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Abstract 

The overall objectives of this thesis were to establish an in vivo model of focal ischemia 

within our laboratory and to investigate the therapeutic potential of this model. We 

hypothesised that we would be able to establish a model with a reproducible infarct that was 

relevant for preclinical studies of ischemic stroke therapies. It was further hypothesised that 

acute delivery of a connexin43 (Cx43) mimetic peptide would improve tissue outcomes 

following focal ischemia. Focal ischemia was induced in adult male Sprague Dawley rats by 

transient middle cerebral artery occlusion (MCAo) and by intrastriatal injection of N5-(1-

iminoethyl)-L-ornithine (L-NIO) in combination with jugular vein occlusion. Infarct volume 

was quantified by cresyl violet staining or NeuN immunoreactivity. Blood-brain barrier 

leakage, hypoxia, neurodegeneration and inflammation were investigated using 

immunohistochemistry. Functional deficits were quantified using rotarod and cylinder tests. 

MK801 was administered systemically to determine the potential for neuroprotection and the 

therapeutic potential of the Cx43 mimetic peptide was investigated via intrastriatal and 

systemic delivery routes.  

The major original contribution of this thesis to the preclinical stroke field is the successful 

development of a novel rat model of focal striatal ischemia: the L-NIO model. This model is 

associated with high success rates, zero mortality, reduced surgical complexity and a 

consistent, reproducible infarct, thus providing advantages over intraluminal MCAo. The L-

NIO model also exhibits characteristics of established models of ischemic stroke including 

blood-brain barrier dysfunction, neuroinflammation and chronic functional impairment. 

Importantly, evidence of neuroprotection demonstrates the potential use of the L-NIO model 

for testing neuroprotective interventions. When examining the therapeutic potential of Cx43 

mimetic peptide delivery, no beneficial changes to tissue outcomes were found following 

intrastriatal peptide administration immediately or 3 days post-ischemia. Systemic peptide 

administration appeared to increase the inflammatory response. However, potential protection 

by intrastriatal peptide injection against a vehicle-mediated increase in L-NIO infarct volume 

justifies further investigations into Cx43 mimetic peptide as an acute intervention following 

ischemic stroke. In conclusion, we propose that the L-NIO model of focal ischemia in the rat 

striatum is a useful tool for preclinical investigations into therapeutic strategies for ischemic 

stroke. 
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Chapter 1. Literature	Review	

1.1. Stroke		

Stroke is a debilitating neurological disorder that affects 16.9 million people and causes 5.9 

million deaths globally every year (Feigin et al., 2014). It is the second largest cause of 

mortality worldwide (Lozano et al., 2012). Stroke-related disability is likely to rise in high 

income countries due to a decline in early stroke fatality coupled with growing and aging 

populations (Tobias, Cheung, Carter, Anderson, & Feigin, 2007). Disability severely impacts 

on a patient’s quality of life and places a large social and financial burden on families, 

communities and the economy, thus increasing the global burden of stroke. Stroke is the third 

leading cause of healthy years of life lost due to mortality or loss of health and there are 

currently 33 million stroke survivors worldwide (Krishnamurthi et al., 2013; Murray et al., 

2012).  

Intravenous recombinant tissue plasminogen activator (rtPA) is the only approved 

pharmacological treatment available for acute ischemic stroke that improves patient outcomes 

(Schmidt, Minnerup, & Kleinschnitz, 2013). However the strict criteria for treatment, 

including a 4.5 hour therapeutic window from onset of symptoms, means that few patients 

actually receive rtPA (Lees et al., 2010; Minnerup et al., 2011). The high prevalence of 

stroke, together with the associated social and economic burden, necessitates the 

development of novel therapies to reduce cell loss, promote brain repair and enhance 

functional recovery. 

1.1.1. What	is	stroke?	

A stroke can be defined as an acute dysfunction of blood vessels in the brain leading to a 

disturbance in blood supply and neurological symptoms that persist for longer than 24 hours 

(Aho et al., 1980). Stroke is caused by the rupture or occlusion of a blood vessel, impairing 

oxygen and nutrient supplies to the region supplied by the vessel. The resultant tissue injury 

can lead to a variety of neurological deficits depending on the location of the lesion. These 

may include motor, memory, orientation, language, visuospatial, attention or executive 

function impairments (Pohjasvaara et al., 2002; Tatemichi et al., 1994). 
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1.1.2. Types	of	stroke	

A stroke may be categorised as ischemic or hemorrhagic. Globally, ischemic strokes are 

twice as common as hemorrhagic stroke (Krishnamurthi et al., 2013). Ischemic stroke occurs 

when blood flow in a major cerebral artery is reduced or lost, commonly due to occlusion of 

an artery by a thrombus or an embolism (Dirnagl, Iadecola, & Moskowitz, 1999). A thrombus 

is a blood clot formed at the site of occlusion whereas an embolism is a blood clot or fatty 

deposit that is formed elsewhere and travels through the bloodstream until it blocks a vessel 

(Jeyaseelan, Lim, & Armugam, 2008). Relative hypoperfusion may also cause ischemic 

stroke (Brouns & De Deyn, 2009). The remainder of strokes are hemorrhagic and occur when 

a blood vessel bursts either within the brain (intracerebral haemorrhage) or on the surface of 

the brain (subarachnoid haemorrhage) (A. Green, 2008). Vessels may rupture for a variety of 

reasons including hypertension, amyloid angiopathy, arteriovenous malformation or an 

aneurysm (Qureshi et al., 2001). Ischemic stroke is not only far more prevalent than 

hemorrhagic stroke but the survival rate is higher (Feigin, Lawes, Bennett, Barker-Collo, & 

Parag, 2009), resulting in a larger burden on society from stroke-related disability. 

Furthermore, therapeutic strategies that aim to improve functional recovery following stroke 

are predominantly directed towards ischemic stroke, due to the greater prevalence and better 

access to well-characterised models (Gleichman & Carmichael, 2013). For these reasons, 

focal ischemic stroke is the focus of the current thesis.  

1.1.3. Pathophysiology	of	ischemic	stroke	

In order to develop new treatments, it is important to have an understanding of the 

pathophysiology of ischemic stroke. Immediately following ischemic stroke, the cessation in 

blood flow promotes a series of events including excitotoxicity, oxidative stress and blood-

brain barrier dysfunction (Figure 1). Reperfusion exacerbates the injury, contributing to an 

increase in blood-brain barrier permeability, subsequent vasogenic edema and hemorrhagic 

transformation. Cells in the infarct core die predominantly by necrosis within hours of stroke 

onset. However the region surrounding the core, known as the penumbra, is potentially 

salvageable. Over time and without intervention, injury will extend into the penumbra. 

Delayed cell death occurs mainly by apoptosis and neuroinflammation contributes to ongoing 

injury and cell death. 
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Figure 1. Timeline and impact of major events in the pathogenesis of acute focal cerebral 
ischemia. Without reperfusion, the core damage (black) will extend into the penumbra (grey) over 
time.  

(Reprinted from Clinical Neurology and Neurosurgery, 111(6), Brouns, R. & De Deyn, P., The 
complexity of neurobiological processes in acute ischemic stroke, 483-495, Copyright 2009, with 
permission from Elsevier.) 
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1.1.3.1. Energy	failure	and	excitotoxicity	

Energy production in the brain occurs almost entirely by oxidative phosphorylation and the 

brain’s consumption of oxygen and glucose is high compared to other tissues (Dirnagl et al., 

1999). Therefore, the reduced blood flow following ischemic stroke and subsequent reduction 

in glucose and oxygen delivery has severe consequences, leading to cellular energy failure 

and initiation of a complex cascade of molecular events (Figure 2) (Brouns & De Deyn, 

2009; Dirnagl et al., 1999). 

Depletion of glucose and oxygen results in reduced ATP production, under which conditions 

normal metabolic processes cannot be maintained (Katsura, Kristián, & Siesjö, 1994). The 

membrane potential becomes compromised, leading to depolarisation of neurons and glia 

(Dirnagl et al., 1999; Katsura et al., 1994). Voltage-dependent Ca2+ channels in 

somatodendritic and pre-synaptic locations are activated, triggering the release of excitatory 

amino acids including glutamate into the extracellular environment. Pre-synaptic reuptake of 

excitatory amino acids decreases due to energy depletion, further contributing to an 

extracellular increase in glutamate levels. Excess glutamate over-activates post-synaptic N-

methyl-D-aspartate (NMDA), α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

(AMPA) and metabotropic glutamate receptors, resulting in post-synaptic influx of Na+, Ca2+ 

and Cl- and efflux of K+. Increasing intracellular levels of Ca2+, the universal second 

messenger, severely impacts the cell in multiple, interacting ways. Proteolytic enzymes that 

break down cellular components, such as the cytoskeleton and extracellular matrix, are 

activated and reactive oxygen species (ROS) are generated (Dirnagl et al., 1999; Katsura et 

al., 1994). 

1.1.3.2. Reactive	oxygen	species	and	oxidative	stress	

Reactive oxygen species (ROS), including superoxide and hydrogen peroxide, are generated 

by healthy mitochondria in the process of oxidative phosphorylation (Manzanero, Santro, & 

Arumugam, 2013). Cell repair mechanisms and antioxidants are usually able to cope with the 

small amount of ROS under physiological conditions. Following ischemia, the cell becomes 

overwhelmed by ROS and the consequent oxidative stress results in injury, apoptosis or 

necrosis (Manzanero et al., 2013). Aside from mitochondria, transmembrane NADPH 

oxidases (NOX) also produce ROS, indeed, this is the only known function of the NOX 

family of enzymes (Jaquet, Scapozza, Clark, Krause, & Lambeth, 2009). Moreover, each of 

the components comprising the neurovascular unit, such as endothelial cells, astrocytes and  
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Figure 2. Overview of acute pathophysiological events in the ischemic cascade.  

(Reprinted from Trends in Neurosciences, 22(9), Dirnagl, U. et al., Pathobiology of ischaemic stroke: 
an integrated view, 391-397, Copyright 1999, with permission from Elsevier.) 
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neurons, both produce and are affected by ROS (Manzanero et al., 2013). Overactivation of 

NMDA receptors leads to the activation of nitric oxide synthase (nNOS) and subsequent 

production of nitric oxide (NO) that further reacts with superoxide to yield peroxynitrite (Z. 

Huang et al., 1994; Manzanero et al., 2013). Peroxynitrite is extremely reactive and oxidises 

proteins and lipids (Manzanero et al., 2013). Thus ROS contribute to lipid peroxidation and 

degradation of the cell membrane. 

1.1.3.3. Mitochondrial	dysfunction	

Under physiological conditions, cellular ATP production by mitochondria depends on a 

balance between Ca2+ influx and efflux and controlled entry of H+ through the inner 

mitochondrial membrane (Kristián & Siesjö, 1998). However, following the intracellular rise 

in Ca2+ as a result of ischemia, the influx of Ca2+ exceeds extrusion and osmotic swelling 

occurs. A mitochondrial permeability transition pore opens in the inner membrane and 

intramitochondrial components such as Ca2+ and Mg2+ leak into the cell, reactive oxygen 

species are produced and H+ transport is abolished (Kristián & Siesjö, 1998; Matsumoto, 

Friberg, Ferrand-Drake, & Wieloch, 1999). Thus ATP generation in the cell is further 

compromised and cellular damage is exacerbated by mitochondrial dysfunction (Kristián & 

Siesjö, 1998).  

1.1.3.4. Cytotoxic	edema	

In addition to increases in intracellular Ca2+, overactivation of glutamate receptors also leads 

to influx of Na+ and Cl- and efflux of K+ (Dirnagl et al., 1999). The change to transmembrane 

ionic gradients cannot be restored by active transport due to energy failure (Katsura et al., 

1994). Negatively charged molecules in the cell bind K+; consequently the efflux of K+ is less 

than the influx of Na+. Therefore, two things happen: 1) the cell depolarises leading to 

increased calcium entry and glutamate release, propagating the ischemic response (Brouns & 

De Deyn, 2009), and 2) the net influx of Na+ results in an osmotic force that drives water 

entry into the cell (J. Simard, Kent, Chen, Tarasov, & Gerzanich, 2007). This process of ion 

and water influx is termed cytotoxic edema and leads to cell blebbing, membrane rupture and 

lysis in the process of necrotic cell death (J. Simard et al., 2007). 

Cytotoxic edema results in the swelling of individual cells but does not lead to tissue 

swelling, as components are shifted between intracellular and extracellular compartments but 

are not added from the vascular system (J. Simard et al., 2007). However, the changed 



Chapter 1 – Literature Review 

- 7 - 
 

composition of the extracellular space, resulting from the loss of ions and water into the 

intracellular compartment, does create the driving force for fluid movement to occur in a 

process termed ionic edema. The reduction of Na+ in the extracellular space establishes a 

gradient of Na+ across the blood-brain barrier that divides the intravascular and extracellular 

compartments. The initial stages of dysfunction now begin in the endothelium with the 

transport of Na+ down its concentration gradient through the blood-brain barrier. Cl- and 

water follow, with the establishment of electrical and osmotic gradients respectively. At this 

stage, only water and ions are being transported across the blood-brain barrier by the 

physiological process of osmosis, so it is considered to be structurally intact (J. Simard et al., 

2007). 

1.1.3.5. Tissue	acidosis	

In parallel to excitotoxicity, the depletion in oxygen following ischemic stroke results in 

anaerobic glycolysis and subsequent production of lactate (Philipp, Ulrich, & Andreas, 2004). 

Acidosis therefore develops in the ischemic tissue. Lactate levels in the cerebrospinal fluid of 

stroke patients indicate metabolic crisis and may lead to secondary damage in the cortex and 

poorer clinical outcomes (Brouns et al., 2008). 

1.1.3.6. Reperfusion	

While early reperfusion is necessary to protect ischemic tissue in the penumbra from injury, 

reperfusion itself is injurious. Reperfusion can occur in human stroke by spontaneous 

recanalisation, collateral blood flow or thrombolytic therapy with rtPA (Carmichael, 2005; 

Molina et al., 2001). Mitochondrial oxidative phosphorylation is restored very soon after 

reperfusion (Katsura 1994). However, reperfusion generates a burst in ROS production 

(Peters et al., 1998) and thus enhances oxidative stress. Superoxide and nitric oxide released 

from the endothelium, astrocytic end feet and nNOS-expressing neurons contribute to the 

peroxynitrate formation and microvascular injury (Gürsoy-Ozdemir, Can, & Dalkara, 2004; 

Yemisci et al., 2009). Pericytes, cells that form part of the blood brain barrier, contract during 

ischemia and impede microvessel blood flow even after reperfusion that may hamper tissue 

recovery (Yemisci et al., 2009). Neutrophil infiltration occurs earlier and the response is 

larger in temporary versus permanent models of focal ischemia, suggesting that reperfusion 

hastens and exacerbates the inflammatory response (Clark et al., 1994). The complement 

system, an element of the innate immune system, helps to initiate and propagate 

inflammation, particularly following reperfusion (Arumugam et al., 2009; Lucchesi & 
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Tanhehco, 2000). Reperfusion appears to increase blood-brain barrier disruption (Gürsoy-

Ozdemir et al., 2004; G. Yang & Betz, 1994) and can also lead to hemorrhagic 

transformation. 

1.1.3.7. Blood‐brain	barrier	dysfunction	and	vasogenic	edema	

The blood-brain barrier (BBB) consists of capillary endothelial cells, joined together by tight 

junctions, that are surrounded by a basal lamina containing pericytes (Abbott, Rönnbäck, & 

Hansson, 2006). Astrocytic endfeet, extensively interconnected by gap junctions containing 

the protein connexin43 (Cx43), further surround the basal lamina and form a link between the 

vasculature and neurons (Abbott et al., 2006; M. Simard, Arcuino, Takano, Liu, & 

Nedergaard, 2003). The blood-brain barrier is a selective barrier between the vasculature and 

brain parenchyma that permits diffusion of gases and small lipophilic molecules, in addition 

to transcellular but not paracellular transport of small, hydrophilic essential compounds 

(Abbott et al., 2006). Large or potentially injurious compounds are generally excluded unless 

they have specific transport mechanisms. 

Following reperfusion, microvascular injury occurs and eventually blood-brain barrier 

integrity is lost. This permits the passage of plasma proteins such as albumin and IgG (J. 

Simard et al., 2007). The mechanism of this permeability increase in endothelial cells is far 

from understood (Krueger, Härtig, Reichenbach, Bechmann, & Michalski, 2013). Uncoupling 

of tight junctions between endothelial cells that make up the barrier is thought to be a 

contributing factor (J. Simard et al., 2007). Matrix metalloproteinase-2 (MMP-2) can increase 

BBB disruption by degrading the tight junction proteins claudin-5 and occludin (Y. Yang, 

Estrada, Thompson, Liu, & Rosenberg, 2007). However, extravasation of FITC-albumin has 

recently been observed in the presence of intact tight junctions following focal cerebral 

ischemia (Krueger et al., 2013). Alternatively, paracellular leakage and transcellular vesicle-

mediated leakage resulting from a dysfunctional endothelium may be major mechanisms 

contributing to increased microvascular permeability (Krueger et al., 2013).  

