of British Columbia Animal Care Committee. All experiments were conducted in strict 

accordance with the National Institutes of Health Guide for the Care and Use of Laboratory 

Animals. 

2.2. Stroke models 

2.2.1. Rose bengal photothrombosis 

For the majority of experiments we used the rose bengal (RB) cortical photothrombosis 

model of stroke. This model is minimally invasive and allows for very reproducible lesions 

(Watson et al., 1985). Before induction of stroke, animals were first prepared for in vivo 2-

photon imaging as in Zhang et al., 2005. Animals were anesthetized with an intraperitoneal (i.p.) 

injection of urethane (0.12% w/w, supplemented at 0.02% w/w as needed) and supplemented 

with 2 mM glucose in PBS (0.2-0.3 ml, i.p., every 1 h). Body temperature was monitored with a 

rectal temperature probe and maintained at 37°C using a heating pad and feeback regulation 

from the probe. A 2 x 2 mm 2 cranial window was made over the somatosensory cortex at 

coordinates of -0.8 mm dorsal and 2.0 mm lateral from bregma, leaving the dura intact. A 

stainless-steel chamber that surrounded the craniotomy was glued to the skull with Krazy Glue 

(Elmer's Products, Columbus, OH). To reduce movement artifacts, the area between the chamber 

and the skull was filled with dental acrylic (Kleinfeld and Denk, 2000). The exposed cortical 

surface and chamber were filled with 2% (w/v) agarose (diluted in PBS or a HEPES-buffered 
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artificial CSF) and sealed by a cover glass (#1). To induce stroke, RB (0.03 mg/g mouse, diluted 

to 10 mg/ml in PBS) was injected into the mouse via the tail vein using a 28 Vz gauge needle after 

warming the tail with a lamp. Photoactivation of the dye was then achieved by focusing green 

light (535 ± 25 nm; ~3 mW) from a HBO 100 W arc lamp on the brain surface for 1-2 minutes 

through a lOx, 0.3 numerical aperture objective. The area of light reaching the exposed cortex 

was limited by the field aperture to -0.5 mm2. In all experiments, the area and depth of ischemic 

vessels was greater than the expected area (-0.5 mm2) and depth of photoactivation (-12 urn full 

width at half maximal, given a 0.3 numerical aperture air lens) due to diffusion of clots or clot-

inducing factors. In some cases, a craniotomy was not used and animals were also not imaged 

using the 2-photon microscope. In these animals the skull overlying the RB photoactivation area 

was thinned using a dental drill and photoactivation was performed through the thinned bone. 

Both the thin skull and craniotomy preparations produced lesions of similar size. Sham stroke 

operated animals that underwent the same craniotomy procedure (in the same location as stroke 

animals) and laser exposure (1-2 minutes) without injection of RB dye were used as controls. 

2.2.2. Middle cerebral artery occlusion (MCAO) 

For the middle cerebral artery occlusion (MCAO) model of stroke ischemia-reperfusion 

was induced using a modified version of the intraluminal suture method as described previously 

in rats (Longa et al., 1989). Briefly, anesthesia was induced with urethane (0.12% w/w) and body 

temperature was maintained at 37 ± 0.5°C using a heating pad and feedback regulation from a 

rectal temperature probe. Animals were place in a supine position and an incision was made 

along the midline of the ventral side of the neck. First, a 5-0 silk suture (Ethicon, Markham, ON, 

Canada) was used to block the common carotid artery (CCA) on the side of the M C A to be 

occluded. Then, two sutures were placed around the external carotid artery (ECA) and a heat 

coagulator was used to cauterize the E C A between them. This allowed for the E C A to be more 



accessible during insertion of the suture. After blocking the internal carotid artery (ICA) with a 

micro-aneurysm clip (Harvard Apparatus, Holliston, MA), a small hole was cut in the E C A in 

which a 5-0 poly-L-lysine coated Dermalon monofilament nylon suture (Sigma, St. Louis, MO) 

was inserted. After removing the micro-aneurysm clip, the suture was pushed into the ICA until 

a mild resistance was felt, approximately 10 mm from the ICA/ E C A bifurcation and at a 

position past the junction of the M C A . At this point the suture around the C C A was loosened and 

the ventral neck skin was sutured. After 30-60 minutes of ischemia the skin was reopened and 

the suture retracted. Animals were sacrificed and perfused 90-300 minutes later. Although 

ischemia was reliably induced in 3 animals and confirmed by 2-photon imaging of blood flow, 

we only observed partial reperfusion in all cases. 

2.3. In vivo 2-photon imaging 

Mice were maintained under urethane anesthesia for the entire imaging session. Animals 

were fitted into a custom-made two-photon microscope. 2-photon excitation was performed with 

a Coherent Mira 900 Ti-sapphire laser pumped by a 5 W Verdi laser and was tuned to 920 rtm to 

excite YEP as previously described (Zhang et al. 2005). Images were acquired by custom 

software (Igor) and by using an Olympus IR-LUMPlanFl water-immersion objective (60x, 0.9 

numerical aperture). Using 0.2 pm fluorescent beads we estimated the lateral resolution to be 

0.5 pm (measured as the width of the point spread function at Vi maximal fluorescence intensity). 

For in vivo time-lapse imaging of dendritic structure, multiple Z-series were taken at the 

indicated time intervals over 5 h. The spacing of successive Z-images was 1.0 pm and provided 

sufficient overlap between sections as the axial resolution of the imaging system at the settings 

used was -2.0 pm. The imaged dendrites were typically within 100 pm of the pial surface and 

therefore in layer 1. The images were taken with a pixel size of 0.13 um, typically spanning a 

140 x 140 um area, and were the average of 3 frames. Stroke was confirmed by in vivo 2-photon 
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imaging of blood flow as previously described (Zhang et al. 2005). Blood plasma was labeled 

through a tail-vein injection of a 0.1 ml bolus of 5% (w/v) fluorescein iso-thiocyanate (FITC)-

labeled dextran (500 kDa) or texas-red (TR) dextran (70 kDa) in PBS. The velocity of red blood 

cells was then measured from repetitive line scanning along the central axis of a capillary 

(Kleinfeld et al., 1998) before and after activation of RB to confirm that blood flow was 

completely blocked. 

2.4. Staining and immunohistochemistry 

All staining and immunohistochemistry was performed on floating, 100 um thick coronal 

sections of YFP expressing transgenic mice. Propidium iodide (PI; lOuM; Sigma, St. Louis, MO) 

was diluted in 0.3% Triton X-100 in PBS and incubated at room temperature for 1 hour. Sections 

were rinsed three times for 10 min in PBS prior to mounting with Fluoromount-G and No. 1 

glass coverslips (Fisher Scientific, Edmonton, AB, Canada). Anti-m3D175 antiserum against the 

cleavage site of caspase-3 (a generous gift of Dr. T. Momoi) was diluted in 1:1000 in Ab buffer 

(3% bovine serum albumin and 0.3% Triton X-100 in PBS) and incubated overnight at 4 °C. For 

detection of calpain activation we used antiserum against the 136kf N-terminal fragment of tt-

spectrin (a generous gift of Dr. T. Saido), diluted to 1:500 in Ab buffer. Sections were first 

incubated at 80 °C for 30 min in 10 mM sodium citrate (pH 8.5) and then rinsed for 5 min in PBS 

prior to anti-136kf antibody incubation, also overnight at 4 °C. All sections were rinsed three 

times for 5 min in PBS after primary Ab incubation and then incubated with a goat anti-rabbit 

IgM Alexa 546-conjugated secondary antibody (Molecular Probes, Eugene, OR; 1:1000) for 1 h 

at room temperature. Sections were rinsed three times for 10 min in PBS prior to mounting. 

Fluorescent images were captured using a Zeiss L S M Meta510 confocal microscope and 

analyzed using NIH ImageJ software. 
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2.5. Confocal microscopy on fixed coronal sections 

2 h, 6 h, or 10 h after induction of stroke and (in most cases) in vivo 2-photon imaging 

animals were overdosed with sodium pentobarbital and then transcardially perfused with P B S 

followed by 4% paraformaldehyde (PFA) in P B S . After brains were post-fixed in 4 % P F A for 2 

days, 100 pm sections were cut coronally on a vibratome and every fourth section was mounted 

on a glass slide and coverslipped with Fluoromount-G (Southern Biotechnology Associates Itlc.) 

mounting solution. Those sections that contained the sham or photoactivated area were then Used 

for imaging on a Zeiss L S M Meta 510 confocal microscope. For the analysis of the spatial 

spread of ischemic damage medium resolution (512 x 512) tiled images (5 X ; 5 Y ) of the 

ischemic and non-ischemic hemisphere were taken with a 20x, 0.5 numerical aperture objective. 