Gap junction channels contribute to the propagation of intracellular calcium waves that 

significantly increase the permeability of blood-brain barrier endothelial cells (Marijke De 

Bock et al., 2012). ROS generation close to microvessels in endothelial cells, astrocytes and 

some neurons may also increase BBB permeability (Gürsoy-Ozdemir et al., 2004). Haqqani 

and colleagues found that the expression of more than 50 proteins temporarily correlated with 

an increase in BBB permeability during reperfusion, therefore regulation of this process is 
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likely to be complex (Haqqani et al., 2005). Whatever the mechanism, capillaries that form 

the blood-brain barrier become leaky to proteins. Both hydrostatic pressure, resulting from 

intracranial pressure and systemic blood pressure, and osmotic pressure lead to the evolution 

of cytotoxic edema into vasogenic edema 6 or more hours following cerebral ischemia (J. 

Simard et al., 2007).  This involves a large efflux of proteins and water from the vasculature 

into the brain parenchyma, causing brain swelling that influences patient outcome. 

1.1.3.8. Hemorrhagic	transformation	

Hemorrhagic transformation has been described as the final stage of endothelial dysfunction 

following vasogenic edema (J. Simard et al., 2007). This occurs when blood leaks into the 

ischemic infarct following reperfusion. Hemorrhagic transformation increases when 

reperfusion is delayed (Molina et al., 2001) and a recent pooled analysis demonstrated that 

thrombolytic therapy increases the proportion of patients with hemorrhagic transformation 

from 25% to 33% (Lees et al., 2010).  

In the process of hemorrhagic transformation, dysfunctional cerebral endothelial cells begin 

to die. Increasing capillary leakage of all blood components (including erythrocytes) into the 

extracellular space finally results in complete failure of vessel integrity (J. Simard et al., 

2007). The occurrence of hemorrhagic transformation can be predicted by pre-existing blood-

brain barrier dysfunction and is likely the result of multiple events instigated by reperfusion 

and oxidative stress, though the mechanism is not fully understood (Krueger et al., 2013; J. 

Simard et al., 2007). 

1.1.3.9. Penumbra	

The concept of the ischemic penumbra was developed in response to observations that 

ischemia is not often complete and that some of the tissue affected by ischemia receives 

residual blood flow from collateral vessels (Astrup, Siesjo, & Symon, 1981). This tissue can 

potentially be rescued if blood flow does not fall below a critical level and if normal 

perfusion and electrical activity are restored in a certain time. Thus blood flow in this region 

lies between an upper threshold of electrical failure and a lower threshold of energy and ion 

pump failure. This electrically silent, potentially salvageable tissue that often circles a non-

salvageable ischemic core was named the penumbra (Astrup et al., 1981). The final fate of 

the penumbra is thought to determine final clinical outcome. The advent of clinical 

neuroimaging technologies has extended the definition of the penumbra to be the mismatch 
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between diffusion-weighted imaging (DWI) and perfusion-weighted imaging (PWI) using 

magnetic resonance imaging (MRI) (Barber, 2013). Tissue that appears normal on maps of 

DWI but has low perfusion on maps of PWI is now considered to be the ischemic penumbra. 

Low cerebral blood flow can be quantified accurately with positron emission tomography 

(PET) imaging. Because reperfusion is associated with blood-brain barrier disruption and 

hemorrhagic transformation, blood-brain barrier integrity may also be important in 

determining whether tissue can actually be rescued (Barber, 2013). If no intervention is made, 

the ischemic infarct can expand over time into the penumbra due to continuing excitotoxicity 

or secondary processes such as spreading depolarisation, tissue acidosis, neuroinflammation 

and apoptotic cell death (Dirnagl et al., 1999).  

1.1.3.10. Peri‐infarct	depolarisation	

In the ischemic core, anoxic depolarisation occurs in neurons and glial cells due to energy 

failure, in combination with K+ efflux and increased glutamate, from which cells never 

recover (Dirnagl et al., 1999). However, in the penumbra where residual perfusion occurs, 

repolarisation is possible but requires energy. K+ and increased glutamate can cause repeated 

depolarisations and repolarisations in the same cells, known as peri-infarct depolarisations 

(Dirnagl et al., 1999). Because this process consumes energy, blood flow becomes inadequate 

and the cumulative effect of peri-infarct depolarisations is associated with an increase of the 

ischemic infarct into the penumbra (Back, Ginsberg, Dietrich, & Watson, 1996; Busch, 

Gyngell, Eis, Hoehn-Berlage, & Hossmann, 1996; Dirnagl et al., 1999). It must be noted that 

peri-infarct depolarisation has not been confirmed in human stroke (Dirnagl et al., 1999). 

1.1.3.11. Cell	death	following	ischemia	

Cell death occurs in the short and long-term following focal ischemia. Cell death may be 

defined as “a state from which the cell cannot recover to even near normalcy” and can only 

be identified morphologically as phagocytosis or disintegration of the cell (Lipton, 1999). 

Cell death only occurs in focal ischemia if ischemia lasts longer than approximately 30 

minutes in animal models (Lipton, 1999). There are three recognised types of cell death 

following cerebral ischemia: apoptosis, autophagocytosis and necrosis (Lipton, 1999; Puyal, 

Ginet, & Clarke, 2013). Apoptosis and autophagocytosis include the formation of new 

structures and are regulated, ordered processes, whereas necrosis is generally considered to 

be uncontrolled. Apoptosis is considered to be a “programmed” physiological process and is 

more commonly seen in regions of milder damage following ischemia, such as the penumbra, 
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or in shorter ischemic events, but does still occur in the infarct core (Lipton, 1999). It can be 

initiated through an intrinsic pathway involving mitochondrial permeabilisation and the 

release of proapoptotic signals such as cytochrome C or by the extrinsic pathway when 

extracellular factors bind to “death” receptors (Puyal et al., 2013). Both pathways result in 

caspase-mediated cell death through shrinking of the cytoplasm, condensation of chromatin 

and the nucleus and formation of apoptotic bodies. Caspase-independent apoptosis is also 

possible. Autophagy consists of catabolic processes that degrade cellular proteins and 

organelles such as the mitochondria and endoplasmic reticulum and includes the formation of 

multiple autophagosomes and endocytosis. Apoptosis may be triggered by autophagy. 

Necrosis occurs when increased intracellular Ca2+ initiates multiple calcium-dependent 

pathways including proteases that degrade cellular components. Cells and organelles swell 

and membrane rupture occurs, leading to lysis, nuclear dissolution and the formation of a 

“ghost” cell (Puyal et al., 2013). Necrosis is likely to predominate in the infarct core within 

the first few hours following focal ischemia, whereas delayed apoptotic cell death is 

commonly seen in the penumbra (Hou & MacManus, 2002). 

1.1.3.12. Neuroinflammation	

Neuroinflammation following ischemic stroke is not purely a secondary consequence of cell 

death and injury but contributes to multiple stages of the pathophysiology of acute ischemia 

(Iadecola & Anrather, 2011). A simplified overall schematic of inflammation can be seen in 

Figure 3. Microglia and astrocytes, that are activated by signals released from dying cells and 

ROS, play a key role in the inflammatory response by promoting further release of 

inflammatory mediators and thus recruitment of immune cells following ischemic cell death. 

Inflammation ultimately contributes to ongoing cell death, edema, hemorrhage and expansion 

of the ischemic infarct into the penumbra and surrounding tissue.  

Initiators	of	inflammation	

Brain cell injury and death from early events in the ischemic cascade lead to the release of 

intracellular damage-associated molecular patterns (DAMPs) that signal to the immune 

system and cause its activation (Iadecola & Anrather, 2011; Kono & Rock, 2008). These 

include a wide range of host molecules aside from cytokines, including genomic double-

stranded DNA, adenosine triphosphate (ATP), uridine triphosphate (UTP), uric acid, heat-

shock proteins, high-mobility group box 1 protein (HMGB1) and components of the 

extracellular matrix (Kono & Rock, 2008). One important early danger signal is the  
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Figure 3. Simplified schematic of the initiation and final outcomes of inflammation following 
ischemic stroke (ATP, adenosine triphosphate; BBB, blood-brain barrier; DAMP, damage-associated 
molecular pattern; MMP, matrix metalloproteinase; ROS, reactive oxygen species). 
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nucleotide ATP that is usually sequestered inside cells, with very low levels in the 

extracellular environment. However, following ischemia, extracellular levels of ATP increase 

significantly (A Melani et al., 2005). Release of ATP may occur in a non-lytic manner 

through gap junction hemichannels containing connexin 43 (Cx43) or be released from dying 

cells (Di Virgilio, Ceruti, Bramanti, & Abbracchio, 2009; Kang et al., 2008). Microglial 

processes appear to orientate and extend towards the ischemic insult in a chemotaxic process 

involving ATP (Davalos et al., 2005). This is likely dependent on activation of purinergic 

receptors and thus ATP-mediated ATP release from surrounding astrocytes (Davalos et al., 

2005). Neurons, endothelial cells and oligodendricytes are also proposed to release ATP after 

ischemia, all of which also express purinergic receptors (Davalos et al., 2005; Di Virgilio et 

al., 2009). Furthermore, ATP may contribute to the activation of microglia into an amoeboid 

form, initiate reactive astrogliosis, promote pro-inflammatory cytokine and chemokine 

release and directly cause damage to neurons (Di Virgilio et al., 2009).  UTP and the products 

of ATP and UTP metabolism are also possible danger signals that may allow identification of 

severely damaged neurons and promote phagocytosis (Di Virgilio et al., 2009). A large range 

of additional factors activate microglia and astrocytes, including cytokines, chemokines, 

growth factors, neurotransmitters, ROS, hypoxia, small molecules released by injury, plasma 

components, peptides, ions, hormones and complement (Hanisch & Kettenmann, 2007; 

Sofroniew, 2009). 

Microglia	

In the brain parenchyma, resident microglia are the most numerous immune cell type 24 

hours following ischemia (Gelderblom et al., 2009). Originating from the mesoderm, 

microglia are known as the resident macrophages of the brain and are a key link between the 

brain and immune system (H.-M. Gao & Hong, 2008; Kreutzberg, 1996). Under 

physiological conditions, they monitor the extracellular environment and respond rapidly to a 

range of pathological changes (Kreutzberg, 1996). Following an insult such as ischemia, they 

proliferate, migrate to the area of damage by chemotaxis and transform from a resting, 

ramified morphology to an amoeboid, phagocytic phenotype, histologically indistinguishable 

from blood-derived macrophages (H.-M. Gao & Hong, 2008; Schwartz, Kipnis, Rivest, & 

Prat, 2013; Q. Wang, Tang, & Yenari, 2007). The functions of activated microglia include 

phagocytosis of cellular debris and foreign molecules, antigen presentation, release of 

cytotoxic factors and production of cytokines and chemokines that activate further microglia 
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(Figure 4). Thus the immune response to ischemia is propagated by microglia and ongoing 

injury occurs (H.-M. Gao & Hong, 2008). 

Astrocytes	

Astrocytes, a type of glial cell, are by far the most numerous cell type in the brain (Sofroniew 

& Vinters, 2010). Cajal identified the two major forms in 1909: protoplasmic astrocytes, 

found in grey matter with a large number of fine branching processes that form a globe shape 

and fibrous astrocytes, found in white matter with long fibre-like processes. Astrocytes 

perform a diverse array of functions including blood flow regulation, synaptic transmission, 

energy provision and maintenance of fluid, ion, pH and neurotransmitter homeostasis 

(Sofroniew & Vinters, 2010). 

Following ischemia, reactive astrogliosis is initiated within 24 hours and increases over the 

following days, a response that peaks later than the microglial response (Clark et al., 1994; 

Schroeter et al., 1995a; Sozmen, Kolekar, Havton, & Carmichael, 2009). The formation and 

functions of reactive astrogliosis and the glial scar are not well understood (Sofroniew, 2009; 

Wanner et al., 2013). However, a recently developed model suggests that reactive 

astrogliosis, regulated by context-dependent signals within and between cells, is a graded 

continuum of progressive astrocytic alterations in gene expression and cellular activities 

(Sofroniew, 2009). Glial scar formation is likely to occur as part of reactive astrogliosis 

following a severe insult such as focal ischemia (Figure 5) (Sofroniew, 2009). This process is 

characterised by hypertrophy of astrocytic processes and upregulation of intermediate 

filament proteins, such as glial fibrillary acidic protein (GFAP) and vimentin, that are 

components of the cytoskeleton (Pekny & Nilsson, 2005). A small proportion of mature 

astrocytes acquire properties of immature glia and proliferate to generate further reactive 

astrocytes (Bardehle et al., 2013; Buffo et al., 2008). Recent research suggests that astrocytes 

do not migrate to form the glial scar (Bardehle et al., 2013; Wanner et al., 2013), rather 

newly-proliferated, elongated astrocytes with lengthy processes form a narrow border around 

the infarct core (Wanner et al., 2013). The cellular processes of these astrocytes overlap and 

interweave to form an extensive meshwork that surrounds the core region (Wanner et al., 

2013). The scar also incorporates other cell types including invading meningeal fibroblasts 

(Bundesen, Scheel, Bregman, & Kromer, 2003; Komuta et al., 2010; Sofroniew, 2009). 
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Figure 4. Microglial response to brain injury. Signals released from injured neurons lead to the 
migration of microglia to the injury site where they become fully activated and phagocytic, 
transforming into an amoeboid form. They release inflammatory signals and glutamate but also 
neuroprotective factors.  

(Reprinted by permission from Macmillan Publishers Ltd: NATURE MEDICINE (Monk & Shaw, 2006) 
copyright 2006.) 
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Figure 5. Reactive astrogliosis and glial scar formation following focal ischemia. Following a 
severe insult such as ischemia, astrocytes undergo hypertrophy and form a barrier with other cell 
types alongside the region of damage. Their processes now overlap into a protective meshwork. 
Newly proliferated astrocytes are evident in the glial scar (red cell bodies).  

(Reprinted from Trends in Neurosciences, 32 (12), Sofroniew, M., Molecular dissection of reactive 
astrogliosis and glial scar formation, 638-647, Copyright 2009, with permission from Elsevier.) 
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Although the majority of astrocytes upregulate GFAP and undergo hypertrophy, distinctive 

subsets of astrocytes are still being discovered (Bardehle et al., 2013; Schroeter et al., 1995b; 

D.-C. Wagner et al., 2013; Wanner et al., 2013). Aside from proliferating astrocytes, that 

appear to be predominantly juxtavascular, a second type of astrocytes have processes that 

extend and polarise towards the insult for several weeks and a third type maintain a bushy, 

globe-shaped phenotype within their original territory (Bardehle et al., 2013). The latter 

appear to be situated more distantly from the infarct, with a gradient of astrocytic phenotype 

and molecular expression that changes with distance (Schroeter et al., 1995b; Wanner et al., 

2013).  

There are many ways that reactive astrogliosis contributes to ischemic pathophysiology 

(Pekny & Nilsson, 2005). Glutamate is cleared from the extracellular milieu by Na+-

dependent transport in astrocytes under physiological conditions but is released under 

ischemic conditions when the astrocytic membrane gradient collapses and transport reverses 

(R. Swanson, Ying, & Kauppinen, 2004). Thus astrocytes contribute to increased levels of 

glutamate in the extracellular milieu and excitotoxicity. Failure to maintain correct 

functioning of other physiological processes, such as ion, transmitter and pH buffering, 

synaptic transmission and energy supply, causes further injury. Astrocytes may also 

contribute to breakdown of the blood-brain barrier via release of signalling molecules such as 

VEGF-A, an angiogenic factor that targets the endothelial tight junction proteins claudin-5 

and occludin (Argaw, Gurfein, Zhang, Zameer, & John, 2009). The glial membrane water 

channel aquaporin-4 (AQP4) is highly expressed in astrocytic endfeet opposing blood vessel 

walls in the brain and water influx into astrocytes may occur through these channels 

following ischemia, contributing to cytotoxic edema (M. Simard et al., 2003; Zador, Stiver, 

Wang, & Manley, 2009). Furthermore, astrocytes show enhanced expression of reactive 

oxygen species, matrix metalloproteinases  and both pro-inflammatory and anti-inflammatory 

cytokines, the relative expression of which may depend on the timing, geographical location 

and context-specific signals (Sofroniew & Vinters, 2010; R. Swanson et al., 2004). Finally, 

astrocytes may contribute to the propagation and spread of injury to distant, unaffected tissue 

by the propagation of calcium waves, likely involving gap junction channel and hemichannel-

mediated ATP-induced ATP release (Baroja-Mazo, Barberà-Cremades, & Pelegrín, 2013; 

Davidson, Green, Bennet, et al., 2013).	
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Peripheral	immune	cells	

Events occur in the intravascular space immediately following the occlusion and subsequent 

reperfusion of a cerebral artery that set the stage for later inflammatory processes (Iadecola & 

Anrather, 2011). Hypoxia, generation of reactive oxygen species and alterations in shear 

stress initiate blood coagulation, platelet aggregation and activation of the complement 

system (Iadecola & Anrather, 2011). Within 60 minutes of reperfusion, leukocytes in the 

bloodstream are seen to adhere to vessel walls, and together with degranulated platelets and 

fibrin, form blockages that impede blood flow (del Zoppo, Schmid-Schönbein, Mori, 

Copeland, & Chang, 1991). Complete blockage in some capillaries indicates that not all 

vessels are reperfused following ischemia and that leukocytes may also be responsible for 

this “no reflow” phenomenon (del Zoppo et al., 1991).  