A n Argon 1 laser was used at 514nm to excite the Y F P signal and a H e / N e l laser was used at 

543 nm to excite the TR-dextran. Emission filters were set to 530-560nm for the Y F P signal and 

595-650 nm for TR-dextran. The same excitation and emission imaging parameters used for 

collection of the TR-dextran signal were also used for imaging of propidium iodide (PI) staining 

and immunohistochemical markers, where the secondary antibody was alexa 546. To examine 

fine dendritic structure, 2 channel, high resolution (1024 x 1024, 0.143 pm pixels) z-stacks (with 

1 pm spacing between sections) were taken with a 63x, 1.2 numerical aperture water immersion 

lens throughout the length of the dendrite, starting at the level of the cell soma and extending to 

the cortical tuft dendrites at the surface of the cortex. These same image collection parameters 

were also used for imaging of PI, anti-m3D175, and anti -136kf a spectrin staining. Here, images 

were taken only at the level of the layer 5 neuron cell soma, and images were collected in 

adjacent 150 um bins, starting 150 (jm within the stroke core and extending 450 urn laterally 

throughout the adjacent peri-infarct cortex (4, 150 pm bins in total). 
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2.6. Image analysis 

Image analysis was performed using NIH ImageJ software (http://rsb.info.nih.gov/ij/). To 

reduce photon and photomultiplier tube noise, a median filter (radius, 1) was applied to all 

images. For the analysis of the laminar distribution of ischemic damage throughout individual 

dendrites maximum intensity projections of filtered z-stacks were tiled together using Adobe 

Photoshop 7.0 software. Maximum intensity filtered z-stacks were also used for the analysis of 

cell viability with PI, anti-m3D175, and anti -136kf a spectrin immunohistochemical markerŝ  

2.6.1. Spatial spread of ischemic damage to dendrites 

For the analysis of the spatial spread of ischemic damage to dendrites a grid with tiles 

measuring 100 um x 100 pm was placed over 20x tiled images of the ischemic hemisphere. The 

ischemic interface (border between ischemic and non-ischemic tissue) was defined as the vertical 

interface where 10% or less of total vessels spanning cortical layers 1-5 were ischemic (those 

vessels with TR-dextran caught within them) and was demarked with a line. Each dendrite was 

then scored as being beaded or normal. A beaded dendrite was defined as an apical dendritic 

shaft with 2 or more periodic dendritic constrictions resembling beads on a string. Dendritic 

beading was counted laterally across the cortex in 100 pm bins, beginning at the ischemic 

interface and ending 500 um away and this analysis was performed between 50-100 pm below 

the surface of the cortex. The % of beaded dendrites of all dendrites counted (in each 100 um 

bin) was calculated for each of 3 coronal sections per animal at three different time points: 2 h, 6 

h, and 10 h after stroke. Dendrites were also counted in five, 100 um bins on the non-ischemic 

hemisphere of stroke animals (in the contralateral homotypic cortex) as well as in sham stroke 

animals (in the somatosensory cortex). The total number of dendrites (per 100 pm bin) in the 

non-ischemic hemisphere and in sham stroke animals did not differ from the total number of 
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dendrites counted in the ischemic hemisphere. Also, no beaded dendrites were found in the non

ischemic hemisphere or in sham stroke cortex. 

2.6.2. Spatial spread of ischemic damage to axons 

For analysis of the spatial spread of axonal damage of layer 5 neurons, an axonal damage 

rating (ADR) scale was for devised as follows: 0= no axon damage (all axons are intact), 1= 

minor damage (-25% of axons beaded), 2= moderate damage (-50% of axons beaded), and 3= 

severe damage (-75% of axons beaded or complete loss of axonal integrity) (Fig. 2-1). A grid 

with tiles measuring 100 pm x 100 pm was placed over 20x tiled images of the ischemic 

hemisphere and the edge of the stroke core (where TR clotted vessels ended) was demarked with 

a line. A number (0-3) was then assigned to each tile of axons (immediately below the cell 

bodies) starting at the ischemic interface and extending 800 pm laterally throughout the axons of 

layer 5 neurons. 3 coronal sections per animal were analyzed at three different time points: 2 h, 6 

h, and 10 h after stroke, and an average ADR was calculated for each animal at every time point. 
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Axonal damage rating scale 

0 1 2 3 

Figure 2-1. Examples of the axonal damage rating scale. 

For the analysis of the spatial spread of ischemic damage to axons of layer 5 neurons a scale was for 

devised as follows: 0= no axonal damage (all axons are intact), 1= minor damage (-25% of axons 

beaded), 2- moderate damage (-50% of axons beaded), and 3= severe damage (-75% of axons beaded or 

complete loss of axonal integrity). 

2.6.3. Analysis of YFP nuclear size 

Propidium iodide (PI) is a fluorescent dye that binds specifically to DNA. As the dye is 

not permeant to live cells it will only stain cells with a compromised plasma membrane and thus 

it is generally used to detect dead cells within a population. In this study because we used PI on 

fixed and permeabilized brain tissue, all cells were labeled with PI so we chose to measure the 

size of a cell's nucleus as a measure of its integrity. First, we used 2 channel (red and green) 

merged images to determine which cells were labeled with YFP. These images were then split 
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into their respective red and green channels and the red channel was used for the measurement of 

nucleus size. The height and width of YFP cell nuclei were measured using Image J software and 

the formula (height/2 * width/2)* 3.14 was used to calculate the nucleus area. The average 

nucleus size of all YFP cells located within each 150 urn bin was calculated for each of 3 slices 

from 3 different animals that had been sacrificed 6 h after stroke induction. YFP cells located on 

the non-ischemic hemisphere of each animal were used as a control. 

2.6.4. Analysis of markers ofapoptotic and necrotic cell death 

We used anti-m3D175 antiserum against the caspase-3 cleavage site (Urase et al., 2003) 

to detect activation of caspase-3, a cytosolic cysteine protease whose activation has been shown 

to be associated with apoptotic cell death after ischemic brain injury (Chen et al., 1998; Namura 

et al., 1998). To investigate the activation of necrotic cell death mechanisms 6 h after ischemia, 

an antibody against the 136-kDa fragment of calpain-mediated a-spectrin breakdown was used, 

as this specicifc a-spectrin breakdown product is only generated during neuronal necrosis 

making it a specific marker for this form of cell death (Takano et al., 2005). 2 channel (red attd 

green) merged images were used to count the number of YFP cells that were labeled with either 

the apoptotic or necrotic marker. Additionally, the total number of YFP cells within each 150 um 

bin was counted and the expression of anti-m3D175 and 136kf a-spectrin positive cells was 

represented as a percentage of total YFP cells. Again, a total of 3 slices from each animal were 

used for the analysis. Images of the cell somas of YFP neurons on the non-ischemic hemisphere 

of each animal as well as in sham control animals did not reveal any anti-m3D175 or 136kf a-

spectrin positive cells. We also performed an investigation of anti-m3D175 and 136kf a-spectrin 

staining in animals at 2 h and 10 h after stroke; however, there were some technical issues 

associated with these two time points that limited our analysis to the 6 h time point. Specifically, 

at 2 h, there seemed to be relatively little anti-m3D175 and 136kf a-spectrin staining, and at 10 
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h there seemed to be a large amount of extravasation of the TR-dextran into the surrounding 

brain tissue, such that the entirety of the coronal section seemed to have a reddish hue. This 

complicated the detection of the secondary antibody (alexa 546). Because of these complications 

we limited our study of cell viability with PI, anti-m3D175 and 136kf calpain cleaved a-spectrin 

to the 6 h time point. 

2.7. Statistical analysis 

All data are shown as mean ± SEM. Statistical analyses were performed using unpaired, 

two-tailed Student's t test, one-way A N O V A with Bonferroni's post hoc test, or two-way 

A N O V A with GraphPad Prism (version 4.0; GraphPad Software, San Diego, CA). *p < 0.05* **p 

< 0.01, and ***p < 0.001. 
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III. CHAPTER 3: RESULTS 1 

3.1. A model for examining the spatial relationship between local blood flow and ischemic 

damage to layer 5 neurons 

Using rose bengal (RB) induced photothrombosis (Watson et al., 1985) we were able to 

produce stable clots in YFP expressing transgenic mice which were readily observed in vivo and 

lasted for up to 10 h as confirmed by subsequent histology. 2-photon imaging revealed that clots 

were associated with the deterioration of apical tuft dendritic structure 2 h after stroke (Fig. 3-

IA-A1). Coronal sections of fixed tissue obtained from animals perfused after in vivo imaging 

sessions revealed trapping of texas red (TR)-dextran within the ischemic vessels (Fig. 3-l.B). In 

each experiment RB-induced clots spanned all cortical layers and generally extended to the 

corpus collosum found at depths of -900 pm. In previous studies RB was used to make local 

clots using laser activation of select vessels; however, here we have used an arc lamp and a 

relatively large area of photoactivation (-0.5 mm ) to ensure a high degree of clotting, reducing 

possibility for collateral paths of blood flow (Schaffer et al., 2006). The lateral spread of clots 

throughout the sensorimotor cortex was on average 891 ± 1 8 1 pm (n= 2) at 2 h, 1017 ± 73 piti 

(n= 3) at 6 h, and 1987 ± 207 pm (n= 3) at 10 h after stroke. Clots ended abruptiy with a sharp 

border at all time points (data not shown). Using the trapped TR-dextran as a map of the 

ischemic zone we could assess the spatial relationship between morphological damage to layer 5 

cortical neurons and RB-induced clots throughout all layers of the cortex (Fig. 3-1Q. 