Monocytes appear to be the first blood-borne immune cells to infiltrate the ischemic tissue 

(Gelderblom et al., 2009). They enter the brain and migrate to the ischemic insult, where they 

become tissue macrophages and dendritic cells (Dirnagl et al., 1999; Gelderblom et al., 

2009). Peripherally-derived macrophages have been observed in the ischemic hemisphere 12 

hours following ischemia and reperfusion and are significantly elevated after 24 hours 

(Gelderblom et al., 2009). Neutrophils, crucial components of the innate immune system, are 

the most numerous cell type 3 days following ischemia. Adhesion of neutrophils to the 

vascular wall occurs via β2 integrin binding to intercellular adhesion molecule-1 (ICAM-1) 

in the endothelium (Easton, 2013). Neutrophils infiltrate into the ischemic tissue through the 

blood-brain barrier within 24 hours but appear most numerous around 3 days following 

ischemic stroke (Gelderblom et al., 2009; Price et al., 2004). They produce a large range of 

molecules that promote secondary injury including reactive oxygen species, matrix 

metalloproteinase-9 (MMP-9) and pro-inflammatory cytokines and chemokines (Easton, 

2013). Both peripherally-derived and resident antigen-presenting dendritic cells are present 

and upregulated 72 hours following focal ischemia (Felger et al., 2010; Gelderblom et al., 

2009). Lymphocytes also infiltrate the ischemic tissue though in smaller amounts. Both T- 

and B-lymphocytes have been found in equal numbers with peak expression around 3 days 

(Gelderblom et al., 2009). At this time, the majority of T-lymphocytes were CD4+ T-helper 

cells followed by CD8+ cells and CD4-/CD8- cells.  
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Inflammatory	mediators	

Pro-inflammatory mediators are expressed by multiple cell types following focal ischemia. 

These include cytokines, adhesion molecules, proteases, chemokines, and small molecules 

such as ATP, prostanoids and reactive oxygen species (Iadecola & Anrather, 2011). Some 

key molecules will be mentioned here. 

Cytokines are expressed by multiple cell types following focal ischemia including microglia, 

astrocytes, neurons, endothelial cells, mononuclear phagocytes from the blood, T-

lymphocytes, natural killer cells and polymorphonuclear leukocytes, which therefore all 

contribute to inflammation following ischemic stroke (Barone & Feuerstein, 1999). 

Upregulation of pro-inflammatory cytokines leads to increased expression of adhesion 

molecules to promote leukocyte adherence to the lumens of cerebral vessel, proteases to 

increase blood-brain barrier permeability and chemokines to direct neutrophil migration into 

the ischemic brain parenchyma (Barone & Feuerstein, 1999; Berti et al., 2002). Accordingly, 

early expression of the cytokine tumour necrosis factor α (TNF-α) within hours of ischemia 

precedes upregulation of the adhesion molecules intercellular adhesion molecule 1 (ICAM-1) 

and E-selectin, in addition to the cytokines interleukin-1β (IL-1β) and interleukin-6 (IL-6) 

(Berti et al., 2002; Hill et al., 1999). Expression of the pro-inflammatory chemokine 

monocyte chemoattractant protein 1 (MCP-1), and possibly interleukin-8 (IL-8), promotes 

infiltration of macrophages and neutrophils into the brain parenchyma following cerebral 

ischemia (Y. Chen et al., 2003; Kostulas et al., 1998). 

Matrix metalloproteinases (MMPs) are proteases that, in combinations with serine proteases, 

play a key role in breaking down the extracellular matrix following focal ischemia (Mun-

Bryce & Rosenberg, 1998). Their production is induced by pro-inflammatory mediators such 

as TNF-α and IL-1β and they contribute to tissue injury (Mun-Bryce & Rosenberg, 1998). 

Among other roles, they appear to degrade the tight junction proteins claudin-5 and occludin, 

subsequently increasing blood-brain barrier permeability (Y. Yang et al., 2007). MMP-2 is 

associated with changes in blood-brain barrier permeability at early time points and MMP-9 

permeability changes around 24 hours following ischemia. 

ROS and nitrogen oxide, as discussed in section 1.1.3.2, continue to be produced during the 

inflammatory response and contribute to ongoing cell death through toxic effects on cellular 

proteins, lipids and ribonucleic acids. 
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1.1.3.13. Repair	processes	following	ischemic	stroke	

The ischemic infarct does not continually get worse long-term, as is evident by a degree of 

functional recovery observed in both animals and humans following focal ischemia. 

Therefore, there must be processes occurring in the brain that resolve and repair the infarct. A 

four stage model has been proposed to describe the progression of ischemic tissue damage 

observed in both permanent and temporary models of focal ischemia (Clark et al., 1994). The 

first stage is neuronal death, followed by inflammation that has initial/acute and 

delayed/chronic phases, then tissue organisation and finally, infarct resolution (Clark et al., 

1994). 

Neuroinflammation is coincident with both the expansion of the ischemic infarct and 

restorative processes, beginning in the hours following stroke and continuing for several 

weeks, suggesting an influence on both (Barone & Feuerstein, 1999). The acute phase may be 

detrimental to cell and tissue survival (as discussed in section 1.1.3.12) whereas the chronic 

phase of inflammation following stroke may be beneficial to tissue reorganisation and 

resolution (Barone & Feuerstein, 1999; Q. Wang et al., 2007). Recovery processes may 

include phagocytosis, neurogenesis, angiogenesis, oligogenesis, axonal sprouting and 

synaptogenesis in tissue damaged by the ischemic infarct (Z. G. Zhang & Chopp, 2009). 

Microglia, astrocytes and infiltrating immune cells have all been implicated in long-term 

healing and functional recovery (Barone & Feuerstein, 1999; A. Melani et al., 2006). 

Microglia and macrophages are necessary for the phagocytosis of cellular debris to make way 

for tissue remodelling. They can express brain-derived neurotrophic factor (BDNF) and glial 

cell-line-derived neurotrophic factor (GDNF), respectively, that support the sprouting of 

dopaminergic neurons in the damaged striatum ( Figure 4) (Batchelor et al., 1999). Moreover, 

microglia activated by endotoxins reduce neurogenesis whereas microglia activated by the 

cytokines IL-4 or IFN-γ appear to enhance neurogenesis (Butovsky et al., 2006). Microglia in 

the peri-infarct striatum, that are most numerous by two weeks after focal ischemia, may have 

a neurotoxic phenotype whereas microglia in the subventricular zone, most numerous six 

weeks after ischemia, appear to be proneurogenic (Thored et al., 2009). In addition, the 

cytokine TNF-α is involved in stroke-induced tissue damage but may also promote the 

survival of newly generated neurons 8 to 14 days after MCAo (Heldmann et al., 2005). 

Upregulation of transforming growth factor β (TGFβ) expression is delayed and peaks around 

4 days following ischemic stroke, supporting a role for this cytokine in neuronal repair (Hill 
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et al., 1999). Extracellular nucleotides such as ATP are not only danger signals to initiate 

inflammation but are also important in brain repair by signalling to immature cells involved 

in regeneration (Di Virgilio et al., 2009). While being integrally involved in early 

pathophysiology of ischemia, MMPs also appear to be important in later repair processes 

including angiogenesis (Y. Yang et al., 2013). 

The long-held view that glial scar formation is purely detrimental due to inhibition of axonal 

regeneration has been challenged as new research demonstrates positive functions of reactive 

astrogliosis in repair processes following brain insults (Sofroniew, 2009). The scar surrounds 

the region of greatest damage and restricts lesion spread into healthy tissue, thus endowing 

the glial scar with neuroprotective functions (Figure 5) (Wanner et al., 2013). Mice deficient 

in the glial intermediate filament proteins essential for correct scar formation show greatly 

increased infarct volume (L. Li et al., 2008). Moreover, astrocytes release trophic factors that 

may influence plasticity and repair (R. Swanson et al., 2004). 

Neutrophils release both pro- and anti-inflammatory molecules and clinical trials designed to 

reduce neutrophil recruitment and induce neuroprotection have not been successful (Becker, 

2002; Easton, 2013). It now appears that the population of neutrophils following ischemic 

stroke is heterogeneous and that induced polarisation towards an N2 phenotype is associated 

with increased recruitment to the infarct and neuroprotection, whilst a N1 phenotype may be 

pro-inflammatory (Cuartero et al., 2013; Easton, 2013). Regulatory T-lymphocytes secrete 

the anti-inflammatory mediator IL-10 and are important in reducing the release of pro-

inflammatory cytokines in order to decrease secondary ischemic injury from inflammation 

(Liesz et al., 2009). 

1.2. In	vivo	models	of	focal	ischemia	

In order to design therapeutic strategies for ischemic stroke, it is important to model all of the 

elements that contribute to this neurological disorder: the vascular origin, ischemic cascade, 

neuroinflammatory response and functional outcomes. This can only be done in vivo. 

Although models of global ischemia have been established, human ischemic stroke is usually 

focal and therefore models of focal ischemia are commonly used. Rodent models are most 

commonly used to model stroke because of their availability and low cost compared to other 

models such as primates, providing enough power for studies of clinical efficacy (Fisher et 

al., 2009). Indeed, the use of a rodent in vivo model is one of the Stroke Therapy Academic 
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Industry Roundtable (STAIR) preclinical recommendations, a series of guidelines designed to 

facilitate the translation of therapeutic agents from preclinical research to the clinic (Fisher et 

al., 2009). Thus while various in vitro models of cerebral ischemia have been developed, this 

review will focus on in vivo models of focal cerebral ischemia. 

1.2.1. Rodent	models	of	focal	ischemia	

A variety of rodent models have been developed to model artery occlusion, thrombolysis, 

cortical versus striatal lesions, specific functional lesions and high throughput, 

vasoconstriction lesions. The difference in pathophysiology between the models also 

determines their suitability for neuroprotection or reparative therapy and the functional tests 

that can be performed. Thus model selection for putative stroke therapy is determined by the 

aim of the study. The types of animal models used in studies of potential neuroprotective 

strategies for ischemic stroke are shown by frequency in Figure 6 (Howells et al., 2010). 

Ischemic stroke predominantly involves occlusion of the middle cerebral artery (MCA), 

resulting in damage to the territory of this artery (Delavaran et al., 2012; Howells et al., 

2010). Consequently, the most commonly used models of ischemic stroke in preclinical 

investigations involve middle cerebral artery occlusion (MCAo), though arterial blockage 

may be performed by various means including intraluminal filament, coagulation, 

clip/ligation, emboli and compression categories (Figure 6) (Howells et al., 2010). 

1.2.1.1. Intraluminal	filament	MCAo	model	

Reversible physical occlusion of the MCA by nylon monofilament suture, without the need 

for craniectomy, was first developed by Koizumi and colleagues in Wistar rats in 1986 

(Koizumi, Yoshida, Nakazawa, & Ooneda, 1986). This procedure involves inserting a 

silicon-tipped suture into the extracranial section of the internal carotid artery (ICA) and 

advancing it through the vessel until it occludes the origin of the MCA. Zea Longa and 

colleagues devised an alternative version where a heat-blunted suture is inserted into a 

“stump” created out of the external carotid artery (ECA), from where it is threaded into the 

ICA lumen to block the MCA (Longa, Weinstein, Carlson, & Cummins, 1989). The suture 

can be withdrawn after a predetermined time period for a transient occlusion model or left in 

place for permanent MCAo. The ischemic infarct created by intraluminal MCAo comprises a 

predominantly necrotic core located in the striatum and an ischemic penumbra with delayed 

cell death in the overlying dorso-lateral cortex (Carmichael, 2005). The MCAo model has  
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Figure 6. Proportion of ischemic stroke models used in studies of neuroprotection.  

(Reprinted by permission from Macmillan Publishers Ltd: JOURNAL OF CEREBRAL BLOOD FLOW 
& METABOLISM (Howells et al., 2010), copyright 2010). 
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also been adapted to mice (Connolly, Winfree, Stern, Solomon, & Pinsky, 1996; Hata et al., 

1998). 

However, the parameters of MCAo need to be carefully controlled to ensure that the lesion is 

reproducible (Connolly et al., 1996). The duration of the occlusion has a significant impact 

on lesion reproducibility, with shorter occlusion times creating a more consistent, 

predominantly subcortical lesion and longer occlusion times producing a more variable lesion 

that extends into the cortex (Kerr et al., 2004). Moreover, the diameter of the thread can be 

determined according to body weight to increase the likelihood of successful occlusion and a 

consistent lesion (Hata et al., 1998). Transient rather than permanent MCAo allows for the 

study of reperfusion injury that is relevant to human stroke, where reperfusion occurs 

spontaneously or as a result of thrombolytic therapy (Carmichael, 2005; Connolly et al., 

1996; Mergenthaler & Meisel, 2012). Various modifications to the induction of MCAo have 

been made to improve success rates, reduce mortality and reduce infarct variability, including 

coating the suture with poly-L-lysine and improvements in silicone coating (Belayev, Alonso, 

Busto, Zhao, & Ginsberg, 1996; Spratt et al., 2006). 

However, intraluminal filament MCAo does have some disadvantages. Transection of the 

ECA, necessary for introduction of the suture in commonly used models, results in 

impairment of muscles involved in mastication and swallowing and a subsequent difficulty 

eating that leads to poorer outcomes (Dittmar, Spruss, Schuierer, & Horn, 2003). 

Furthermore, the large infarct may be more representative of malignant infarction than the 

more focal infarcts commonly found in surviving stroke patients (Carmichael, 2005). 

1.2.1.2. Direct	surgical	MCAo	models	

Alternatively, craniectomy may be performed, permitting direct access to the middle cerebral 

artery. The distal MCAo model was developed prior to the intraluminal filament MCAo and 

involves a subtemporal craniectomy through which the MCA is directly occluded between 

the cortical branch and lateral striate arteries (Tamura, Graham, McCulloch, & Teasdale, 

1981). Occlusion may be performed by coagulation, cauterisation, clip or ligation (Howells et 

al., 2010). The ischemic infarct always involves the frontal cortex and lateral striatum, with 

common involvement of sensorimotor and auditory cortices, sometimes extending into the 

medial striatum (Tamura et al., 1981). In a variation on the Tamura model, both common 

carotid arteries can be occluded in addition to distal occlusion of the MCA (S. Chen, Hsu, 

Hogan, Maricq, & Balentine, 1986). This is known as three vessel occlusion. Each vessel 
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may be transiently occluded by surgical microclip or permanently occluded, with at least one 

vessel being transiently occluded (Buchan, Xue, & Slivka, 1992; Carmichael, 2005; S. Chen 

et al., 1986) These distal MCAo models all involve some degree of reperfusion and are 

considered to produce more focal and consistent infarcts compared to a similar period of 

occlusion in the filament MCAo model (Carmichael, 2005). However, a craniotomy is 

required and thus greater surgical skill and preparation time are necessary, particularly with 

multiple vessel occlusions (Carmichael, 2005). Moreover, the eye and temporalis muscle may 

be injured during the surgery (Howells et al., 2010). 

1.2.1.3. Embolic/thrombotic	MCAo	

Embolic and thrombotic models of focal ischemia have been developed to more accurately 

reflect the aetiology of human ischemic stroke, that begins with platelet aggregation,  

compared to physical occlusion in filament or direct surgical occlusion models (Watson, 

Dietrich, Busto, Wachtel, & Ginsberg, 1985; R. L. Zhang, Chopp, Zhang, Jiang, & Ewing, 

1997; Z. Zhang et al., 1997). Intra-arterial delivery of thrombin close to the origin of the 

MCA causes development of a thrombus that occludes the MCA (Z. Zhang et al., 1997). 

Importantly, this thrombus can be broken down by thrombolytic therapy to restore perfusion. 

Delivery of an fibrin-rich embolus to the same region also results in occlusion of the MCA, 

representing an embolism model (R. L. Zhang et al., 1997). Macrospheres of 300-400 µm or 

microspheres of 48 µm in diameter have also been injected into the brain to create embolic 

ischemic stroke models (Tibo Gerriets et al., 2003; Miyake, Takeo, & Kaijihara, 1993). These 

models provide a better platform for testing thrombolytic therapies, however because 

reperfusion is spontaneous and clot location may vary, infarct volume is more variable 

(Beech et al., 2001; Carmichael, 2005). 