1 A version of part of this chapter has been accepted for publication with minor revisions in The Journal of Cerebral 
Blood How and Metabolism (2006) Enright L E , Zhang S, Muprhy T H . Fine mapping of the spatial relationship 
between acute ischemia and and dendritic structure indicates selective vulnerability of layer V neuronal dendritic 
tufts within single neurons in vivo 
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Figure 3-1. A model for examining the spatial relationship between local blood flow and ischemic 

damage to layer 5 neuron dendrites and axons. 

A-A', In vivo maximum intensity projection of 100 planar scans acquired every 1 urn before (A) and after 

R B photoactivation (A'). Before stroke cortical tuft dendritic structure (YFP signal; green) and T R -

dextran filled vessels (red) are intact, whereas 2 hours after stroke there is a widespread loss of dendritic 

structure and vessels have become occluded. B, Coronal section of a Y F P transgenic mouse perfused 6 h 

after stroke and in vivo imaging. TR-dextran used to measure blood flow in vivo is caught within ischemic 

vessels after perfusion. C, TR-dextran (red) merged with Y F P (green) signal creates a map to examine the 

fine spatial relationship between cortical ischemia and the resulting damage to layer 5 neurons. T R , texas-

red; Y F P , yellow fluorescent protein. 
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3.2. Laminar distribution of ischemic damage to dendrites 

Given the restricted nature of RB-induced clots we were able to examine the spatial 

relationship between vascular clotting and neuronal damage. As expected, we found that regions 

with high densities of clots at the core of photoactivation showed nearly a complete loss of layer 

5 neuron dendritic structure and YFP fluorescence (Fig. 3-2A, asterisk). In contrast, damage to 

neurons located near the margins of the stroke seemed to be quite localized to the dendritic tuft. 

To verify this apparent laminar distribution of ischemic damage to dendrites we reconstructed 

the entire dendritic structure from the pial surface to the cell body with 0.143 pm/pixel using 

high resolution confocal imaging. Specifically, we addressed whether damage to the tuft 

dendrites would lead to propagating damage throughout other compartments of the same neuron. 

In each animal 2 h (n= 2), 6 h (n= 3), and 10 h (n= 3) after stroke we examined 5-6 different 

cells near the ischemic interface (defined as the border where clotted vessels end) and observed 

the same laminar distribution of ischemic damage in each case. Specifically, we observed intense 

blebbing within the tuft dendrites and a complete loss of dendritic spines (Fig. 3-25, panel a). 

Moving down the dendritic tree, the distal region (in cortical layer 2) and proximal region of the 

apical dendrite (spanning cortical layers 3-4) seemed to be relatively intact as indicated by the 

presence of spines within these regions (Fig. 3-2B, panel b-e). The most proximal region of the 

apical dendrite as it extended from the cell body also appeared to be intact although, here, spines 

were difficult to resolve (Fig. 3-25, panel j). Since this was also observed in images of control 

dendrites on the opposite non-ischemic hemisphere (data not shown) this may be related to the 

out of focus fluorescence from the large promixal dendrite obscuring small spines. This data 

suggests that in neurons bordering a region of ischemia, it is possible for fine dendritic structures 

located in deeper cortical layers to escape ischemic damage even when the more superficial 

regions of these dendrites have been compromised. 
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One potential concern with the RB stroke model is that ischemia may be more intense 

within surface vessels since the photoactivation would be strongest here. Interestingly, our 

results argue against this and show that clots are present even 1 mm below the cortical surface. 

This indicates that surface photoactivation spreads clotting to deeper layers and thus dendrites in 

deeper layers are still ischemic, but apparently less susceptible to structural damage. To further 

address this point we have used a second model of stroke, the M C A O model, which does not 

employ photoactivation and produces ischemia throughout all cortical layers as well as in the 

striatum (Carmichael, 2005). A total of 3 YFP expressing mice underwent this procedure and 

examination of layer 5 neurons in these animals revealed a profound pattern of laminar ischemic 

damage in each case. As shown in Figure 3-2C, there was severe blebbing within the cortical tuft 

dendrites and distal portion of the apical dendrites (spanning cortical layers 2-3) of these 

neurons, but the proximal region of their apical dendrites (spanning layers 4-5) appeared to be 

intact. Importantly, all 3 animals also exhibited signs of subcortical striatal damage suggesting 

that all cortical layers were ischemic. The observation that the same pattern of ischemic damage 

to dendrites of layer 5 neurons was found in two separate models if ischemia strengthens the 

validity of our findings and suggests that dendrites in more superficial layers of the cortex are 

more vulnerable to ischemic damage. Although the M C A O model was perhaps more 

physiologically relevant, it was extremely difficult to perform and only variable levels of 

reperfusion were produced. We also found that the M C A O model did not result in significant 

trapped TR-dextran since a small degree of blood flow returned upon suture removal permitting 

the TR-dextran to be washed out during perfusion. Given the advantages of the RB model, such 

as localized clotting and trapping of TR-dextran to map ischemic zones, we continued to use it 

for all subsequent analysis. 
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Figure 3-2. Neurons located at the ischemic border show a laminar distribution of ischemic 

dendritic damage. 



A, Tiled confocal image of a coronal section of a YFP expressing transgenic mouse 6 h after RB-induced 

stroke. Ischemic vessels are those with TR-dextran caught within them (red). Neurons located at the core 

of ischemia show nearly a complete loss of YFP fluorescence and dendritic structure (asterix, *), whereas 

damage to neurons located near the border of the ischemic zone is most prominent within the dendritic 

tuft. The box shows the neuron in B. B, Reconstructed confocal image of a YFP expressing layer 5 

cortical neuron. The box demarks the dendrite shown in panel a. panels a-f, Enlarged segments of the 

dendrite in B. The dendritic tuft is largely blebbed and no spines are apparent (a), however the rest of the 

dendrite appears to be intact, with visible spines (b-e). Note that the most proximal region of the apicai 

dendrite is still intact even though there are no visible spines in this region (f). This was also observed in 

images of control dendrites on the non-ischemic hemisphere and is thought to be related to very strong 

out of focus fluorescence from the large promixal dendrite obscuring small spines. C, Reconstruction of a 

Y F P expressing layer 5 cortical neuron after the M C A O stroke model. Similarly to the RB model, the 

dendritic tuft is severely blebbed but the more proximal region of the apical dendrite appears to be intact. 

RB, rose bengal; M C A O , middle cerebral artery occlusion 

3.3. Spatial distribution of ischemic damage to dendrites 

Stroke is characterized by a region of complete cell death at the core of the lesion with 

adjacent regions of partial ischemic damage (Katsman et al., 2003). It is within these regions of 

peri-infarct cortex that neuronal plasticity and repair after stroke have been shown to occur 

(Carmichael, 2003). We wished to determine the extent of ischemic damage to dendrites beyond 

the stroke core as well as the time course of this damage in order to establish how much of peri-

infarct circuitry is potentially salvageable and thus may contribute to recovery acutely after 

stroke. Using TR-dextran labeled fluorescent clots as a means of identifying ischemic zones we 

determined how far laterally dendritic damage would spread throughout the cortex from areas 

with clotted blood vessels at 2 h, 6 h, and 10 h after stroke. First, we performed a low-resolution 
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analysis by scoring dendrites as being beaded or intact. A beaded dendrite was defined as an 

apical dendritic shaft with 2 or more periodic dendritic constrictions resembling beads on a 

string. No beaded dendrites were found at any time point within the non-ischemic hemisphere 

(n= 2 animals at 2 h, and n= 3 animals at 6 h and 10 h) or within control sham stroke animals (n-

4, subjected to 6 h of imaging) (data not shown) and all dendrites located within the ischemic 

core were found to be beaded at 2 h (Fig. 3-3A), 6 h (Fig. 3-35), and 10 h (Fig. 3-3C) after 

stroke. In order to determine if dendritic damage changed as a function of time and distance from 

the infarct, we performed a 2-way analysis of variance (ANOVA) with time and distance as 

factors. Our analysis revealed that there was a significant effect of distance (F5> 30= 49.33; 

p<0.001) as well as time after stroke (F2,30= 12.93, p<0.001) on the extent of beaded dendrites; 

however, no significant interaction was observed between these two variables (Fi 0,30= 0.87* p= 