1.2.1.4. Photothrombosis	

Thrombosis can also be induced by photochemical means. Intravenous injection of a 

photosensitive dye and subsequent focal irradiation through the skull can be used to create an 

infarct of defined size at a predetermined location in the cortex (Watson et al., 1985). 

Because this procedure does not require a hole to be made in the skull, it is minimally 

invasive. Photochemically-induced thrombotic stroke leads to platelet aggregation, vessel 

occlusion and a clearly delineated necrotic infarct containing a cavity that is surrounded by 

infiltrating macrophages, reactive astrocytes and polymorphonuclear leukocytes. The major 

advantage of this model is that functional divisions of the cortex can be selectively targeted 
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without invasive surgery, however there is little evidence of the ischemic penumbra seen in 

other models and edema occurs more quickly and to a greater degree than in human stroke 

(Carmichael, 2005). 

1.2.1.5. Endothelin‐1	model		

The endothelin-1 (ET-1) model of focal ischemia was devised as an alternative to the MCAo 

model that requires less surgical intervention and avoids damage to muscles used in feeding 

that can hamper post-operative recovery (Dittmar et al., 2003; Sharkey & Butcher, 1995; 

Sharkey, Ritchie, & Kelly, 1993). In this model, the potent vasoconstrictor ET-1 is injected 

adjacent to the middle cerebral artery using stereotaxic coordinates and the resultant 

vasoconstriction leads to MCA occlusion, producing an ischemic lesion. The distribution of 

brain damage is similar to the MCAo model (Sharkey et al., 1993). Although a craniectomy is 

required, the hole need only be large enough to admit a very fine needle. Aside from reducing 

post-operative feeding difficulties, the ET-1 model has the advantages of being high 

throughput, is technically very simple and can be performed in conscious rats via a 

previously implanted cannula (Sharkey & Butcher, 1995). However, ET-1 injected adjacent 

to MCA has been shown to have a success rate of only 50% (Windle et al., 2006). Later 

models have altered the location of injection to produce local vasoconstriction and a focal 

infarct at chosen sites other than adjacent to the MCA, increasing the success rate (Windle et 

al., 2006). Consequently, ET-1-induced infarcts are not restricted to cortical regions but can 

be created in subcortical regions such as the striatum (Fuxe et al., 1992), in addition to 

cortical white matter (Hughes et al., 2003) and frontoparietal cortex (Fuxe et al., 1997). 

However, there is little control over the duration of occlusion and thus reperfusion in this 

model, compared to filament or direct surgical MCAo (Howells et al., 2010). It is also much 

more difficult to induce an ischemic infarct with ET-1 in mice. To induce an infarct in the 

cortex and striatum, co-injection with NG-nitro-L-arginine methyl ester (L-NAME), a nitric 

oxide synthase inhibitor, may be required in addition to common carotid artery occlusion 

(Horie et al., 2008). There is no decrease in mortality compared to other models (Horie et al., 

2008). Moreover, ET-1 appears to induce receptor-mediated effects on brain cells involved 

both in the pathophysiology of stroke and repair processes, including endothelial cells, 

neurons and astrocytes (Carmichael, 2005; Kaundal, Deshpande, Gulati, & Sharma, 2012). 

For example, ET-1 enhances glucose uptake in astrocytes via glucose transport and 

phosphorylation (Sánchez-Alvarez, Tabernero, & Medina, 2004), acts as an intercellular 

messenger between neurons and astrocytes following injury (Nakagomi, Kiryu-Seo, & 
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Kiyama, 2000), modulates MMP activity (Koyama, Baba, & Matsuda, 2007) and influences 

astrocytic growth following spinal cord injury (Masafumi et al., 1996). Therefore ET-1 may 

not be a very suitable vasoconstrictor to induce focal ischemia for preclinical drug testing. 

Each rodent model of focal ischemic stroke therefore has limitations. However, the 

reproducibility of the most commonly used intraluminal MCAo with careful control of 

experimental parameters, and its applicability to the pathology of human stroke without the 

need for a craniectomy, made this model an ideal starting point for the studies in this thesis. 

1.2.2. Other	mammal	models	of	focal	ischemia	

Direct surgical MCAo has been performed in mammals other than rats and mice, including 

gerbils (U. Ito, Hakamata, Yamaguchi, & Ohno, 2013), cats (Tamura, Asano, Sano, 

Tsumagari, & Nakajima, 1979), dogs (Corkill, Sivalingam, Reitan, Gilroy, & Helphrey, 

1978) and pigs (Watanabe et al., 2007). Intraluminal filament MCAo has been applied to 

rabbits (Kong, Xie, Han, & Liu, 2004) and gerbils (Başkaya, Doğan, & Dempsey, 1999) but 

is not possible in all species due to differing vascular anatomy. Recently, sheep models of 

permanent and temporary MCAo been also been developed (Boltze et al., 2008; Wells et al., 

2012). 

Where the use of non-human primates is unfeasible, mammals with large gyrencephalic 

brains, such as the pig and sheep, may be better representatives of the human brain than 

smaller mammals (Wells et al., 2012). The ischemic pathophysiology in sheep was found to 

closely represent human focal ischemia (Boltze et al., 2008). However, the surgery is much 

more complex for sheep compared to rodents. A large amount of bone and muscle dissection 

is necessary that may limit survival studies and sheep experimentation is dependent on 

breeding cycles, leading to a longer animal generation time (Boltze et al., 2008; Wells et al., 

2012). 

1.2.3. Non‐human	primate	models	of	focal	ischemia	

Non-human primates appear to provide the most relevant platform for translation of 

experimental drugs to the clinic, due to their greater phylogenetic similarity to humans in 

brain anatomy, physiology and behaviour than other mammals (Fukuda & del Zoppo, 2003). 

Ischemic stroke models have been developed in various species, including clip occlusion of 

the MCA in squirrel monkeys and rhesus monkeys (Frykholm et al., 2000; Hudgins & 

Garcia, 1970), electrocoagulation of the MCA in common marmosets (Marshall & Ridley, 
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1996) and an inflatable balloon cuff thrombotic stroke model in baboons (del Zoppo et al., 

1986).  

Intraluminal MCAo using a filament, balloon catheter or microcatheter has also been applied 

to common marmosets (Freret et al., 2008), rhesus monkeys (H. Gao, Liu, Lu, Xiang, & 

Wang, 2006), baboons (Hamberg et al., 2002) and cynomologous macaques (de Crespigny et 

al., 2005). Furthermore, MCA occlusion has been induced in primates such as the common 

marmoset and cynomologous monkeys by delivery of a blood clot, photothrombosis and 

topical application of ET-1  (Kito et al., 2001; Maeda et al., 2005; Virley et al., 2004). 

This repertoire of non-human primate models may be useful to enhance the translatability of 

potential therapeutic approaches for ischemic stroke, though their predictive value has not yet 

been proven (Fisher et al., 2009). A gyrencephalic species such as a cat or primate is one of 

the Stroke Therapy Academic Industry Roundtable (STAIR) recommendations for 

determining efficacy of potential treatments once preliminary testing has been completed in 

rats or rabbits (Fisher et al., 2009). However, the use of primates in preclinical research is 

tightly regulated and not permitted in all countries. Specialised staff and equipment are 

required for housing, monitoring and operating on primates (Fukuda & del Zoppo, 2003). 

Perhaps the greatest disadvantages of using primates in research are the financial cost, that is 

much larger than for small animals such as rats or mice, and the limited availability, that 

likely restricts their widespread use (Fisher et al., 2009; Fukuda & del Zoppo, 2003). Ideally, 

therapeutic strategies for ischemic stroke should produce robust results in different in vivo 

models, species, strains, ages and genders, given the heterogeneous nature of human ischemic 

stroke (Mergenthaler & Meisel, 2012). 

1.2.4. Knowledge	gained	

In vivo animal models currently in use have contributed to a better understanding of focal 

ischemia pathophysiology, have helped to identify therapeutic targets and have been useful 

tools in performing proof-of principle studies of potential therapeutic strategies (Fisher et al., 

2009). For example, the concept of the ischemic penumbra arose after observations in 

humans were investigated further in primate models (Astrup et al., 1981). Primates have also 

been used to determine the incidence of hemorrhagic transformation following tPA 

administration and thus estimate the risk for patients (del Zoppo, Copeland, Anderchek, 

Hacke, & Koziol, 1990). Knockout models have helped elucidate the different roles of nitric 

oxide and nitric oxide synthase enzymes following ischemia (P. Huang et al., 1995; Z. Huang 
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et al., 1994; Iadecola, Zhang, Casey, Nagayama, & Ross, 1997). The differences between 

permanent and transient models of MCAo have enabled reperfusion injury to be investigated 

(Clark et al., 1994). Recent therapeutic strategies for ischemic stroke that aim to enhance the 

regeneration of brain tissue were only made feasible by the observation that new neurons are 

generated following focal ischemia in rat embolic and intraluminal MCAo models (Jin et al., 

2001; R. L. Zhang, Zhang, Zhang, & Chopp, 2001). Animal models are constantly being 

refined to improve the reproducibility of ischemic infarcts and enhance the testing of 

potential therapeutic strategies for ischemic stroke. However to date, tPA is the only 

pharmacological agent for the treatment of acute ischemic stroke that has shown efficacy in 

an animal model of focal ischemia and then proceeded to widespread clinical use (Fisher et 

al., 2009; Zivin, Fisher, DeGirolami, Hemenway, & Stashak, 1985).  

1.3. L‐NIO	model	of	focal	ischemia	

As discussed, each in vivo model of focal ischemia has advantages and limitations, therefore 

no one model will suit every researcher. Although the intraluminal filament MCAo is the 

most commonly used model, it is associated with peri-surgical morbidity (Dittmar et al., 

2003; Howells et al., 2010). Furthermore, there is a need for models that produce focal 

infarcts more commonly found in surviving human patients than the malignant infarction 

observed following MCAo (Carmichael, 2005). The endothelin-1 model using direct injection 

into the brain parenchyma, rather than adjacent to the MCA, appears to be a suitable 

alternative, however the receptor-mediated effects of ET-1 on brain cells is a significant 

disadvantage. 

Recently, the nitric oxide synthase inhibitor N5-(1-iminoethyl)-L-ornithine (L-NIO) has 

emerged as a viable alternative to ET-1 for inducing local vasoconstriction in models of focal 

ischemia (Hinman, Rasband, & Carmichael, 2013; Rosenzweig & Carmichael, 2013). The 

structure and pharmacology of L-NIO will be discussed, together with the function of nitric 

oxide synthases, the effects of L-NIO on blood pressure and current uses of L-NIO in 

generating focal ischemia. 

1.3.1. Structure	and	pharmacology	

N5-(1-iminoethyl)-L-ornithine (L-NIO) was first identified as a naturally occurring 

antimetabolite of arginine by Scannell in 1972, with the molecular formula C7H15N3O2.HCl 

(Figure 7) (Scannell, Ax, Pruess, Williams, & Demny, 1972). Together with related  
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Figure 7. Structural formulae of L-arginine and three analogues: L-NMMA, L-NIO and L-NAME. 

(Reprinted from Rees et al., 1990, with permission.)   

 

 

 

 

Figure 8. Two-step conversion of L-arginine into L-citrilline, catalysed by nitric oxide synthase.  

(Adapted from Víteček et al., 2012, with permission.) 
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L-arginine analogues, NG-monomethyl-L-arginine (L-NMMA) and NG-nitro-L-arginine methyl 

ester (L-NAME), L-NIO has been characterised as an inhibitor of nitric oxide synthase (Rees, 

Palmer, Schulz, Hodson, & Moncada, 1990). Nitric oxide synthases (NOS) catalyse the 

formation of citrulline, NADP and nitric oxide from the substrates NADPH, L-arginine and 

O2 in a two-step reaction (Figure 8) (Alderton, Cooper, & Knowles, 2001). Therefore, 

inhibitors of NOS reduce the production of nitric oxide. There are three recognised isoforms 

of nitric oxide synthase NOS that include neuronal NOS (nNOS),  most commonly found in 

neuronal tissue, endothelial NOS (eNOS), first discovered in cells of the vascular 

endothelium, and the inducible isoform (iNOS), the expression of which can be induced by 

cytokines in various tissue and cells, such as macrophages (Alderton et al., 2001; U. 

Förstermann & Kleinert, 1995). The neuronal and endothelial isoforms are generally 

considered to be constitutive. L-NIO has been demonstrated to inhibit all three isoforms 

(Knowles, Palacios, Palmer, & Moncada, 1990; McCall, Feelisch, Palmer, & Moncada, 1991; 

Moore et al., 1994; Rees et al., 1990) and is not considered a selective inhibitor, 

demonstrating less than 10-fold selectivity for any one isoform over another (Alderton et al., 

2001). L-NIO appears to act as a competitive, mechanism-based inhibitor that follows first 

order kinetics for the inactivation of nNOS and second order kinetics for the inactivation of 

iNOS (Knowles et al., 1990; Wolff, Lubeskie, Gauld, & Neulander, 1998). 

Whilst L-NIO is not selective for eNOS, it is at least 5 times more potent than other arginine 

analogues at inhibiting eNOS and is therefore the most specific eNOS inhibitor available (S.-

T. Li et al., 2014; Rees et al., 1990). Moreover, because eNOS is considered to be 

neuroprotective following ischemia compared to nNOS and iNOS that enhance injury (see 

below), not many studies have concentrated on developing inhibitors for this isoform. This is 

why L-NIO is still commonly used in studies that inhibit eNOS with the aim of investigating 

its function (Greco et al., 2011; M. Jiang, Kaku, Hada, & Hayashi, 2002; S.-T. Li et al., 2014; 

Oyama et al., 2010; Tsai et al., 2007; Yemisci et al., 2009). The reasons why eNOS is a good 

target for inducing vasoconstriction and subsequent focal ischemia will now be discussed. 

1.3.2. NOS	function	in	the	endothelium	

Endothelial NOS is expressed predominantly in endothelial cells of large blood vessels, but 

not exclusively, with expression in bronchial epithelium and some neurons (Snyder, 1995; Z 

G Zhang, Chopp, Zaloga, Pollock, & Förstermann, 1993). Nitric oxide released from 

endothelial cells mediates relaxation of the vasculature and contributes to maintenance of 
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blood pressure (Moncada, Palmer, & Higgs, 1989; R. Palmer, Ferrige, & Moncada, 1987). 

Accordingly, eNOS mutant mice exhibit significant hypertension (P. Huang et al., 1995). In 

addition to this well-defined role in vascular tone, eNOS also performs a range of 

physiological functions that together protect against atherosclerosis and thrombosis, reduce 

vascular inflammation and maintain proper function of the vascular endothelium (U 

Förstermann & Sessa, 2012). eNOS inhibits platelet aggregation and adhesion to vessel walls 

(Alheid, Frölich, & Förstermann, 1987), decreases leukocyte attraction and adhesion to the 

endothelium (Lefer et al., 1999; Zeiher, Fisslthaler, Schray-Utz, & Busse, 1995), reduces 

cytotoxicity and apoptosis of endothelial cells (Dimmeler & Zeiher, 1999) and neurons (S.-T. 

Li et al., 2014), inhibits mitogenesis and proliferation of vascular smooth muscle cells (Garg 

& Hassid, 1989) and promotes angiogenesis, neurogenesis and functional recovery from 

stroke (Jieli Chen et al., 2005; Murohara et al., 1998). 

Endothelial NOS expression is upregulated within the first two hours following focal 

ischemia and increases up to 24 hours post-ischemia, at which time expression plateaus (Z G 

Zhang et al., 1993). Endothelial NOS is considered to be neuroprotective following cerebral 

ischemia (M. Jiang et al., 2002; S.-T. Li et al., 2014), compared to nNOS and iNOS that 

contribute to ischemic pathophysiology and functional deficits without affecting blood 

pressure (Hara, Huang, Panahian, Fishman, & Moskowitz, 1996; Z. Huang et al., 1994; 

Iadecola et al., 1997; Lipton, 1999; Willmot, Gibson, Gray, Murphy, & Bath, 2005). 