0.57) (Fig. 3-3D). For each time point, we pooled data at all distances together and found that 

dendritic damage increased significantly from 2 h (10.0% ±1.7%, n= 2) to 6 h (37.3 ± 6.2%> n= 

3) (t= 3.39, p<0.05; unpaired t-test), but did not increase further at 10 h after stroke (42.4% ± 

5.9%) (p= 0.59; unpaired t-test) (Fig. 3-3E). For each distance, we pooled data at all time points 

together and found that dendritic damage decreased with distance from the ischemic interface 

(Fig. 3-3F). Specifically, there was nearly a 50% decrease in the number of beaded dendrites 

between 0 pm (100% ± 0, n= 8) and 100 pm (54.4 ± 6.5%, n= 8) away from the ischemic 

interface. There was also a significant decrease in the number of beaded dendrites between i00 

pm (54.4 ± 6.5%, n= 8) and 200 pm (35.6% ± 6.8%) away from the ischemic interface (t= 2,5, 

p<0.05; unpaired t-test). This analysis indicates that the incidence of beaded and hence damaged 

dendrites falls sharply with increasing distance from the ischemic interface and increases with 

time after stroke, up to 6 h but not thereafter. 
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Figure 3-3. Spatial distribution of ischemic damage to dendrites. 

A-C, Tiled images of coronal sections of YFP mice displaying the border of the ischemic lesion (dashed 

line), 2 h (A), 6 h (B) and 10 h (C) after RB-induced stroke. D, Dendritic damage as assessed by beading 

in the distal portion of the apical dendrite varies as a factor of time (p< 0.001) and distance (p< 0.001) 

from the ischemic interface but there is no interaction between these two factors (2-way A N O V A ) . There 

were no beaded dendrites found within the non-ischemic hemisphere of animals 2 h, 6 h, or 10 h after 
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stroke or in sham stroke controls (n= 4 animals). E, The percentage of YFP layer 5 neurons with beaded 

dendrites within 500 um of the ischemic zone increases from 2 h to 6 h after stroke from but does not 

increase further at lOh after stroke (0-500 um data pooled). F, Dendritic damage decreases with 

increasing distance from the ischemic interface (2 h, 6 h, and 10 h data pooled). There is nearly a 50% 

decrease in cells with beaded dendrites found within the first 100 um from the ischemic interface and 

there is also a significant decrease in beading from 100 um to 200 pm. Data represent mean ± SEM 

collected from n=2 animals at 2h, and n=3 animals at 6 h and 10 h. p < 0.05 (*); unpaired t-test. 

To verify that certain neurons located as close as 100 um from the stroke core could be 

entirely free of ischemic damage we also performed a high-resolution analysis of 5-6 non-beaded 

layer 5 YFP neurons located between 100 and 300 pm from the ischemic interface at 2 h (n= 2), 

6 h (n= 3) (Fig. 4-4/1), and 10 h (n= 3) after stroke. Using confocal imaging, we reconstructed 

the entire dendritic structure of these neurons, from the cell body to the cortical tuft dendrites 

(Fig. 3-45). This analysis revealed that the spines and dendritic structure of these neurons could 

be intact throughout all cortical layers (Fig. 3-45, panels a-f), including the most superficial 

dendritic tuft (Fig 3-45, panel a). Thus, layer 5 neurons located at the ischemic interface show a 

laminar distribution of dendritic damage, whereas those as close as 100 pm from the lesion dan 

retain structural integrity throughout their length. 
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A, Tiled confocal image of a coronal section of a YFP expressing transgenic mouse 6 h after stroke 

showing TR-dextran filled ischemic vessels (red). The box denotes the neuron in B. B, Reconstructed 

confocal image of a YFP expressing layer 5 cortical neuron. The box outlines the denrite shown in panel 

a. panels a-f, Enlarged segments of the dendrite in B shows.that it is intact throughout its length. Spines 

may be resolved on the dendrite at all levels (a-e) with the exception of the most proximal region of the 

dendrite extending from the cell body (f). 

3.4. Spatial distribution of ischemic damage to axons 

The extent of axonal ischemic damage was also of interest as layer 5 cortical neurons are 

the major output neurons of the cortex that synapse within the midbrain, hindbrain, and spinal 

cord, ultimately affecting motor function (O'Leary and Koester, 1993). Further, as we found 

there to be a graded spatial and temporal distribution of ischemic damage to the dendrites of 

these neurons we were interested to uncover whether these factors would have similar effects on 

their axons. Axonal beading has previously been shown to be a response to anoxic (Tekkok et 

al., 2005) and oxidative damage in vitro (Roediger and Armati, 2003) that could accompany 

ischemia/reperfusion during the RB model (Zhang et al., 2005). Thus, we used this 

morphological characteristic as a representation of axonal ischemic damage. The control animals 

(n= 4) were those which received a sham stroke where a craniotomy was made and animals were 

subjected to laser exposure with no injection of RB dye, but 6 h of imaging. A very moderate 

level of axonal damage was apparent in these controls within a similar region to animals that 

underwent RB photoactivation (Fig. 3-5A). This slight apparent damage in the control group 

varied somewhat across the medial to lateral extent of the brain and was possibly associated with 
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mechanical effects of the craniotomy or its impact on the perfusion/brain removal process, til 

animals that received a RB stroke, observation of the axons of layer 5 neurons within the 

ischemic core and adjacent cortex revealed that beaded axons were located well beyond the 

ischemic interface and that this effect became more apparent with time after the stroke (Fig. 3-

5B-D). To further elucidate the extent of axonal damage throughout space and time in both 

stroke animals and sham controls we devised an axonal damage rating (ADR) scale where 0= no 

axonal damage (all dendrites intact), 1= minor damage (-25% of axons beaded), 2= moderate 

damage (-50% of axons beaded), and 3= severe damage (-75% of axons beaded or complete 

loss of axonal integrity) (Fig. 2-1). In order to determine if axonal damage varied as a function of 

time and distance from the ischemic infarct we performed a 2-way A N O V A with time and 

distance as factors. Our analysis revealed that there was a significant effect of distance from the 

ischemic interface (F 7 i 3 2= 5.35, p<0.001) as well as time after stroke (F2> 32= 6.61, p<0.01) on the 

level of axonal damage but there was no interaction between these two variables ( F i 4 ; 32= 0.20, 

p= 0.99) (Fig. 3-5E). For each time point, we pooled the ADR scores at all distances together 

and found that when compared to sham control values the level of axonal damage was increased 

at 2 h (1.53 ± 0.47, n= 2) but not significantly (t=2.6, p=0.06; unpaired t-test), and significantly 

increased at 6 h (1.88 ± 0.40, n= 3) (t= 3.5, p<0.05; unpaired t-test) and at 10 h (2.55 ± 0.24, n= 

2) (t= 6.4, p<0.01; unpaired t-test) after stroke (Fig. 3-5F). Although there was a trend towards 

increasing damage with time after stroke, this effect was not considered to be statistically 

significant (between 2, 6, and 10 h). For every distance we also pooled together the ADR scores 

from each time point and found that the level of axonal damage was significantly greater than 

sham control values from 100-600 um beyond the ischemic interface but dropped to near control 

levels at 700 pm (Fig. 5G). The level of axonal damage at 700 pm (1.10 ± 0.30, n= 7) and 800 

um (0.85 ± 0.26, n= 7) away from the ischemic interface did not differ significandy from sham 

control values (700 um: 0.75 ± 0.29; 800 urn: 0.50 ± 0.22; n= 4) (700 um: t=0.75, p=0.47; 800 
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um: t= 0.86, p= 0.41; unpaired t-test). Thus it seems that the spatial spread of axonal damage 

increases with time after stroke and extends further laterally throughout the cortex than does 

ischemic damage to dendrites. This suggests that the axons of layer 5 neurons may be more 

vulnerable to ischemia than their dendrites. 

distance from ischemic interface (pm) 

Figure 3-5. Spatial distribution of ischemic damage to axons. 
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Figure 3-5. Spatial distribution of ischemic damage to axons. 

A-D, Coronal sections of YFP transgenic mice with a sham stroke operation (control, A) and 2h (B), 6h 

(C) and lOh (D) after stroke showing ischemic vessels (red) and axons of layer 5 cortical neurons. Axonal 

damage (beading) extends beyond the ischemic interface (dashed line) at all time points after stroke and 

the level of axonal damage increases notably with time (B-D). E, Axonal damage varies as a factor of 

time (p<0.01) and distance (p<0.001) from the ischemic interface, but there is no interaction between 
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damage was apparent in lateral regions of control animals. This may have been related to the mechanical 

effects of the craniotomy or its impact on the perfusion process. F, The level of axonal damage increases 

significantly at 6 h and 10 h after stroke (versus control) but no statistically significant differences were 

observed between 2 h, 6 h, and 10 h time points. G, Axonal damage extends well beyond the ischemic 

interface and does not drop to near control values until 700 pm from the ischemic interface. Data 

represent mean ± SEM collected from n=2 animals at 2 h and 10 h, and n=3 at 6 h. p < 0.05 (*), p< 0.01 

(**) versus control; unpaired t-test. 

3.5. Cell fate throughout the ischemic core and penumbra 

Focal dendritic swelling or beading is a typical response of neurons to hypoxic and 

excitotoxic conditions (Majno and Joris, 1995; Andrew et al., 1999; Jarvis et al., 1999; Hasbani 

et al., 2001). Here, we have been using axonal and dendritic beading as a measure of 

compromised neuronal circuitry; however, it is not entirely clear what the fate is of neurons 

exhibiting this type of beaded morphology. In order to determine the viability of layer 5 neurons 

located throughout the ischemic core and penumbra 6 h after stroke we first used propidium 

iodide (PI) staining to assess the integrity of cells' nuclei by measuring their size. PI is generally 

used as a marker of cell death in cell culture and live tissue slices because, in these cases, it 

stains only cells with a compromised plasma membrane. Here, because we used PI staining oh 

fixed and permeabilized tissue slices all cells were labeled with PI, thus we chose to use the size 

of a cell's nucleus as a measure of its integrity. An analysis of only YFP expressing layer 5 

neurons within the non-ischemic hemisphere (control; Fig. 3-6A-A'), stroke core (-150-0 um; Fig 

3-6B-B'), as well as 0-150 um, 150-300 pm and 300-450 pm (Fig. 3-6C-C) away from the 

ischemic interface (defined as 0 pm) revealed that distance from the ischemic interface had a 

significant effect on the size of a cell's nucleus (p<0.001; ANOVA). More specifically, the 
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nucleus size of YFP cells located within the stroke core (83.5 ± 5.9 um2, n= 3 animals) as well as 

0-150 um (68.3 ± 4.1 um2, n= 3 animals) and 150-300 um (76.2 ± 6.3 pm2, n= 3 animals) away 

from the ischemic interface was significantly smaller than that of control YFP cells (143.1 ± 3 . 0 

um2, n= 4 animals) (p<0.001; A N O V A with Bonferroni's post-hoc test) (Fig. 3-6D). 

Interestingly, the nuclei of YFP cells located between 300-450 pm away from the edge of the 

ischemic zone (121.6 ± 7.7 pm2, n= 3 animals) were significantly larger than the nuclei of cells 

located between 150-300 pm away (p<0.01; A N O V A with Bonferroni's post-hoc test) and hot 

statistically different from control YFP cells (p>0.05; A N O V A with Bonferroni's post-hoc test) 

(Fig. 3-6Z)).' Thus it seems that cells located up to 300 pm from the border of the ischemic zone 

are compromised, as indicated by the condensed size of their nucleus, whereas cells beyond this 

distance are relatively intact. This could indicate a penumbral zone where cells may be 

functionally impaired but potentially still viable. 
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Figure 3-6. PI staining reveals changes in nuclear size of YFP layer 5 neurons throughout the 

ischemic core and penumbra. 
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A-C, High resolution confocal images of layer 5 cortical neuron cell bodies (green) from a YFP 

transgenic mouse 6 h after stroke. Cells were imaged in 150 um bins within the contralateral non

ischemic hemisphere (control; A), the stroke core (-150-0 pm; B) and the ischemic penumbra (0-150 jam, 

150-300 um and 300-450 pm) (300-450/um; C). The nuclei of all cells have been labeled by PI (red) and 

therefore many non-YFP expressing cells are seen. A '-C, PI labeling channel only with the nuclei of YFP 

cells denoted in boxes (note PI stains the nucleus of all cells). The nuclei of control YFP cells are round 

(A'); whereas, the nuclei of YFP cells within the stroke core are condensed (B'). YFP cells located 

between 300-450 pm away from the edge of ischemia are nearly as large and round as those within the 

non-ischemic hemisphere (C). D, The nuclei of YFP cells located within the stroke core (-150-0 pm) and 

up to 300 pm away from the ischemic interface are significantly smaller than the nuclei of control YFP 

cells. The nuclei of YFP cells located beyond 300 pm from the ischemic interface are significantly larger 

than cells between 150-300 pm and not statistically different than control cells. The data represent mean ± 

S E M collected from n=3 animals at 6 h after stroke. p< 0.01(**); p < 0.001 (***), A N O V A with 

Bonferroni's post-hoc test. 

3.6. Spatial profile of neuronal apoptosis in the ischemic core and penumbra 

As nuclear condensation is a morphological characteristic of apoptosis (Majno and Joris, 

1995), is it probable that cells with condensed nuclei may be undergoing this form of cell death. 

To examine this possibility we performed immunostaining on sections of YFP mice 6 h after 

stroke using antiserum against the caspase-3 cleavage site (Urase et al., 2003) (Fig. 3-7A). 

Caspase-3 is a cytosolic cysteine protease whose activation has been shown to be associated with 

apoptotic cell death after ischemic brain injury (Chen et al., 1998; Namura et al., 1998). Indeed, 

we found many layer 5 YFP neurons within the stroke core (Fig. 3-75, panel 1) as well as in the 

ischemic penumbra (Fig. 3-75, panels 2-3) to be anti-m3D175 positive; however, there was 
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significantly less staining in YFP neurons located between 300-450 pm away from the stroke 

border (Fig. 3-75, panel 4). YFP neurons located on the non-ischemic hemisphere did not show 

any anti-rh3D175 staining indicating specificity of the antibody (Fig. 3-75, panel Ctrl). Analysis 

of the number of anti-m3D175 positive YFP apoptotic cells with distance from the ischemic 

interface revealed a similar spatial distribution to cells with condensed nuclei as indicated by PI 

staining (Fig. 3-7Q. Specifically, the number of anti-m3D175 positive apoptotic YFP neurOiis 

located within the stroke core (-150-0 um; 84.2 ± 4.1%) did not differ significantly from those 

located between 0-150 pm (77.9 ± 5.0%) or 150-300 um (82.9 ± 2.7%) in the ischemic 

penumbra, (p>0.05; A N O V A with Bonferroni'spost-hoc test; n= 3 animals). Beyond this 

distance, between 300-450 um, significandy fewer YFP neurons were labeled with anti-m3Dl75 

(24.9 ± 7.8%) (p<0.001; A N O V A with Bonferroni's post-hoc test). Thus neuronal apoptosis 

appears to be activated 6 h after stroke within the core of the ischemic lesion and extending up to 

300 pm in the surrounding penumbral tissue. 
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Figure 3-7. Spatial pattern of neuronal apoptosis 6 h after RB stroke. 

A, Coronal section of a YFP expressing transgenic mouse depicting ischemic vessels by trapped TR-

dextran (red) 6 h after RB stroke. Boxes 1-4 show 150 pm bins (in B) throughout the stroke core and 

penumbra that were imaged at high resolution. B, High power confocal images of activated apoptotic cell 

death indicated by immunostaining against the caspase-3 cleavage, anti-m3D175 (red). There are no 

apoptotic cells within the contralateral non-ischemic hemisphere (ctrl). Most YFP neurons within the 

stroke core (box 1) and up to 300pm away from the ischemic interface (box 2,3) are apoptotic. Beyond 

300 pm from the ischemic border, fewer Y F P cells are apoptotic (box 4). C, There was a similar elevated 

level of anti-m3D175 positive apoptotic YFP cells within the stroke core and up to 300pm away from the 

edge of ischemia. Beyond this distance the number of anti-m3D175 postitive apoptotic Y F P cells was 

significantly reduced. Data represent mean ± S E M collected from n=3 animals at 6 h after stroke. 

p<0.001 (***); A N O V A with Bonferroni's post-hoc test, ctrl, control; non-isc hem, non-ischemic 

hemisphere; str, stroke; pos, positive 
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3.7. Spatial profile of neuronal necrosis in the ischemic core and penumbra 

Both apoptotic and necrotic cell death cascades have been implicated in ischemia 

(Yamashima, 2004) and these have been shown to be concomitantly activated in the same set of 

ischemic neurons (Unal-Cevik et al., 2004). We wished to determine if and where necrotic cell 

death cascades were occurring in our animals, 6 h after stroke. To test this, we performed 

immunostaining on slices of YFP mice 6 h after stroke using an antibody to the 136-kDa 

fragment of calpain-cleaved a-spectrin (Fig. 3-8A). Calpain is a calcium-dependent neutral 

cysteine protease that is known to be activated after brain ischemia (Yamashima et al., 2003) and 

the 136-kDa fragment of calpain-mediated a-spectrin breakdown is only generated during 

neuronal necrosis making it a specific marker for this form of cell death (Takano et al., 2005). 