Moreover, a large number of pharmacological agents used to treat a range of pathological 

conditions protect the vasculature either by increasing the expression or activity of eNOS or 

suppressing eNOS uncoupling, including statins, antioxidants, calcium channel blockers, 

phosphodiesterase inhibitors, angiotensin-converting enzymes inhibitors, aspirin, diuretics, 

hormones and steroids  (Srivastava, Bath, & Bayraktutan, 2012). However, under 

pathological conditions, oxidative stress may lead to the uncoupling of eNOS. This involves a 

switch from the production of nitric oxide to the production of the reactive oxygen species 

superoxide, the precursor to other ROS (U Förstermann & Sessa, 2012). eNOS uncoupling 

therefore enhances injury following focal ischemia in which ROS play a major role. Thus 

correct functioning of eNOS is vital in both physiological conditions and following focal 

ischemia. 
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1.3.3. L‐NIO‐induced	effects	on	blood	pressure	

Inhibition of NOS by administration of L-NIO has been shown to have effects on blood 

pressure in multiple models and pathologies. L-NIO is 5 to 10 times more potent than the 

arginine analogues L-NMMA and L-NAME at inhibiting eNOS and inducing contraction of 

vascular rings in vitro (Rees et al., 1990). Moreover, in vivo intravenous administration of L-

NIO (10-20 mg/kg) has been shown to significantly increase mean arterial blood pressure and 

decrease regional cerebral blood flow of healthy rats (Oyama et al., 2010; Rees et al., 1990). 

Further studies have demonstrated that pre-treatment with L-NIO before focal ischemia 

significantly increases the mean arterial blood pressure before, during and after ischemia 

compared to control groups (M. Jiang et al., 2002) and enlarges the ischemic infarct (Greco et 

al., 2011). L-NIO has also been shown to significantly improve cardiac function, capillary 

blood flow and survival following hemorrhagic shock, the pathophysiology of which involves 

elevated iNOS (Remizova, Gerbut, & Kochetygov, 2010).  

The half-life of L-NIO has not been fully investigated in the literature. However, the plasma 

life of L-NIO can be estimated from the duration of the in vivo effect on blood pressure  

(Yemisci et al., 2009). Systemic administration of L-NIO significantly increases mean arterial 

blood pressure of rats within minutes, an effect that lasts for no more than half an hour 

(Oyama et al., 2010; Rees et al., 1990). Thus the plasma life of L-NIO can be estimated at 30 

minutes.  

1.3.4. Induction	of	focal	ischemia	by	L‐NIO	

Given that L-NIO can increase blood pressure and reduce cerebral blood flow in vivo, 

through inhibition of NOS and therefore vasoconstriction, it appears to be a viable 

replacement for ET-1 in producing an ischemic infarct by local vasoconstriction. The short 

duration of blood pressure changes seen in vivo (Oyama et al., 2010; Rees et al., 1990) 

suggests that vasoconstriction will occur quickly and be reversible so that 1) NOS inhibition 

does not interfere with many ischemic pathophysiological processes and 2) reperfusion can 

occur. Indeed, L-NIO has very recently begun to be used in the induction of focal ischemia 

(Hinman et al., 2013; Rosenzweig & Carmichael, 2013).  

A model of human white matter stroke was developed in 2009 using ET-1 injections into 3 

sites in the subcortical white matter of mice (Sozmen et al., 2009). This model has 

subsequently been modified to replace ET-1 injections with L-NIO injections (Hinman et al., 
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2013; Rosenzweig & Carmichael, 2013). There is a dearth of models that accurately represent 

white matter stroke, a reasonably common stroke subtype (Rosenzweig & Carmichael, 2013; 

Sozmen, Hinman, & Carmichael, 2012). The L-NIO-induced white matter stroke model in 

mice results in an ischemic infarct that exhibits oligodendricyte death in the white matter and 

demonstrates inflammation, oxidative injury, tissue atrophy and motor impairments that are 

exacerbated by age (Rosenzweig & Carmichael, 2013). 

1.4. Current	treatments	for	ischemic	stroke	

There is and will continue to be a push towards preventative strategies for stroke, either by 

modifying lifestyle risk factors or using markers to identify people who are at risk of 

ischemic stroke. Once someone has a stroke, however, there is only one pharmacological 

agent approved for treating acute ischemic stroke: rtPA. Non-pharmacological acute 

interventions are available but these do not reduce initial cell death. Measures can also be 

employed to prevent a second stroke. Failing any of the above, rehabilitation is available 

long-term. New acute therapeutic strategies are desperately needed to reduce cell death and 

injury and promote brain repair. 

1.4.1. Stroke	prevention	

For many countries, the priority is on stroke prevention by modulation of stroke risk factors. 

The seven major risk factors for ischemic heart disease are also risk factors for stroke and 

these include (in order of decreasing contribution) high blood pressure, high cholesterol, high 

body mass index, low consumption of fruit and vegetables, lack of physical activity, smoking 

and alcohol intake (Ezzati et al., 2003; Feigin, 2007).  

Much can be done to modify the risk factors for ischemic stroke, and this is likely to be the 

reason for a 42% reduction in the incidence of stroke in high income countries since 1970 

(Feigin et al., 2009).  To maintain this decreasing trend, preventative strategies must continue 

to be implemented, in addition to programmes targeted at reducing blood pressure and 

stopping smoking. In addition, the increase in stroke incidence in low to middle income 

countries require health care access to be increased (Feigin et al., 2009). Stroke awareness 

needs to be raised by campaigns and training of healthcare workers (Feigin, 2007) 

Concentrating on particular populations at risk may also aid prevention. 



Chapter 1 – Literature Review 

- 35 - 
 

In order to prevent stroke, a second method is to identify markers that are associated with an 

increased probability of stroke. A large number of markers have been investigated as 

potential predictors of ischemic stroke risk. E-selectin and resistin, both involved in the 

pathogenesis of atherothrombosis, have been shown to provide additive and incremental  

value to the prediction of ischemic stroke when combined with traditional risk factors 

(Prugger et al., 2013). Fourteen biomarkers were tested and other markers in this study were 

also predictive of ischemic stroke, but not better than the lifestyle risk factors mentioned 

above, therefore they are not very useful clinically (Prugger et al., 2013). These factors were 

only relevant for the population investigated, which were middle-aged healthy men, and were 

not predictive for postmenopausal woman in another study (Kaplan et al., 2008). Thus any 

predictive factors are likely to be specific for certain populations and as yet, are unlikely to 

replace lifestyle risk factors in predicting the likelihood of stroke. 

1.4.2. Stroke	treatment	

But once someone suffers an ischemic stroke, what are the possible options? Currently, there 

is only one approved pharmacological treatment for acute ischemic stroke. This, coupled with 

medication to decrease the likelihood of further strokes and rehabilitation, is the arsenal we 

possess. Hence there is a huge drive towards developing new pharmacological treatments that 

can reach the vast majority of people who do not qualify for the only current treatment 

available. 

Intravenous recombinant tissue plasminogen activator (rtPA) was approved as a therapeutic 

strategy for acute ischemic stroke by the Food and Drug Administration and European 

Medicines Agency in 1996 and 2002 respectively (Minnerup et al., 2011). It is still the only 

approved pharmacological agent that improves patient outcome following ischemic stroke 

today (Schmidt et al., 2013). However, there is a requirement that treatment be administered 

within a short time window of 4.5 hours following symptom onset, increased from an initial 3 

hour time frame, resulting in only a small proportion of patients actually receiving treatment 

(Lees et al., 2010; Minnerup et al., 2011). Even when investigators in Melbourne, Australia 

recently attempted to recruit patients for thrombolytic therapy within 4.5 to 9 hours following 

stroke, as part of the EXTEND (Extending the time for Thrombolysis in Emergency 

Neurological Deficits) multicentre randomised controlled trial, only 28 out of 556 patients 

presented within this time window and only 4 of these patients without exclusion criteria 

arrived within the hours that MRI was available for patient screening (0.7%) (Dagonnier, 
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Howells, Donnan, & Dewey, 2014). Therefore, there are practical limitations to 

administration of tPA therapy. Beyond the demonstrated time window of 4.5 hours, the risk 

of hemorrhagic transformation increases and treatment benefit decreases (Lees et al., 2010). 

Moreover, depending on the time to treatment, only 1 out of between 5 to 15 patients treated 

actually has an excellent outcome that directly results from treatment with rtPA (Lees et al., 

2010). 

1.4.3. Non‐thrombolytic	interventions	for	ischemic	stroke	

The development of specialised stroke care units has been recognised as major progress in the 

treatment of stroke (Donnan, Fisher, Macleod, & Davis, 2008). These units provide 

emergency care and a range of individualised interventions and therapies that significantly 

decrease mortality (Langhorne, Williams, Gilchrist, & Howie, 1993). Moreover, secondary 

stroke prevention therapies are initiated in stroke care units (Mergenthaler & Meisel, 2012). 

These include aspirin, anticoagulants such as warfarin and other drugs to lower blood 

pressure and cholesterol (Donnan et al., 2008; Feigin, 2007; Sacco et al., 2006). Carotid 

endarterectomy can also be performed as a secondary preventative measure but its success 

depends very much on the degree of carotid stenosis (Donnan et al., 2008; Rothwell et al., 

2003). 

Ischemic brain tissue often swells following malignant MCA infarction, potentially leading to 

brain herniation and mortality (Donnan et al., 2008; Gupta, Connolly, Mayer, & Elkind, 

2004). Hemicraniectomy may be performed to reduce pressure and this can reduce mortality, 

particularly in patients younger than 50 years of age, when it is performed within 48 hours of 

stroke onset (Gupta et al., 2004; Vahedi et al., 2007). However, only a small number of 

patients can undergo decompressive hemicraniectomy (Donnan et al., 2008). Thus surgical 

and secondary prevention interventions are available for stroke patients but by this stage, a 

large proportion of cell death and injury has already occurred. New therapeutic strategies that 

can intervene at an early stage and reduce some of the initial brain damage to aid in brain 

repair are desperately needed. 

1.5. Neuroprotection:	potential	therapeutic	strategies	

The high prevalence of ischemic stroke and the associated social and economic burden 

resulting from stroke-related disability necessitate the development of novel pharmacological 

therapies that can target a larger number of patients than rtPA. Moreover, reperfusion 
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strategies alone do not prevent the evolution of tissue damage and associated neurological 

deficits. Research into novel treatment strategies is broadly divided into two fields: 

neuroprotection and neurorestoration. 

1.5.1. Definition	of	neuroprotection	

Neuroprotection can be broadly defined as “the preservation of brain function” (O'Collins et 

al., 2006). Thus a neuroprotectant is an agent or treatment that preserves brain function, 

regardless of intent, cellular target or drug classification (O'Collins et al., 2006). The 

knowledge that some of the tissue affected by stroke can regain function has prompted the 

development of therapies aimed at protecting neurons residing in the penumbra from further 

injury, as it is only these cells that can potentially be protected from injury (Chavez, Hurko, 

Barone, & Feuerstein, 2009). Reperfusion in combination with neuroprotection is essential to 

prevent expansion of the ischemic infarct and achieve improved clinical outcomes (Chavez et 

al., 2009). For these reasons, neuroprotection is an acute treatment strategy for ischemic 

stroke. The most commonly used measure of neuroprotection is infarct volume, with a 

reduction in infarct volume indicating that the therapy investigated has a neuroprotective 

effect. However, the extent of tissue volume change in the ipsilateral hemisphere and cerebral 

blood flow may also be measured.  

1.5.2. Types	of	neuroprotective	strategies	

Though only one pharmacological treatment is clinically available for ischemic stroke, a 

large number of therapeutic strategies have been investigated. From 1957 to 2003, 1026 

experimental interventions for acute ischemic stroke were published in the literature 

(O'Collins et al., 2006). Investigators have predominantly focused on steps in the ischemic 

cascade to reduce cell death at an early stage following focal ischemia. Consequently the 

drugs investigated fall into categories such as thrombolytic, anti-excitotoxic, antioxidant, 

antiapoptotic, calcium/adrenergic modulators/antihypertensives, fluid regulators and 

modulators of oxygen delivery. Hypothermia has also been investigated as an acute therapy. 

Anti-inflammatory drugs have been used to target later stages of ischemic pathology and 

nootropic/stimulants, hormones and neurotransmitter modulators have also been investigated. 

Whatever treatment strategy is investigated, it is important that it is tested in the context of 

rtPA-mediated thrombolysis because the goal is for more patients to receive rtPA in future. 

Reperfusion is required in addition to any other drug action to protect tissue in the penumbra 

from injury and improve outcomes (Chavez et al., 2009).  
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1.5.3. Current	approaches	

It is not possible to discuss all the neuroprotective strategies that have been used because 

there are so many. The focus will therefore be on key therapies that have progressed to 

clinical trial recently, based on preclinical evidence. 

1.5.3.1. Statins	

Statins are a class of drugs that competitively inhibit 3-hydroxy-3-methylglutaryl-coenzyme 

A (HMG-CoA), an enzyme involved in cholesterol synthesis, to reduce serum levels of 

cholesterol (Weitz-Schmidt, 2002). High cholesterol is the second largest risk factor for 

ischemic stroke and cholesterol-lowering strategies are recommended for primary and 

secondary stroke prevention (Ezzati et al., 2003; Sacco et al., 2006). Statins are believed to 

have pleiotropic actions and therefore aside from their cholesterol-lowering action, they may 

exert anti-inflammatory effects by decreasing platelet aggregation, interrupting rolling, 

adhesion and migration of leukocytes, positively regulating eNOS expression and activity, 

inhibiting pro-inflammatory cytokine pathways and reducing ROS formation (Antonopoulos, 

Margaritis, Lee, Channon, & Antoniades, 2012; Weitz-Schmidt, 2002). A range of clinical 

trials have been conducted comparing statins to placebo for the primary and secondary 

prevention of stroke and a recent meta-analysis suggests that, irrespective of the specific drug 

used, statins as a class are associated with an 18% reduction in the risk of having a major 

cerebrovascular event (Naci, Brugts, Fleurence, & Ades, 2013). The specific patient 

population was irrelevant. Furthermore, the recent retrospective, multicentre Thrombolysis 

and Statins (THRaST) study demonstrated that acute statin therapy after ischemic stroke in 

patients that have received intravenous thrombolysis may be beneficial (Cappellari et al., 

2013). Irrespective of the particular statin or dose used, statin therapy within 72 hours of 

stroke was associated with neurological recovery and reduced deterioration after 7 days and 

excellent functional outcome and reduced mortality after 3 months following stroke, though a 

larger trial is needed. However, it is acknowledged that the basic pharmacology of the actions 

of statins in the brain is not well understood (Wood, Mΰller, & Eckert, 2014). Further 

preclinical studies to investigate the pharmacokinetics and pharmacodynamics of statins are 

necessary to identify particular targets and optimise treatment strategies to ultimately aid in 

translation of statins to the clinic (Wood et al., 2014). 
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1.5.3.2. Albumin	

A further promising neuroprotectant is albumin, the major protein in human plasma, that 

contributes to osmotic regulation and binds blood components such as water, fatty acids, 

drugs, cations and hormones (Schmidt et al., 2013). Studies using the rat intraluminal 

filament MCAo model demonstrated that a moderate dose of human albumin administered 

intravenously within 4 hours of stroke onset improved neurological function, reduced infarct 

volume and minimised brain swelling (Belayev, Liu, Zhao, Busto, & Ginsberg, 2001). High 

dose albumin therapy in rats also reduced infarct volume and additionally improved cerebral 

blood flow following focal ischemia (Huh et al., 1998). These results led to a recent 

randomised, double-blind, placebo-controlled phase III clinical trial of high-dose albumin 

treatment for acute ischemic stroke (ALIAS), where 25% albumin was administered within 5 

hours of ischemic stroke onset (Ginsberg et al., 2013). However, no clinical benefit of 

albumin was found and in fact, patients that received placebo had a greater rate of functional 

improvement than patients that received albumin. The trial was terminated early. The authors 

again believe that further preclinical studies would be of benefit – the animal studies that 

preceded this trial were only done in rodents and not primates, focal ischemia was induced by 

intraluminal filament rather than by a thrombus or embolism, and young, healthy rodents 

were used rather than aged animals with co-morbidities. 

1.5.3.3. Hypothermia	

Treatments for ischemic stroke do not necessarily need to be drug-based. Stroke patients 

often have raised body temperatures and fever is associated with mortality from stroke 

(Olsen, Weber, & Kammersgaard, 2003). Hypothermia may quite possibly be the gold 

standard neuroprotective intervention. The benefits of therapeutic hypothermia following 

ischemia may include prevention of blood-brain barrier dysfunction, reduced ROS 

generation, decreased neurotransmitter release during excitotoxicity, reduced metabolism and 

thus energy depletion and anti-inflammatory effects (Olsen et al., 2003). There have not been 

a large number of clinical trials of hypothermia following human acute ischemic stroke, 

possibly due to uncertainty about the cooling temperature and duration but also due to the 

need for intensive care, sedation and mechanical ventilation (van der Worp, Sena, Donnan, 

Howells, & Macleod, 2007). However, a systematic review and meta-analysis of the 

extensive animal literature strongly suggests that hypothermia is beneficial following 

ischemic stroke, decreasing infarct volume by 30-37% with a target temperature of 35°C, 
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with treatment within 90-180 minutes of stroke onset and following permanent ischemia (van 

der Worp et al., 2007). Neurological improvement was also seen. However, cooling methods, 

treatment delays, duration of hypothermia and long-term outcomes need to be investigated in 

further preclinical studies (van der Worp et al., 2007). In rats, combining hypothermia with 

low dose human albumin infusion by administering albumin at 0°C demonstrated increased 

neuroprotection and improved neurological function compared to either albumin or 

hypothermia alone (Jian Chen et al., 2013). A recent pilot study did investigate the use of 

mild hypothermia (34.5°C) during sedation, with cooling administered for 48 hours followed 

by a 48-hour re-warming period, in patients with large hemispheric acute ischemic stroke 

(Hong et al., 2014). Cerebral edema, hemorrhage transformation and neurological outcomes 

were all significantly improved with treatment, potentially due to modulation of reperfusion 

injury, as all patients underwent thrombolytic therapy and recanalization was confirmed via 

angiography. A large scale randomised clinical trial would be the next step (Hong et al., 

2014) and these results contribute to the promising future of hypothermia as a treatment for 

ischemic stroke. 