The spatial pattern of activated necrotic cell death indicated by staining for the 136-kDa 

fragment of calpain-cleaved-a-spectrin was similar to the spatial pattern of activated apoptotic 

cell death indicated by anti-m3D175 staining. No cells in the non-ischemic hemisphere stained 

for the 136kf of a-spectrin (Fig. 3-85, panel Ctrl); however in stroke core (-150-0 pm) nearly all 

YFP cells were 136kf a-spectrin positive (95.4 % ± 4.5%, n= 3 animals) (Fig. 3-85, panel 1), 

There was a high number of 136kf a-spectrin positive YFP neurons located between 0-150 pm 

(94.0% ± 1.7%, n=3 animals) (Fig. 3-85, panel 2) and 150-300 pm (84.3% ±11.6%, n=3 

animals) (Fig. 3-85, panel 3) away from the ischemic interface (denoted as 0 um); howevers 

between 300-450 pm this number decreased drastically to 37.4% ± 5.5% (n= 3 animals) (Fig. 3-

85, panel 4). The number of potentially necrotic 136 kf a-spectrin positive YFP neurons 

between 300-450 um away from the ischemic interface was significantly reduced compared to 

those located in the core of the stroke and up to 300 pm away (p< 0.05; A N O V A with 

Bonferroni's post-hoc test) (Fig. 3-8Q. Thus, it appears that necrotic and apoptotic cell death 

cascades are activated in a similar spatial pattern 6 h after stroke. Since the percentage of YFP 

cells that stained for these markers approached 90% (near the core) we would expect that 
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individual layer 5 neurons would have components of both cell death pathways activated within 

them. 

Figure 3-8. Spatial pattern of neuronal necrosis 6 h after RB stroke. 

A, Spatial map showing the location of ischemic vessels by trapped TR-dextran (red) in a coronal section 

of a YFP expressing transgenic mouse 6 h after stroke. Boxes 1-4 denote 150 pm bins where high power 

images (in B) were taken. B, High power images of activated necrotic cell death indicated by 

immunostaining for the 136-kDa fragment of calpain-cleaved-a-spectrin in YFP neurons (red). There are 

no necrotic cells within the contralateral non-ischemic hemisphere (c). Nearly all YFP neurons within the 

stroke core (box I) and up to 300 pm away from the edge of ischemia (box 2,3) are necrotic. Beyond this 

distance there is a significant drop in necrotic YFP neurons (box 4). C, There was high percentage 136kf 

calpain-cleaved-a-spectrin positive YFP cells located within the stroke core (-150-0 pm) and up to 300 

pm away from the edge of ischemia. Beyond this distance, between 300-450 pm, calpain activation was 

significantly reduced. Data represent mean ± S E M collected from n=3 animals at 6 h after stroke. p<0.05 

(*); A N O V A with Bonferroni's post-hoc test. Ctrl, control; non-isc hem, non-ischemic hemisphere; str, 

stroke; pos, positive 
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IV. CHAPTER 4: DISCUSSION 

4.1. A sharp border exists between normal and damaged synaptic circuitry 

Rose bengal induced photothrombosis is an ideal model of stroke to study the spatial 

spread of ischemic damage to neurons since a well defined ischemic zone can be created by 

using focused light (photoactivation). The model effectively induces clots in vessels of all sizes 

and avoids issues associated with unblocked collateral blood vessels. Further, in the RB stroke 

model used here, TR-dextran was found to become lodged within ischemic vessels upon fixation 

providing a map of the ischemic zone. 

In our study, we used RB photothombosis together with YFP fluorescence of layer 5 

neurons to map the extent of axonal and dendritic damage in relation to the location of ischemia 

within the first 2-10 h after stroke. Dendritic beading was used as a measure of neuronal damage 

as this has been shown to be an early marker of excitotoxic and anoxic damage to neurons (Ftori 

and Carpenter, 1994; Park et al., 1996; Jarvis et al., 1999). Our analysis shows that the incidence 

of beaded dendrites falls sharply with increasing distance from the lesion site, with nearly a 50% 

decrease in the number of beaded dendrites within the first 100 pm from the ischemic core 

border and no beaded dendrites beyond 500 pm. In another study, assessment of neuronal 

function in peri-infarct cortex with cytochrome oxidase (CO) staining (Wong-Riley, 1989) 7 

days after focal stroke revealed that the region of partially damaged synaptic structures extended 

-0.5 mm laterally and -1.1 mm medially from the lesion edge (Katsman et al., 2003). The fact 

that we observed sharper ischemic borders than in this study could reflect that we examined a 

significantly earlier time point (2-10 h vs. 7 d) and also used more sensitive measures of aberrant 

synaptic structure such as spine loss and dendritic beading in contrast to CO staining that 
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provides a crude measure of cellular metabolism (Wong-Riley et al., 1989). In addition, we may 

have more precisely located the region of ischemia by using trapped texas red dextran. 

Although the size of our ischemic lesions increased with time, the lateral spread of 

damage to dendrites remained relatively confined to the location of ischemia (-50% decrease in 

damage 100 pm from the ischemic interface) regardless of the time after stroke (2 h, 6 h, or i0 

h), or the potential for diffusion of released cytotoxic factors such as glutamate, nitric oxide* Or 

other factors from the dying core (Sharp et al., 2000; Witte et al., 2000). Perhaps these cytotoxic 

factors have a limited range of diffusion due to uptake and inactivation mechanisms and only 

affect cells within the stroke core. Alternatively, local resting microglia may become activated 

by the ischemic insult and infiltrate the site of injury, thus acting to contain ischemic damage. 

Recently a neuroprotective role of microglia has been supported in vivo by their immediate 

response to local damage (Davalos et al., 2005; Nimmerjahn et al., 2005). Further, these cells 

were shown to have spherical-shaped inclusions which suggests that they were involved in the 

removal of potentially damaging debris from the extracellular environment. 

4.2. Selective damage to cortical tuft dendrites 

From in vivo imaging studies in our lab it is clear that after photothrombotic stroke 

neuronal circuitry within the ischemic core is intensely damaged specifically at the level of the 

dendritic tuft (Zhang et al., 2005). Although reperfusion may be associated with the return Of 

dendritic structure (Zhang et al., 2005), the tissue at the core of the stroke is generally considered 

to be irreversibly damaged and is therefore unlikely to contribute to recovery (Witte et al., 2000). 

In contrast, the fate of neurons and their synaptic circuitry at the margins of ischemia is unclear 

and is likely to be a critical determinant of functional recovery since this circuitry, by proximity, 

often functions in a related manner to tissue lost in the core (Camichael, 2003). Here, we wished 
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to uncover whether the damage to tuft dendrites after stroke monitored by in vivo 2-photon 

imaging would propagate into deeper layers of the cortex. Examination of the distribution of 

ischemic damage to layer 5 neurons at the border of the ischemic zone 6 h after stroke revealed 

that dendritic beading was most prominent within the tuft dendrites and did not spread to the 

distal or proximal portion of the apical dendrite (Fig. 3-25). The fact this laminar distribution of 

ischemic damage was also apparent at 2 h and 10 h after stroke shows that this was not 

necessarily a reflection of a progressive process at an intermediate time point. Another potential 

concern was that the selective damage to cortical tuft dendrites was a factor of the 

photothrombotic model of stroke used in our study. Since photoactivation would be strongest at 

the surface of the cortex, it is possible that this would lead to more intense damage at this level 

of the brain. The fact that the same pattern of ischemic damage to layer 5 neurons was also found 

in another model of stroke, namely the M C A O model (Fig. 3-2C), shows that this was not art 

artifact of the nature of the photochemical insult and such evidence strengthens the validity of 

our findings. 

The central nervous system seems to be especially vulnerable to excitotoxic damage and 

oxidative stress on account of its high rate of oxygen utilization and the fact that neuronal 

membranes contain a high proportion of oxidation-prone polyunsaturated fatty acids making 

them more susceptible to peroxidative damage (Sayre et al., 1999). Also, the brain appears to 

contain lower levels of molecular antioxidants such as superoxide dismutase and glutathione 

peroxidase (Floyd, 1999). At the level of the cerebral cortex, it has previously been shown that 

certain subsets of neurons, including layer 5 neurons, are particularly vulnerable to ischemic 

damage (Jones and Schallert, 1992); however, compartmentalized dendritic damage within 

individual neurons is a relatively new finding. It is known that the expression of ion channels is 

not necessarily uniform throughout the length of the dendrite (Hausser et al., 2000) thus the 
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selective vulnerability of tuft dendrites to ischemic damage could be underscored by a higher 

proportion of channels making them more vulnerable to excitotoxicity. Another potential 

explanation for this compartmentalized damage is that processes with a higher surface area to 

volume ratio such as small tuft dendrites and axons are not able to buffer aberrant ion fluxes as 

efficiently as somatic compartments and larger dendrites thus making them more susceptible to 

excitotoxicity. This would also explain why the axons of layer 5 neurons at the ischemic border 

appeared to be more damaged than nearby proximal dendrites. Yet another possibility is that 

beaded tuft dendrites that we observed immediately adjacent to the lesion site were branches 

projecting from those neurons located within the dying core; however, in many cases we have 

traced these dendrites and can show this is not the case. 

The idea that the more distal (tuft) region of the apical dendrite of layer 5 neurons may be 

more vulnerable to ischemic damage is consistent with studies showing that this region 

undergoes a higher degree of modification than basal dendrites following denervation (Wellman 

and Sengelaub, 1995; Churchill et al., 2004) or in response to an aspiration-induced stroke model 

(Gonzalez and Kolb, 2003). However, other studies indicate that the basal and not apical 

dendritic arborization of surviving peri-infarct layer 5 neurons was increased after ischemia 

(Biernaskie and Corbett, 2001). The loss of tuft dendrites may have implications for recovery if 

the neuronal somata and associated basal dendrites survive. For example, one would expect 

cortical layer I activity to be largely absent but deeper layers could contribute to residual 

circuitry during recovery. We may also expect reorganization within deeper dendritic structures. 

4.3. Altered cortical connectivity 

The cerebral cortex is divided into 6 layers and each layer has distinctive efferent artd 

afferent connections, an arrangement which provides an efficient means of organizing the 
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complex connectivity between subsets of cortical neurons (Kandel, 2000; Fig . 4-1). Layer 1 is 

mainly considered to be an acellular layer consisting of dendrites and axons from the other 

molecular layers (Kandel, 2000). Thus this layer is thought to be responsible for integrating the 

majority of inputs within the neocortex. Pyramidal neurons in layers 2, 3, and 5 have all been 

shown to have apical dendrites that terminate in layer 1 (Cauller and Connors, 1994). Layer 2/3 

cells are primarily responsible for cortico-cortical connections within the cortex; whereas, layer 

5 neurons project mainly to subcortical structures such as the basal ganglia, brain stem nuclei, 

superior colliculus and spinal cord (O'Leary and Koester, 1993). 

Figure 4-1. The 6 layers of the 

neocortex. 

The neocortex is divided into 6 distinct 

cellular layers. Each layer may be 

distinguished by the morphology of the 

population of cells within that layer, as well as 

the efferent and afferent connections to those 

cells. Different stains reveal discrete 

functional components of the neurons within 

each layer and thus give the neocortex a 

unique appearance. The golgi-cox stain 

reveals cell somas and dendritic trees; 

whereas, the Nissl stain impregnates cell 

somas and proximal dendrites and the Weigert 

stain reveals the distribution of axons, (figure 

adapted from Kandel et al., 2000). 
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In our study, we noted the selective degeneration primarily of cortical tuft dendrites of 

layer 5 neurons. Although we were looking specifically at layer 5 neurons it is conceivable that 

the dendrites and axons projecting to layer 1 from neurons in other cortical layers were also 

severely damaged by the nearby ischemia. As layer 1 is the major source of synaptic 

terminations from cortico-cortical connections (Cauller and Connors, 1994) we would expect 

that the loss of dendritic and axonal structures within this layer would have a large impact on the 

neuronal signaling between associated cortical areas. One might expect this to lead to a deficit in 

the ability to coordinate sensation with movement, processing which is important in governing 

motor reflexes. Reflexes require the ability to integrate sensory feedback signals from the 

periphery with ongoing motor programs, and this information is conveyed by incoming afferent 

projections to the somatosensory cortex. Since these afferents have their primary synaptic 

connections within cortical layer 1, we might expect these reflexes to be selectively 

compromised after stroke. 
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Figure 4-2. Efferent and afferent projections to the different cortical layers within the 

sensory and motor cortex. 

Each layer within the neocortex has different efferent and afferent projections. Non-specific (NS) 

connections to the sensory cortex modulated by monoamine neurotransmitters terminate in all 6 layers of 

the cortex, whereas specific sensory (S) afferents (visual, auditory, somatosensory) synapse primarily on 

spiny stellate neurons in layer 4 in the sensory cortex. Those cells which have their somas in layers 2/3 

are cortico-cortical efferents that project by means of the corpus callosum (C-C, Ca), whereas cells in 

layer 5 project mainly to the striatum (C-S) and those in layer 6 project to the thalamus (C-T). 

Connections within the motor cortex are similar to those within the sensory cortex with slight disparities. 

There are no projection neurons within layer 2 of the motor cortex and there is a population of cells iii 

layer 5 of the motor cortex that project to the spinal cord (C-Sp). (figure adapted from O'Leary and 

Koester, 1993) 

4.4. Selective damage to layer 5 neuron axons 

Oxidative stress causes the disruption of cytoskeletal components such as microtubules, 

resulting in the termination of axonal transport, thus causing swelling and beading of axons. As 
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such, axonal beading has been shown to be a response to anoxic conditions in vitro (Tekkok et 

al., 2005) and to oxidative damage in human cultured brain tissue (Roediger and Armati, 2003). 

Here, we report moderately beaded axons at 2 h after stroke and a subsequent increase in the 

level of axonal beading with time after the ischemic insult. It was expected that the level of 

axonal damage would increase with time after ischemia as excitotoxicity is known to trigger a 

cascade of cellular events that continue to damage cells well beyond the time of initial insult 

(Dirnagl et al., 1999). We do not expect that damage to axons would increase beyond the 10 h 

time point, as there seemed to be a near complete loss of axonal integrity at this time. Our 

analysis of the incidence of beaded axons extending from layer 5 neurons located adjacent to the 

stroke core indicated that the spatial spread of ischemic damage to axons extended further 

laterally than the damage seen within the apical dendrites of these same neurons (Fig. 4-3). 

There are numerous possibilities as to why this was so, however at this time they remain 

speculative and require further investigation. 

A first possibility is that the inherent physiology of axons make then more susceptible to 

ischemia than dendrites. As mentioned before, processes with a higher surface area to volume 

ratio such axons may not be able to buffer aberrant ion fluxes as efficiently as somatic 

compartments and larger dendrites thus making them more susceptible to excitotoxicity. This 

could explain why the axons of layer 5 neurons at the ischemic border appeared to be more 

damaged than nearby proximal dendrites. Further, a series of reports have shown that 

oligodendrocytes contain glutamate receptors (Agrawal and Fehlings, 1997; Rosenberg et aL, 

1999) and these are associated with the sensitivity of white matter tracts to excitotoxic and 

anoxic damage when studied in vitro (Li and Stys, 2000; Karadottir et al., 2005; Micu et al., 

2006). 
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Figure 4-3. Spatial map of regions of complete and partial ischemic damage in relation to the 

location of ischemia. 

Grayscale inverted image of a coronal section of a YFP mouse 6 h after stroke showing trapped TR-

dextran in ischemic vessels (red). The stroke core, (dashed lines) is a region of irreversibly damaged 

synaptic structure and engagement of apoptotic and necrotic cell death cascades. Apoptotic and necrotic 

markers are also found predominantly within the first 300 pm outside the stroke core (grey shading). 

Ischemic damage was most apparent within the apical tuft dendrites of layer 5 neurons, and was most 

concentrated within 200 pm of the ischemic border (horizontal hatching). Ischemic damage to the axons 

of layer 5 neurons extended further laterally than damage to dendrites, up to 600 pm beyond the stroke 

core (vertical hatching). 
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Another possibility is that the cellular cascades initiated by excitotoxic damage could 

lead to the activation of a second messenger within the cortical tuft dendrites which acts as a 

retrograde signal, surpassing the proximal region of the dendrite as well as the cell soma, 

selectively affecting the axon. The nature of this retrograde signal could be a molecule intrinsic 

to the neuronal compartment such as a cytosolic protease; however, more likely is that this is a 

diffusible cytotoxic factor released from those neurons that have entered a stage of cell death. 

Since dendritic arbors project up to 200 pm laterally throughout the most superficial regions of 

the cortex this could account for the unexpected observation of axons being damaged in regions 

well outside the ischemic zone. 

Finally, the increased incidence of beaded axons up to 600 pm away from the ischemic 

core could reflect intracortical back projections from damaged neurons within the stroke core up 

to interneurons located in other laminae in the penumbral tissue (Bannister, 2005). We believe 

that this is not the case, however, as we have investigated this possibility by tracking individual 

axons from neurons located within the stroke core as well as in the adjacent penumbra. It would 

appear that most of these axons branch upon entering the corpus callosum where they continue 

to project to their distal subcortical targets. 