1.5.3.4. Magnesium	sulphate	

To be effective in inducing neuroprotection following stroke, candidate therapies would 

ideally be 1) cost-effective, 2) easily administered, 3) have no adverse side-effects and 4) 

benefit a variety of stroke patients (Saver et al., 2014). Magnesium sulfate may fulfil these 

criteria. Magnesium sulfate has been shown to decrease infarct volume, improve cerebral 

blood flow and improve neurological outcomes in preclinical studies, possibly through 

reductions in excitotoxicity and vasoconstriction (Schmidt et al., 2013). A phase III 

randomised, multicentre, placebo-controlled trial is currently underway to investigate the 

safety and efficacy of paramedic administration of magnesium sulfate, named Field 

Administration of Stroke Therapy – Magnesium (FAST-MAG) (Saver et al., 2014). This is 

the first major trial to administer a candidate neuroprotective agent to patients before they 

reach the hospital. Therefore, an additional aim is to show that it is feasible for acute stroke 

patients to be enrolled in phase III stroke trials in the field, that would increase patient access 

to time-limited acute stroke therapy (Saver et al., 2014). The results are widely anticipated 

and are expected in 2014 (Donnan, 2014). 
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1.5.3.5. Anti‐inflammatory	approaches	

A wide range of compounds believed to exert anti-inflammatory effects following ischemic 

stroke have had successful outcomes in preclinical studies (Liguz-Lecznar & Kossut, 2013). 

These include minocycline, intravenous immunoglobulin therapy, complement inhibitors, and 

factors that modulate the activity of leukocytes, T-lymphocytes, prostaglandins and cytokines 

such as IL-1 and TNFα (Liguz-Lecznar & Kossut, 2013). However because inflammation 

following ischemic stroke can also be beneficial (section 1.1.3.13), care must be taken that 

recovery processes are not affected in the long-term.  

The broad spectrum antibiotic minocycline is believed to exert neuroprotection in animal 

studies through inhibition of MMP9, a key molecule in excitotoxicity, neuronal injury, blood-

brain barrier dysfunction and hemorrhagic transformation following ischemic stroke 

(Chaturvedi & Kaczmarek, 2013). Minocycline in combination with tPA-mediated 

thrombolysis reduced infarct volume, hemorrhagic transformation and brain swelling more 

than rtPA alone and appeared to extend the treatment time window to 6 hours in rats (Fan, 

Lo, & Wang, 2013; Murata et al., 2008). In human ischemic stroke patients, an exploratory 

study showed a reduction in MMP9 following minocycline in combination with tPA therapy 

but the significance for patient outcome was not clear (Switzer et al., 2011). However, 

modulation of inflammation, which is involved in multiple stages of ischemic 

pathophysiology (Figure 3), is a promising strategy for neuroprotection. 

1.5.3.6. Combination	therapy	

Thus far, no one mechanism of action has been found to have greater efficacy in preclinical 

studies of neuroprotective interventions (O'Collins et al., 2006). Moreover, often the 

experimental outcome is not related to what the drug mechanism is proposed to be. It is likely 

that the complexity of ischemic stroke pathophysiology will require combination drug 

therapy and/or drugs with pleiotropic actions to induce neuroprotection (Mergenthaler & 

Meisel, 2012; O'Collins, Macleod, Donnan, & Howells, 2012; Schmidt et al., 2013). A recent 

systematic review and meta-analysis found 118 interventions that have been tested alone and 

in combination with another therapy (O'Collins et al., 2012). Use of two interventions was 

associated with an 18% reduction in infarct size and 26% improvement in neurological 

function compared to one treatment alone, irrespective of the intervention. The treatment time 

window also appeared to extend from around 4 hours to 8 hours but further testing is required 

to confirm this result. Heterogeneity in the experimental conditions and publication bias may 
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have influenced these results. Nevertheless, combination therapy looks to be a promising 

strategy for ischemic stroke (O'Collins et al., 2012). 

1.5.4. Lessons	from	neuroprotection	research	

Despite the investigation of at least 1026 interventions for acute ischemic stroke in preclinical 

studies (O'Collins et al., 2006), rtPA is still the only approved pharmacological agent that 

improves patient outcome following acute ischemic stroke (Schmidt et al., 2013). Problems 

in the translation of potential therapeutic agents from preclinical studies to the clinic can 

possibly be overcome by better design of preclinical trials, adhering to Stroke Therapy 

Academic Industry Roundtable (STAIR) recommendations originally published in 1999 and 

updated in 2009 (Fisher et al., 2009). These include requirements for 1) a dose response with 

minimum effective and maximum tolerated doses specified, 2) a therapeutic window that 

may be guided by MRI perfusion/diffusion mismatch, 3) multiple outcomes, including 

histological, functional and long-term outcomes, 4) monitoring of physiological parameters 

and cerebral blood flow during surgery, 5) multiple species including rodent or rabbits for 

initial experiments then a gyrencephalic species such as cats or primates and 6) 

reproducibility in multiple laboratories and animals that vary in age, comorbidities, gender 

and current medications. To further aid in reproducibility, randomisation must be performed, 

exclusion criteria need to be defined a priori and reported, power and sample size calculations 

must be made, conflicts of interest need to be disclosed and endpoints relevant to humans 

such as MRI or serum analyses need to be determined (Fisher et al., 2009). 

Results from a systematic review and meta-analysis of combination therapy for ischemic 

stroke demonstrated that these guidelines are not always followed, with research usually 

performed under conditions that are not representative of humans stroke (O'Collins et al., 

2012). These include the use of young animals (98% of experiments), male animals (89%), 

healthy animals without co-morbidities (97%) and predominantly rats (76%) (O'Collins et al., 

2012). Hypertension, the biggest risk factor for ischemic stroke, has a large impact on the 

neuroprotective effect of putative therapies and therefore should be always be included in 

animal stroke therapy studies that have a clinical aim (Ezzati et al., 2003; O'Collins, Donnan, 

Macleod, & Howells, 2013). Moreover, treatment strategies for ischemic stroke that target 

early events in the ischemic cascade are of limited clinical use outside clinical trials because 

these acute events have already occurred by the time the majority of patients arrive at the 

clinic. Further studies in neuroprotection need to concentrate on later events such as apoptosis 



Chapter 1 – Literature Review 

- 43 - 
 

and inflammation (Dirnagl et al., 1999). Additional issues in clinical translation may be the 

differences between the brains of humans and animals, both morphologically and 

functionally. In particular, because of the relationship to body weight, metabolism of glucose 

and oxygen is three times higher in rats than in humans. The ischemic penumbra is much 

better characterised in rodents than in humans and may not be entirely the same in function or 

amenability to neuroprotection (Dirnagl et al., 1999). Moreover, patient populations are far 

less uniform than animal populations used in preclinical research (Mergenthaler & Meisel, 

2012). 

The agents that progress to clinical trial should also only be those that show higher efficacy in 

a range of animal models, species, ages, comorbidities and both genders than those that have 

failed in the past (Mergenthaler & Meisel, 2012; O'Collins et al., 2006). Furthermore, better 

design of clinical trials that replicate conditions from the corresponding preclinical research is 

necessary. The fact that the use of rtPA in acute ischemic stroke resulted from preclinical 

studies in animals does provide hope that other efficacious treatment strategies will be 

introduced if preclinical testing is done with the appropriate rigour.  

1.6. Neurorestoration:	potential	therapeutic	strategies	

Preventing cell death via neuroprotective measures is one treatment strategy for ischemic 

stroke but what can be done for those who arrive at the hospital after the majority of cell 

death has occurred? Neurorestoration may be the solution. Following injury, the brain is 

primed to re-initiate developmental processes that induce regeneration and recovery of 

neurological function (Hermann & Chopp, 2012). However, these endogenous processes are 

not enough to ensure complete patient recovery; if they were, there would be no need for 

treatment. Thus neurorestorative approaches to stroke therapy aim to employ 

pharmacological or cell-based approaches to enhance the brain’s endogenous repair 

mechanisms and increase functional recovery (Hermann & Chopp, 2012).  

Unlike neuroprotection, neurorestorative strategies do not act to prevent the evolution of 

initial damage and are thus chronic rather than acute treatments that can be can be 

administered at later time points; days, weeks or months rather than hours following stroke 

(Hermann & Chopp, 2012; Z. G. Zhang & Chopp, 2009). They therefore have the potential to 

target patients who are not eligible for neuroprotection because they do not present early 

enough at the clinic, increasing the accessibility of stroke therapy to all stroke patients. 
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Neurorestoration, involving the augmentation of endogenous neurogenesis, angiogenesis, 

axonal sprouting and synaptogenesis in tissue damaged by the ischemic infarct (Z. G. Zhang 

& Chopp, 2009), has only been considered as a therapeutic strategy since the discovery in the 

last decade that neurogenesis does occur in the adult mammalian brain following focal 

ischemia (Jin et al., 2001; R. L. Zhang et al., 2001). Therefore, adult neurogenesis following 

ischemia stroke will first be described, followed by angiogenesis, plasticity and strategies to 

enhance neurorestoration. 

1.6.1. Adult	neurogenesis	following	focal	ischemia	

Adult neurogenesis is the process by which neurons are generated from neural progenitor 

cells in the adult mammalian brain. Neurogenesis includes the proliferation, migration and 

differentiation of neural progenitor cells (NPCs). This process occurs in two neurogenic 

niches: the subventricular zone (SVZ) that lines the lateral walls of the lateral ventricles and 

the subgranular zone of the dentate gyrus (Cameron, Woolley, McEwen, & Gould, 1993; 

Lois & Alvarez-Buylla, 1993). Under physiological conditions, immature neurons generated 

in the SVZ migrate over long distances through the rostral migratory stream to the olfactory 

bulb, where they differentiate into granule or periglomerular neurons (Doetsch & Alvarez-

Buylla, 1996; Lois & Alvarez-Buylla, 1994).  

Cell replacement through augmentation of endogenous adult neurogenesis has been proposed 

as an alternative therapeutic strategy for stroke (Kokaia & Lindvall, 2003). The proliferation, 

migration and differentiation of NPCs are all enhanced after focal ischemia in the adult 

rodent brain (Figure 9) (Arvidsson, Collin, Kirik, Kokaia, & Lindvall, 2002). Proliferation of 

NPCs in the SVZ has been shown to occur in response to striatal and cortical damage 

resulting from focal cerebral ischemia, a response that peaks between 7 and 10 days after the 

ischemic insult (Jin et al., 2001; Vergni et al., 2009; R. L. Zhang et al., 2001). Doublecortin 

(Dcx) positive immature neurons, or neuroblasts, are observed to migrate ectopically away 

from the SVZ and into the lesioned striatum within two weeks of the ischemic insult 

(Arvidsson et al., 2002; Parent, Vexler, Gong, Derugin, & Ferriero, 2002). This proliferative 

and migratory response continues for at least four months post-ischemia (Thored et al., 2006). 

The final stage of neurogenesis involves the differentiation of neuroblasts into mature striatal 

neurons. Five weeks after the induction of stroke, it has been shown that a significant 

proportion of newly generated neurons express the striatal medium spiny neuron marker 

dopamine and cAMP-regulated phosphoprotein 32 (DARPP-32), indicating their  



Chapter 1 – Literature Review 

- 45 - 

 

 

Figure 9. Neurogenesis after focal ischemia in the adult brain. Neural stem cells (a) proliferate in 
the subventricular zone (b). The immature neurons migrate ectopically into the striatum damaged by 
the insult (c) and express markers of mature striatal neurons (d). 

(Reprinted from Current Opinion in Neurobiology, 13(1), Kokaia, Z., & Lindvall, O., Neurogenesis after 
ischaemic brain insults, 127-132, Copyright 2003, with permission from Elsevier.) 
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differentiation to a striatal phenotype (Arvidsson et al., 2002; Parent et al., 2002). However, 

other studies have failed to find DARPP-32 labelling 6 weeks post-stroke and instead found 

that newly generated neurons express calretinin, a marker of the default olfactory bulb neuron 

fate (Fang Liu et al., 2009). Further research therefore needs to be carried out to account for 

methodological differences and confirm that SVZ-derived NPCs can be redirected to a striatal 

neuronal fate following ischemia. 

Recently, newly generated cells have been identified in the ischemic penumbra of human 

brains following stroke, indicating the presence of endogenous neurogenesis in the human 

brain (Jin et al., 2006). Enhancing this endogenous repair mechanism therefore has the 

potential to replace neurons lost during stroke that is not possible with current treatments. 

However, neurogenesis does not occur in isolation. Adult neurogenesis occurs in specialised 

neurogenic, vascular “niches”, that contain a basal lamina, blood vessels, astrocytes that form 

the true stem cell and developmentally-derived morphogens and signals that regulate 

neurogenesis (Alvarez-Buylla & Lim, 2004; T. Palmer, Willhoite, & Gage, 2000). 

Membrane-bound and soluble factors from non-stem cell astrocytes and endothelial cells 

stimulate stem cell proliferation and otherwise support neurogenesis, contributing to the 

microenvironment of the niche (Alvarez-Buylla & Lim, 2004; Shen et al., 2004). Therefore it 

is important to also consider the existing vasculature, the generation of new blood vessels 

known as angiogenesis and glial cells in therapeutic approaches to stroke involving 

neurogenesis. 

1.6.2. Vasculature	and	angiogenesis	

The vasculature and angiogenesis play an important role in brain recovery following ischemic 

stroke (Hermann & Chopp, 2012). Cerebral blood flow in patients is related to the functional 

outcome of stroke (Arkuszewski, Swiat, & Opala, 2009). Endothelial cell proliferation and 

angiogenesis are increased early following focal ischemia and vessel density increases long-

term (Thored et al., 2007). Furthermore, neuroblasts are always found in close-proximity to 

blood vessels and use them as a scaffold for migration to the site of injury (Kojima et al., 

2010; Ohab, Fleming, Blesch, & Carmichael, 2006; Thored et al., 2007; Yamashita et al., 

2006). Though angiogenesis is not essential for this migration, neurogenesis and angiogenesis 

are closely linked (Kojima et al., 2010; Ohab et al., 2006; T. Palmer et al., 2000). Specialised 

neurovascular niches formed in the peri-infarct cortex contain blood vessels that are 
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undergoing remodelling and release chemokines and growth factors that promote neuroblast 

migration and recovery of function following stroke (Ohab et al., 2006). 

Angiogenesis occurs in the human brain following ischemic stroke and is correlated with 

increased survival time (Krupinski, Kaluza, Kumar, Kumar, & Wang, 1994). Vascular 

endothelial growth factor (VEGF) is an important pro-angiogenic mediator, although others 

exist such as angiopoietin-1 and erythropoietin (EPO). Hypoxia induces the expression of 

VEGF via the transcription factor hypoxia-inducible factor 1 (HIF-1) (Forsythe et al., 1996). 

VEGF acts through VEGF receptors to induce angiogenesis in the ischemic penumbra, 

demonstrated by endothelial cell proliferation and the growth of new blood vessels (Marti et 

al., 2000). Eventually, angiogenesis will spread into the core of the insult (Marti et al., 2000). 

Despite its important role in neurological recovery (Forsythe et al., 1996; Marti et al., 2000), 

the reason why angiogenesis occurs following ischemia is not completely clear (Hermann & 

Zechariah, 2009). Hypotheses include stabilising tissue perfusion during hypoxia, reducing 

perfusion pressure, providing a source of trophic factors to vulnerable neurons and allowing 

macrophages to infiltrate the brain parenchyma and clean up cell debris (Hermann & 

Zechariah, 2009). The hematopoietic cytokine erythropoietin (EPO) induces the secretion of 

matrix metalloproteinases MMP2 and MMP9 from endothelial cells, that stimulate neural 

progenitor cell migration and hence recruitment to the area of injury (L. Wang et al., 2006). It 

is clear that angiogenic factors from endothelial cells support immature neurons and 

immature neurons induce capillary tube formation, likely through VEGF (Teng et al., 2008). 

Thus angiogenesis and neurogenesis reciprocally support each other (Hermann & Chopp, 

2012; Teng et al., 2008).  

1.6.3. Post‐stroke	plasticity	

Angiogenesis also appears to be closely linked to axonal remodelling and plasticity after 

central nervous system (CNS) injury (Dray, Rougon, & Debarbieux, 2009; Muramatsu et al., 

2012). Neuroplasticity is likely the main mechanism of neurological recovery in the days and 

weeks following stroke, after the final structural infarct has solidified and before behavioural 

compensation occurs (Carmichael, 2003; Dirnagl et al., 1999). Plasticity can be described as 

changes in neuronal connections and circuits, both in structure and physiology (Carmichael, 

2003). Injury-induced plasticity causes major alterations in cortical circuits, including 

reconnection to areas of ischemic injury and long distance connections between hemispheres 

to uninjured regions, that can be observed in animals by the presence of axonal sprouting 
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(Carmichael, 2003; Carmichael & Chesselet, 2002). New intracortical projections 

predominantly form in the peri-infarct region following stroke (Carmichael, Wei, Rovainen, 

& Woolsey, 2001). Cortical remapping of function can occur, involving a shift in topography 

to non-ischemic regions while retaining a similar organisation or establishment of a more 

diffuse representation (Clarkson et al., 2013; Das & Gilbert, 1995). Functional remapping of 

the sensorimotor cortex, in combination with axonal sprouting in the same region, has been 

suggested to underlie post-stroke functional recovery (Clarkson et al., 2013). Aging increases 

inflammation and decreases neuronal plasticity, which may lead to worse functional 

outcomes in older animals and patients (Liguz-Lecznar & Kossut, 2013). 

1.6.4. Neurorestorative	approaches	to	stroke	therapy	

Neurorestorative approaches to stroke therapy therefore include treatments that promote 

endogenous neurogenesis, angiogenesis and plasticity but also include transplantation of 

either neural stem cells or non-neuronal stem cells into the ischemic brain (Figure 10) 

(Lindvall & Kokaia, 2011). 

1.6.4.1. Enhancing	endogenous	repair	

Although neurogenesis does occur following focal ischemia and immature neurons migrate 

into the striatum, the long-term survival rate of newly generated neurons is very low and only 

0.2% of dead striatal neurons are estimated to be replaced (Arvidsson et al., 2002). Thus 

strategies to enhance neurogenesis have focused on increasing the survival of new neurons by 

modulating acute inflammation or delivering growth factors, or by trying to attract more 

precursors into the striatum (Lindvall & Kokaia, 2011). Interventions to increase post-stroke 

functional recovery may involve modulation of cortical excitability (Clarkson et al., 2011). A 

decrease in tonic neuronal inhibition by antagonism of α5-GABAA (α5 subunit of gamma-

aminobutyric acid A) receptors in the peri-infarct cortex, and delayed positive modulation of 

AMPA receptors in the same region, has been shown to improve post-stroke functional 

recovery (Clarkson, Huang, Macisaac, Mody, & Carmichael, 2010; Clarkson et al., 2011). 

Further modulation of cortical excitability via transcranial  direct  current  stimulation or  

rapid-rate  transcranial  magnetic  stimulation are approaches with promising results on stroke 

recovery in  proof of principle human studies (Hummel & Cohen, 2006). Moreover, blocking 

increased ephrin-A5 signalling by reactive astrocytes in the peri-infarct cortex appears to 

enhance axonal sprouting, promoting endogenous repair (Overman et al., 2012). 
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Figure 10. Major neurorestorative therapeutic strategies for ischemic stroke. 1) stimulation of 
endogenous neurogenesis, 2) transplantation of neural stem cells and 3) delivery of non-neural stem 
cells. 

(Reprinted from Lindvall and Kokaia, 2011, with permission from Wolters Kluwer Health). 
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1.6.4.2. Cell	transplantation	

Cell transplantation may be neurorestorative following ischemic stroke via cell replacement, 

increased trophic support, modulation of the inflammatory environment and stimulation of 

endogenous repair processes (X. Liu et al., 2013).  A wide range of brain and vascular cells 

are lost or injured following ischemic stroke, therefore transplanted cells need to induce the 

replacement of multiple cell types and contribute to complex neurorestorative processes 

including neuronal plasticity and the formation of new blood vessel networks. Transplanted 

cell types that have shown successful outcomes in preclinical studies include neural stem 

cells (NSCs), embryonic stem cells (ESCs), induced pluripotent stem cells (iPSCs), 

mesenchymal stem cells (MSCs), bone marrow derived MSCs (BMSCs) and human 

umbilical cord blood cells (HUCBCs). They may be delivered by intracerebral or 

intracerebroventricular injection, intravascular injection or intranasal delivery. Completed 

clinical trials using mesenchymal stem cells predominantly show that these cells are safe to 

implant in humans and there are at least 20 ongoing clinical trials of various allogenic and 

autologous cell therapies for ischemic stroke using multiple cell types, though none have yet 

been approved for clinical use (X. Liu et al., 2013). A committee has been formed to guide 

clinical translation of cell-based therapies, Stem Cell Therapies as an Emerging Paradigm in 

Stroke (STEPS) (Savitz et al., 2011), and it is important that their guidelines are taken into 

account when designing studies, much like the STAIR recommendations. These include 

guidelines on cell delivery and dosing, recommendations for preclinical studies and clinical 

trial design and areas that require further research (Savitz et al., 2011). Successful neuronal 

replacement is likely to require both enhancement of endogenous neurogenesis and 

transplantation of stem or neural precursor cells (Lindvall & Kokaia, 2011). Even if 

increasing the number of neurons in the brain becomes possible, what is most important is 

that these new neurons can function correctly and successfully make new connections that 

enhance functional outcome (Johansson, 2000).  

1.7. Connexin43	as	a	therapeutic	target	for	ischemic	stroke	

There is a desperate need for new therapeutic strategies for ischemic stroke. 

Neuroinflammation is a major pharmacological target for novel therapies aiming to both 

induce neuroprotection and promote neurorestoration following focal ischemia. Inflammatory 

processes begin within hours of ischemia and continue for weeks, thereby not necessarily 

limiting anti-inflammatory interventions to a short therapeutic window. Neuroinflammation 
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has been implicated in promoting ongoing cell death, blood-brain barrier dysfunction, 

vasogenic edema and hemorrhage (Figure 3), in addition to reducing the survival of newly 

generating neurons, suggesting that reducing inflammation is likely to be beneficial in 

multiple ways to recovery from stroke. However, factors released by inflammatory mediators 

such as microglia, astrocytes and blood-borne immune cells promote neurorestoration long-

term (section 1.1.3.13). Therefore, any therapy that modifies inflammation needs to be 

selective for acute detrimental inflammatory actions following ischemia. Gap junction 

channels and particularly hemichannels are upstream common targets in the inflammatory 

cascade with the potential to propagate injury to undamaged regions of the brain (Davidson, 

Green, Bennet, et al., 2013). Their blockage has thus been proposed as a treatment strategy 

for diseases with a major inflammatory component, such as ischemic stroke (C. R. Green & 

Nicholson, 2008; O'Carroll, Becker, et al., 2013). 

1.7.1. Gap	junction	channels	and	hemichannels	

Gap junction channels are communication channels between adjacent cells though which ions 

and molecules less than 1 kDA may pass (Bargiotas, Monyer, & Schwaninger, 2009). Each 

functional gap junction channel consists of two interacting hemichannels, or connexons 

(Figure 11) (Willecke et al., 2002). These hemichannels are themselves hexamers formed 

from six gap junction proteins termed connexins. The connexins comprise four membrane 

spanning domains, forming one cytoplasmic and two extracellular loops. Gap junction 

hemichannels may also exist independently in the membrane and on opening become pores 

through which the cytoplasmic and extracellular environment are linked (Bargiotas et al., 

2009). 

Connexin proteins are inserted into the membrane in the endoplasmic reticulum and are 

transported as hemichannels in vesicles from the Golgi apparatus to the non-junctional cell 

membrane (Lauf et al., 2002). In the cell membrane, they either form functional 

hemichannels or diffuse laterally in the membrane, dock with a second hemichannel in an 

opposing cell to form a gap junction channel and aggregate into gap junction plaques (Lauf et 

al., 2002). Channels are then internalised and degraded in lysosomes, with a half-life of only 

a few hours that allows connexin proteins to be constantly synthesised and then broken down, 

possibly to enable gap junction coupling to be regulated according to environment demand 

(Evans, De Vuyst, & Leybaert, 2006; Hervé, Derangeon, Bahbouhi, Mesnil, & Sarrouilhe, 

2007; Laird, 2006). Phosphorylation plays a key role in regulating the structure and function  



Chapter 1 – Literature Review 

- 52 - 

 

 

Figure 11. Gap junction channels and hemichannels are composed of connexin proteins. Gap 
junction channels may be composed of two identical (homotypic) or non-identical hemichannels 
(heterotypic) and hemichannels contain six connexin proteins of only one (homomeric) or multiple 
types of connexins (heteromeric). 

(Reprinted by permission from Macmillan Publishers Ltd: KIDNEY INTERNATIONAL (Wagner, 2008) 
copyright 2008). 
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of Cx43, including channel selectivity, protein interactions and localisation (Solan & Lampe, 

2009). Ser368 phosphorylation appears to be associated with Cx43 channel closure (Lampe, 

2000). 

In the brain, cytoplasmic continuity between astrocytes is mediated by gap junction channels. 

This syncytium is a widespread network that allows volume fluctuations to be balanced, 

coordinated signalling, metabolite transport and neurotransmitter distribution (particularly 

glutamate) in cells throughout the brain and cerebral vasculature (Hansson et al., 2000). The 

astroglial syncytium also permits spatial buffering of K+ and propagation of Ca2+ waves 

between cells that enables Ca2+-dependent glutamate release from astrocytes to influence 

neuronal function (Hansson et al., 2000; Ye, Wyeth, Baltan-Tekkok, & Ransom, 2003). 

Under basal physiological conditions, hemichannels are predominantly closed to prevent the 

excessive passage of molecules (Bargiotas et al., 2009). However, hemichannels can 

participate in the bidirectional transport of NAD+ and thus potentially influence metabolism, 

redox reactions and DNA repair (Bruzzone, Guida, Zocchi, Franco, & De Flora, 2001).  

1.7.2. Connexin43:	a	therapeutic	target	

Connexin43 (Cx43) is one of 21 different gap junction proteins that have been identified in 

humans (Söhl & Willecke, 2004) Each connexin is assigned a number that represents the 

theoretical molecular mass in kilodaltons and thus Connexin43 has a mass of approximately 

43 kDa. The role of Cx43 in adult brain injury and disease is of interest because it is the most 

common type of connexin in the brain and in astrocytes, the most abundant brain cell type 

(Hansson et al., 2000). In the adult brain, Cx43 is expressed predominantly in astrocytes but 

may also be present in activated microglia and in certain neuronal populations (Eugenín et al., 

2001; Talhouk, Zeinieh, Mikati, & El-Sabban, 2008). 

Increased Cx43 immunoreactivity has been observed in the human brain following both acute 

and chronic stroke and in the sheep perinatal brain following hypoxia-ischemia (Davidson, 

Green, Nicholson, O'Carroll, et al., 2012; Nakase, Yoshida, & Nagata, 2006). In addition, 

astrocytes involved in glial scar formation have been shown to upregulate Cx43 expression 

after 3 days in a rat model of focal ischemia (Haupt, Witte, & Frahm, 2007). Microglia also 

appear to express Cx43 once they become activated following injury (Eugenín et al., 2001). 

There is evidence to suggest that Cx43 expression following injury may be beneficial. The 

specific knock out of astrocytic Cx43 in transgenic mouse models of ischemia has been 
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shown to elevate apoptosis and increase lesion size (Nakase, Söhl, Theis, Willecke, & Naus, 

2004; Siushansian, Bechberger, Cechetto, Hachinski, & Naus, 2001). However, pre-treatment 

with the gap junction channel blocker octanol has been shown to reduce the wave of tissue 

depolarisation that contributes to the spread of injury following ischemia, resulting in a 60% 

decrease in lesion volume (Rawanduzy, Hansen, Hansen, & Nedergaard, 1997). Moreover, a 

short term decrease in Cx43 mRNA via antisense oligodeoxynucleotides (Coutinho et al., 

2005; Cronin, Anderson, Cook, Green, & Becker, 2008; Danesh-Meyer, Huang, Nicholson, 

& Green, 2008; Qiu et al., 2003) or blocking Cx43 gap junction channels with a mimetic 

peptide (Danesh-Meyer et al., 2012; Davidson, Green, Nicholson, O'Carroll, et al., 2012; 

O'Carroll, Alkadhi, Nicholson, & Green, 2008; O'Carroll, Gorrie, Velamoor, Green, & 

Nicholson, 2013) has been demonstrated to reduce inflammation and increase cell survival or 

tissue regeneration in a variety of injury models. Transient modulation of Cx43 via gap 

junction channel blockers, antisense oligodeoxynucleotides or mimetic peptides may 

therefore have more positive effects on cell survival than long-term modulation in transgenic 

knockout models. The supportive and protective functions of astrocytes may require 

communication through Cx43 gap junctions at later stages following the insult that is not 

possible in transgenic models (Contreras et al., 2004; Hansson et al., 2000; O'Carroll, Becker, 

et al., 2013). 

1.7.3. Contribution	of	Cx43	to	ongoing	cell	death	and	inflammation	

Whilst Cx43 gap junctions may be necessary to ensure cell survival through spatial buffering 

and the transport of vital compounds through wide-ranging astroglial networks, Cx43 

hemichannels are thought to mediate injury by acting as a conduit between the cytoplasm and 

extracellular environment through which detrimental compounds are released to promote 

neuronal injury and initiate the inflammatory response (Contreras et al., 2004; O'Carroll et 

al., 2008). Factors present following ischemia, such as elevated intracellular Ca2+ levels, 

reduced extracellular Ca2+ levels, metabolic inhibition, acidosis and increased extracellular 

ATP released from injured tissue, promote the opening of connexin hemichannels (Anderson, 

Bergher, & Swanson, 2004; Bargiotas et al., 2009; Contreras et al., 2002). 

Once Cx43 hemichannels are open, ATP can pass out of cells through these channels 

(Anderson et al., 2004; Kang et al., 2008) and subsequently stimulate purinergic receptors 

present on the membranes of neighbouring cells, increasing the levels of intracellular Ca2+ 

(Figure 12) (Evans et al., 2006). A wave of Ca2+ can therefore spread from one cell to the  
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Figure 12. Propagation of calcium waves between cells by Cx43 hemichannels (CxHc).  

(Reprinted from Evans et al., 2006, with permission.) 
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next that is thought to be responsible for the bystander effect that causes expansion of the 

ischemic infarct into the penumbral region, likely mediated by extensive astrocytic networks 

(Anderson et al., 2004; Contreras et al., 2004; Davidson, Green, Bennet, et al., 2013). Cx43 

hemichannels can also release glutamate to promote excitotoxicity, destroy electrochemical 

ion gradients through ion leakage, discharge cytotoxins that lead to neuronal death and cause 

fluctuations in water volume leading to edema (Bargiotas et al., 2009; Ye et al., 2003). Under 

inflammatory conditions, astrocytic release of ATP and glutamate though Cx43 hemichannels 

together appear to directly cause neuronal death via activation of NMDA receptors and 

pannexin1 hemichannel on neurons, respectively (Orellana et al., 2011). Important 

transmitters and metabolites may also be lost, resulting in damage to the cell (Contreras et al., 

2002). ATP released from injured cells, in addition to the even greater release of ATP 

through Cx43 hemichannels in astrocytes, also initiates a microglial response towards the 

lesioned area and the expression of pro-inflammatory cytokines and chemokines that begin 

the neuroinflammatory response (Davalos et al., 2005). Moreover, Cx43 hemichannels are 

proposed to contribute to increased permeability of the blood-brain barrier, that promotes 

infiltration of inflammatory cells, as demonstrated by reduced vascular leakage and neuronal 

death following blockage of Cx43 hemichannels (Danesh-Meyer et al., 2012; M. De Bock et 

al., 2011). 