4.5. Evidence for activation of cell death mechanisms within peri-infarct zones 

Immunohistological analysis of YFP neurons located in peri-infarct tissue revealed that 

neurons with condensed nuclei as well as activated caspase-3 and calpain-cleaved-a-spectrin 

staining were concentrated within 300 pm outside the ischemic core (Fig. 4-3). Beyond this 

distance, the nucleus size of YFP neurons did not differ from YFP neurons located on the non

ischemic hemisphere and there was a significant reduction (-50%) in the number of cells that 

exhibited markers of apoptosis or necrosis. 
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The spatial distribution of apoptotic and necrotic indices has been a matter of debate in 

ischemia. Some studies report a predominance of apoptotic markers in penumbral tissue 

(Namura et al., 1998; Sasaki et al., 2000; Benchoua et al., 2001) with necrotic markers being 

localized to the infarct core (Ferrer and Planas, 2003; Xu et al., 2006). It is understandable that 

the apoptotic cell death cascade might be inactivated within the stroke core as apoptosis is an 

ATP dependent mechanism and there is a rapid depletion of sources of ATP after ischemia 

within the infarct core (Yamashima, 2004). More recent findings, however, suggest that the 

location of these types of cell death are not so easily dissociated and depend on the nature and 

timing of the ischemic insult (Benchoua et al., 2001). 

Here we report evidence for both markers of apoptosis and necrosis 6 h after ischemia 

and we show that these are found in both the stroke core and penumbra. The fact that up to 90% 

of neurons within 300 pm from the ischemic zone stained for both markers of apoptosis and 

necrosis suggests that these two forms of cell death might have been occurring simultaneously 

within the same population of layer 5 neurons. This is supported by evidence from another study 

where apoptotic and necrotic markers were shown to be expressed within the same set of 

ischemic neurons after transient and permanent M C A occlusion (Unal-Cevik et al., 2004). 

Further evidence for apoptosis in the ischemic penumbra has come from another model of focal 

ischemia (MCAO) where active caspase-3 labeling was found to be present specifically in the 

striatum but not cortex at 3 h and 6 h post reperfusion (Davoli et al., 2002). Yet another study 

noted a ring of apoptotic cell death is tissue immediately adjacent to the lesion site after a 

modified version of the M C A O stroke model which created a lesion specifically within 

functionally defined areas of the rat somatosensory cortex (Katsman et al., 2003). Thus, it 
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appears that post-ischemic neuronal death may involve a combination of apoptotic and necrotic 

processes even at the level of the individual neuron. 

In our study, the localized activation of apoptotic and necrotic mechanisms within the 

first 300 pm of cortex adjacent to the lesion site suggests that this is an ideal site where delayed 

administration of potential anti-apoptotic agents (Wang et al., 2002) could rescue cells from 

progression to death. We cannot say with certainty whether or not cells that have initiated the 

apoptotic or necrotic death cascade are in fact in a salvageable state; however, evidence from 

another study showed that cells with activated caspase-3 were also immunreactive for NeuN 

(Davoli et al., 2002) suggesting that they were still viable and thus in a position to be rescued 

from cell death. 

4.6. Dendri t ic beading as a sign of neuronal compromise 

Focal bead-like swelling in dendrites and axons is thought to be a neuropathological sign 

of ischemia (Hori and Carpenter, 1994). Evidence shows that dendritic beading can be a 

reversible phenomenon (Kirov et al., 2004; Zhang et al., 2005) associated with neuronal cell 

dysfunction and in some cases can precede cell death (Ikegaya et al., 2001; Takeuchi et al., 

2005). Despite this evidence, the functional state of dendrites with beaded morphology is still 

not known; however, preliminary data from our lab indicates that regions with beaded dendrites 

are not inactive as assessed by analysis of sensory-evoked intrinsic optical signals (in preparation 

Zhang et al.). 

Here we report that up to 90% of neurons within the first 300 pm outside of the ischemic 

core showed apoptotic and necrotic markers within 6 h after stroke onset. Since most of these 

neurons had beaded dendrites (in particular within the first 100 pm) we would expect that 

61 



dendritic beading might be an early sign of cell death pathway involvement. As more cells with 

beaded apical tuft dendrites were found closer to the ischemic core, this might suggest that these 

cells were further along in their commitment to cell death. Thus neurons with beaded dendrites 

may represent a population of cells that have become functionally impaired due to glutamate 

excitotoxicity or energy failure but remain potentially viable, albeit with altered synaptic 

circuitry. Since anti-apoptotic treatments can rescue neurons even after ischemia it is unclear 

whether immunoreactive markers for signs of apoptosis or necrosis necessarily reflect an 

absolute commitment to cell death. 

It should also be mentioned that layer 5 YFP neurons that seemed to be undergoing 

apoptosis or necrosis appeared to have retained little of their YFP fluorescence at the level of the 

cell body. Thus it is also plausible that early after the ischemic insult, dendritic beading may be 

an immediate response to ischemia, however with time and prolonged exposure to excitotoxic 

mechanisms, programs of cell death may become activated resulting in the breakdown of 

cytoskeletal components and deterioration of the YFP signal. This is supported by studies 

showing that ischemia triggers the activation of a number of proteolytic enzymes which lead to 

the breakdown of cytoskeletal and extracellular matrix proteins resulting in the loss of structural 

integrity (Dirnagl et al., 1999). Thus those cells that stained positively for markers of apoptotic 

and necrotic cell death may not have in fact coincided with those cells with beaded dendrites* as 

they no longer had the ability to retain their fluorescence. This brings about the possibility that 

our analysis of beaded dendrites underrepresented the population of cells that were damaged by 

excitoxicity; however, because we expressed beaded dendrites as a percentage of the total 

number of YFP dendrites within a 100 pm bin we believe we are properly representing the data. 

Further, we also counted the total number of dendrites on the non-ischemic hemisphere as a 
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control and found that this number did not differ significandy from the total number of dendrites 

(beaded + non-beaded) on the stroke side. 

4.7. Conclusions 

Using texas red-dextran caught within fixed ischemic vessels as a means of identifying 

ischemic zones we have finely mapped the spatial relationship between local blood flow and 

damage to the axonal and dendritic circuitry of layer 5 pyramidal neurons. Our data show that a 

sharp border exists between normal and damaged dendritic circuits within the ischemic 

penumbra 2 h, 6 h, and 10 h after stroke, despite the potential for diffusion of released cytotoxic 

factors from the dying core such as hemoglobin, glutamate, and nitric oxide. We also 

demonstrated that partially damaged neurons located along this border show a laminar 

distribution of damage throughout their length with compromised cortical tuft dendrites and 

axons but relatively intact proximal apical dendrites. Finally, apoptotic and necrotic cell death 

cascades appeared to be activated 6 h after stroke, however, only within 300 pm of the edge of 

the ischemic core. These data suggest that peri-infarct tissues 300 u.m outside of an ischemic 

zone can be relatively free of dendritic damage and nuclear abnormalities suggesting that they 

may be in an ideal position to contribute to recovery of function after stroke. 

4.8. Directions for future research 

The findings in this study were mainly based on histological evidence of the 

morphological changes that occur to layer 5 neuron dendrites and axons after cerebral ischemia. 

It was surprising to find that not all regions of the layer 5 neuron dendrites responded similarly 

to ischemic damage. We can only speculate as to why the cortical tuft dendrites would be more 

susceptible to ischemic damage than the apical dendrites; hence it would be of interest to further 

investigate the mechanisms that exist to generate a laminar distribution of ischemic damage to 
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dendrites. The fact that ischemic damage to the axons of layer 5 neurons extended further 

laterally than damage to the dendrites of the same neurons was also surprising. Based on the 

analysis of confocal images with an axonal damage rating scale, it was quite clear that this Was 

the case; however, the dense distribution of axons made it difficult to evaluate beading within 

individual axonal processes. Thus, it would be useful to provide further evidence for axonal 

damage with another methodological tool. There are antibodies that exist, such as SMI-32 

(Sternberger Monoclonals), that stain for the non-phosphorylated form of monofilament H and 

such an antibody could be used to detect damaged axons within the brain after ischemia. Such 

evidence could strengthen our argument for enhanced sensitivity of axons to ischemic damage. 

Finally, as discussed earlier, it is not clear whether cells within the penumbra region that stained 

for markers of apoptosis and necrosis at 6 h after stroke would progress to the point of no return 

(ie. death) with time. Hence, a neuronal marker such a NeuN would be useful to determine 

whether or not these cells were still viable and thus could potentially be rescued from death with 

an anti-apoptotic treatment. 
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