1.7.4. Connexin43	mimetic	peptide	

Cx43 hemichannel opening following ischemia may therefore play a role in initiating and 

contributing to multiple aspects of ischemic pathophysiology, including inflammation, 

dysfunction of far-reaching astrocytic networks, secondary energy failure and cell death, 

further promoting inflammation and expansion of the ischemic infarct (Figure 13) (Davidson, 

Green, Bennet, et al., 2013). Therefore, transient blockage of Cx43 hemichannels is a 

potential therapeutic strategy to modulate inflammation and promote neuronal survival after 

ischemic stroke. Furthermore, the knowledge that inflammation contributes to neuronal death 

following ischemic stroke but may potentially have neurorestorative functions long-term 

implies that temporal control of a therapy targeting neuroinflammation may be required. Thus 

an alternative to non-specific gap junction channel blockers such as octanol, and Cx43 knock 

out animals that permit no temporal control over a reduction in Cx43 expression, is essential.  
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Figure 13. Proposed involvement of Cx43 in ischemic pathophysiology. Both Cx43 gap junction 
channels and hemichannels may contribute to blood-brain barrier dysfunction and inflammation 
following ischemia (Davidson et al., 2013). Opening of gap junction channels containing Cx43 is 
further associated with bystander cell death. Cx43 hemichannel opening may lead to the release of 
intracellular components such as ATP and glutamate, dysfunction of wide-ranging astrocytic 
networks, secondary energy failure and cell death. 
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Several studies have shown inhibition of Cx43-mediated intercellular signalling using 

mimetic peptides (Danesh-Meyer et al., 2012; Davidson, Green, Nicholson, O'Carroll, et al., 

2012; De Vuyst et al., 2007; O'Carroll et al., 2008). Mimetic peptides have an advantage over 

antisense technology because they appear to selectively target hemichannels in a 

concentration and time-dependent manner (Leybaert et al., 2003; O'Carroll et al., 2008). 

Connexin mimetic peptides are short synthetic peptides with an optimal length of 11 to 16 

amino acids that match a section of the amino acid sequence on one extracellular loop of the 

connexin (Evans & Leybaert, 2007; Kwak & Jongsma, 1999). They bind to one hemichannel 

to prevent the interaction with a second hemichannel and formation of a gap junction channel 

and have the potential to close both hemichannels and pre-existing gap junctions (Figure 14) 

(Evans & Leybaert, 2007). 

Cx43 mimetic peptides were initially used predominantly as experimental tools to study gap 

junction and hemichannel activity (Evans & Leybaert, 2007). However, O’Carroll and 

colleagues applied Cx43 mimetic peptides to an ex vivo spinal cord injury (SCI) rodent model 

and demonstrated that they also have therapeutic potential (O'Carroll et al., 2008). When 

spinal cord segments were incubated with a Cx43 mimetic peptide (amino acid sequence 

VDCFLSRPTEKT, peptide 5) for 24 hours at a concentration that prevented the opening of 

Cx43 hemichannels but did not affect gap junction channels, a significant decrease in 

intracellular swelling and increased neuronal survival was observed after four days. 

Neuroprotection has further been demonstrated in an ex vivo model of epileptiform injury 

(Yoon, Green, O'Carroll, & Nicholson, 2010) and in retinal ischemia-reperfusion injury, 

where Cx43 mimetic peptide reduced blood vessel leakage, reactive astrogliosis and retinal 

ganglion cell loss (Danesh-Meyer et al., 2012). Following in vivo spinal cord injury, acute 

delivery of Cx43 mimetic peptide reduced glial cell activation and pro-inflammatory cytokine 

release, promoting neuronal survival and long-term functional recovery (O'Carroll, Gorrie, et 

al., 2013). Furthermore, Cx43 mimetic peptide infusion has been shown to improve EEG 

recovery, reduce seizure activity, and increase survival of cortical neurons and 

oligodendricytes following ischemia in the perinatal sheep brain, in a dose-dependent manner 

(Davidson, Green, Nicholson, Bennet, & Gunn, 2012; Davidson, Green, Nicholson, 

O'Carroll, et al., 2012). Evidence suggests that beneficial effects depend on acute 

hemichannel blockage only and that high doses that are proposed to not only block 

hemichannels but uncouple functional gap junction channels may be detrimental following  

 



Chapter 1 – Literature Review 

- 59 - 

 

 

 

Figure 14. Mimetic peptides can block the opening of connexin hemichannels and pre-existing 
gap junction channels. 

(Reprinted from Evans et al., 2006, with permission.) 
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ischemia (Davidson, Green, Nicholson, Bennet, et al., 2012; O'Carroll et al., 2008; O'Carroll, 

Gorrie, et al., 2013). Blocking Cx43 gap junction hemichannels is therefore a promising 

treatment for ischemic stroke. However, delivery of the specific Cx43 mimetic peptide, 

peptide 5, has yet to be investigated in an in vivo model as a therapeutic strategy for adult 

ischemic stroke. 

1.8. Summary	

The large social and economic burden associated with ischemic stroke, combined with the 

dearth of available treatments, necessitates the development of novel therapies. A range of in 

vivo models have been developed to model ischemic stroke and the most commonly used is 

the intraluminal filament middle cerebral artery occlusion (MCAo) model in rodents. The 

MCAo model therefore provides a good starting point for preclinical investigations. 

However, a novel method of inducing focal ischemia using L-NIO has recently been 

established and may provide advantages over MCAo.  

The majority of experimental treatment strategies aim to provide neuroprotection or enhance 

neurorestorative processes to promote functional recovery. Following focal ischemia, 

neuroinflammation contributes to blood brain barrier dysfunction, edema and ongoing cell 

death, contributing to expansion of the infarct into the ischemic penumbra. Inflammation is 

thus a prime pharmacological target for preclinical stroke therapy investigations and may 

allow an extended therapeutic window. Cx43 hemichannels appear to facilitate neuronal 

injury after ischemic stroke, thereby promoting the inflammatory response. Blocking Cx43 

hemichannels may therefore provide a means to selectively modulate acute inflammation, 

increase cell survival and reduce tissue injury following focal ischemic stroke. 
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1.9. Objectives	and	hypotheses		

The overall objectives of this thesis were therefore to 1) establish and characterise an in vivo 

model of focal ischemia within our laboratory setting and 2) investigate the therapeutic 

applications of this model, including the potential for neuroprotection and delivery of a Cx43 

mimetic peptide as an acute intervention for ischemic stroke. 

We hypothesised that we would be able to establish and characterise an in vivo model that 

produced a reproducible infarct and was relevant for preclinical studies of interventions for 

ischemic stroke. It was further hypothesised that Cx43 mimetic peptide delivery would 

improve tissue outcomes, including infarct volume and glial cell activation, following focal 

ischemia. 

The specific objectives to address these hypotheses will be addressed in separate chapters. 

These objectives were: 

1. Establish the rat MCAo model in our laboratory setting and assess the variability in 

infarct volume 

2. When the MCAo model proved unsuitable for future studies, the second objective was 

to establish a novel L-NIO model of focal ischemia in the rat striatum for the first 

time 

3. Characterise the L-NIO model of rat striatal ischemia in terms of the histological and 

functional outcomes over time 

4. Determine if the L-NIO model is able to undergo neuroprotection by administering 

MK801 pre- and post-ischemia 

5. Investigate the delivery of a Cx43 mimetic peptide as a therapeutic strategy for 

ischemic stroke 
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Chapter 2. General	Methods	

This chapter describes the methods used that are common to multiple chapters of this thesis. 

These include animal use, tissue processing techniques, immunohistochemistry and semi-

quantities analysis of immunohistochemical markers. Specific methods are discussed within 

each chapter. 

2.1. Animals	

Experimentation was performed in strict compliance with the University of Auckland Animal 

Ethics Guidelines, in accordance with the New Zealand Animal Welfare Act 1999, and 

conformed to international guidelines on the ethical use of animals. All efforts were made to 

minimise the number of animals used and their suffering. 

Adult male Sprague Dawley rats (250-350g) were used in these studies. The animals were 

housed in groups in a temperature and humidity-controlled room that was kept on a 12 hour 

light/dark cycle. Food and water were available ad libitum throughout. 

2.2. Tissue	processing	

Rats were culled by an overdose of sodium pentobarbitone (60mg/ml) and transcardially 

perfused with ice-cold 0.9% saline, followed by freshly prepared 4% paraformaldehyde in 

0.1M phosphate buffer (PB). Brains were extracted and left overnight in 4% 

paraformaldehyde, then transferred to 30% sucrose solution to protect against freezing 

damage. Crushed dry ice was used to freeze the brains and coronal tissue sections were cut to 

40 µm thickness using a freezing microtome. Sections were allocated to 8 consecutive wells 

of a 12 well plate to form 8 evenly spaced anterior-posterior series and were stored in 

cryoprotective solution at -20°C so that they did not freeze. See Appendix A for the 

composition of solutions used in this thesis. 

2.3. Cresyl	violet	staining	

Cresyl violet staining was used to identify the ischemic infarct. Firstly, free floating tissue 

sections were washed in phosphate-buffered saline (PBS), then mounted onto polylysine 

slides and left to air dry overnight. Slides were then immersed for 10 minutes in 0.1% cresyl 

violet stain (pH 3.7, Appendix A), rinsed twice in distilled water, and dehydrated through an 
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alcohol series of 70%, 95% and 100% alcohol. After clearing in xylene, DPX mounting 

medium (DP00500500, Scharlau, Sentmenat, Spain) was used to apply coverslips to the 

slides. 

2.4. DAB	immunohistochemistry	

All semi-quantitative analysis was performing using 3,3′-Diaminobenzidine (DAB) 

immunohistochemistry. See Appendix B for a list of antibodies used in this thesis. All steps 

were performed at room temperature on a rocking platform. Tissue sections from one 

anterior-posterior series were soaked overnight in phosphate-buffered saline (PBS) then 

washed in three changes of PBS. Sections were pre-treated with 50% methanol and 1% 

hydrogen peroxide solution to reduce background peroxidase activity and then permeabilised 

in PBS with 0.2% Triton-X 100 (PBS-TX). The primary antibody was diluted in PBS-TX 

containing 3% goat or donkey (if antibody was raised in goat) serum for an overnight 

incubation. Following washing in three changes of PBS-TX, sections were then incubated 

with a biotinylated secondary antibody diluted 1:500 in PBS-TX with 3% goat or donkey 

serum for 2.5 hours. They were washed in PBS-TX and then incubated with ExtrAvidin®-

Peroxidase (E2886, Sigma-Aldrich, St. Louis, MO, U.S.A.) for a further 2.5 hours. After 

washing with PBS, 10 minute incubation with DAB/nickel solution (Appendix A) was 

carried out. The sections were mounted onto poly-L-lysine slides in PBS solution and left to 

dry overnight. The following day, the sections were dehydrated through a graduated alcohol 

series before being cleared in xylene and cover-slipped with DPX mounting medium 

(DP00500500, Scharlau). 

2.5. Semi‐quantitative	analysis	of	glial	cell	activation	

Microglia/macrophages were identified by an antibody against ionized calcium-binding 

adapter molecule 1 (Iba1; AB5076, Abcam, Cambridge, United Kingdom, Appendix B). Iba1 

is expressed in microglia in the normal brain and expression is upregulated by injury (D. Ito 

et al., 1998). The astrocytic response to ischemia was identified using an antibody against 

glial fibrillary acidic protein (GFAP; Z0334, Dako, Glostrup, Denmark) that is expressed by 

cells of astrocyte origin and is also upregulated following injury (Pekny & Nilsson, 2005). 

DAB immunohistochemistry was performed to visualise the expression of GFAP and Iba1 on 

6 consecutive sections per animal that encompassed the infarct core (+1.38, +1.06, +0.74, 

+0.42, +0.10, -0.22mm relative to Bregma). 



Chapter 2 – General Methods 

- 64 - 
 

Neurolucida software (MBF Bioscience Inc., Williston, VT, U.S.A.) was used to stitch 

together images taken using a 10x objective lens on a Nikon Eclipse E800 microscope to 

create a virtual image of the entire ipsilateral striatum on each section. Once the images were 

created, freely available ImageJ software was then used to manually outline the striatum and 

save this selection. A global calibration for the lens was applied and the images were batch 

processed using a macro consisting of the following steps: 

1. Convert to 8-bit image 

2. Subtract background with a rolling ball radius of 50 pixels 

3. Set threshold 

4. Convert to mask 

5. Restore selection 

6. Measure (measurements selected were area and area fraction, results were limited to 

threshold) 

The threshold was set individually for GFAP and Iba1 immunoreactivity and the same 

threshold was used to process all the images for each antibody. Where possible, 

immunohistochemistry was performed on all the animals for one study at the same time. 

Results for Iba1 were reported as the area of immunoreactivity as a percentage of the total 

area of the striatum for each section and the mean percentage area was calculated for each 

animal. For GFAP, an area in the centre of the infarct devoid of GFAP would have resulted in 

a reduced percentage area of GFAP for larger infarcts if this was not taken into account. 

Therefore, the area of this GFAP-devoid core was subtracted from the area of the striatum, 

and the area of GFAP was presented as a percentage of this reduced area outside the infarct 

core. The area of the GFAP-devoid core was also presented as a percentage of the area of the 

striatum so that the core size could be compared between animals. 

2.6. Blinding	

To avoid potential bias, for all semi-quantitative analyses from immunohistochemistry, the 

file names were replaced with numbers randomly generated using Microsoft Excel. This 

enabled results to be determined in a blinded manner. This was especially important when 

manually delineating the infarct area or the core area devoid of GFAP. 
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2.7. Fluorescence	immunohistochemistry	

Fluorescence immunohistochemistry was performed with the intention of double-labelling 

cells for qualitative analysis. All steps were performed at room temperature on a rocking 

platform, with the exception of experiments involving an antibody against connexin43 

(Cx43). Selected tissue sections were washed in three changes of PBS-TX for 

permeabilisation. Then, they underwent overnight incubation with primary antibodies added 

in parallel, diluted in PBS-TX containing 3% goat serum at a concentration dependent on the 

antibody (Appendix B). Following washing in three changes of PBS-TX, sections were then 

incubated with the corresponding Alexa-Fluor® 488 (for green fluorescence) or 594 (for red 

fluorescence) secondary antibody/antibodies (Life Technologies, Carlsbad, CA, U.S.A., 

Appendix B), diluted 1:500 in PBS-TX with 3% goat serum for 4 hours. The anti-rat albumin 

antibody was directly conjugated to fluorescein-5-isothiocyanate (FITC) and did not require a 

secondary antibody (0220-2424F, AbD Serotec, Oxford, United Kingdom). For experiments 

using an antibody against Cx43 (C6219, Sigma-Aldrich), a one-hour blocking step was 

performed with PBS-TX and 10% goat serum immediately before primary antibody 

incubation overnight at 4°C. The secondary antibody used with Cx43 only required 3 hour 

incubation. Following secondary antibody incubation, sections were washed in three changes 

of PBS and then incubated for 10 minutes with DAPI (4',6-Diamidino-2-Phenylindole, 

Dilactate, D3571, Life Technologies) diluted 1:10 000 in MilliQ water to label nuclei. 

Following final washing in PBS, tissue sections were mounted from 0.1M PB onto non-

coated slides. Citifluor AF1 (Citifluor, London, United Kingdom) was used as a mounting 

medium and coverslips were applied. The sections were stored at 4°C. Imaging was 

performed using either epifluorescence (Nikon Eclipse E800) or confocal (Olympus FV1000) 

microscopy. Sequential scanning was used to minimise overlap between signals from 

multiple channels during acquisition of confocal images. 

2.8. Statistics	

Statistical analyses were performed using IBM® SPSS® Statistics v21 (IBM Corporation, 

Armonk, NY, U.S.A.). Levene’s test for equality of variances was performed on all data. For 

comparison of two groups, an independent samples two-tailed t-test was used. For 

comparisons between more than two groups, one-way analysis of variance (one-way 

ANOVA) was used. Post-hoc analysis was performed with Tukey’s Honestly Significant 

Difference test or the Games-Howell test if non-equal variances were found. Non-equal 
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variances and non-parametric tests were used where appropriate. Bivariate correlations were 

performed using Pearson’s correlation coefficient. All data are presented as mean ± standard 

deviation. Results were considered significant if p < 0.05. Graphs were prepared on 

GraphPad Prism® v6.01 (GraphPad Software, Inc., La Jolla, CA, U.S.A.). 
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Chapter 3. The	Middle	Cerebral	Artery	Occlusion	Model	of	Stroke	

3.1. Introduction	

In order to develop new treatment strategies for stroke, it is vital that these treatments are 

tested in an in vivo system: an animal model (Fisher et al., 2009). Therefore, the first aim of 

this thesis was to optimise the parameters of an animal model of stroke. The intraluminal 

middle cerebral artery occlusion (MCAo) model of stroke was chosen because it is the most 

commonly used model, it is relevant to human stroke, it has been extensively characterised 

and produces well-established neurological deficits in rats and other animals. 

The reversible MCAo model of stroke has been modified in many ways since its original 

introduction by Koizumi and colleagues in 1986 (Koizumi et al., 1986). These include the use 

of a “stump” created out of the external carotid artery (ECA) for filament entry into the 

internal carotid artery (ICA), followed by alterations to the composition of the filament to 

increase the success rate and decrease side effects, the option of permanent or only transient 

occlusion to allow reperfusion and changes to the surgical method depending on whether rats 

or mice are used (Connolly et al., 1996; Longa et al., 1989). 

For this thesis, the model used was transient MCAo to allow for reperfusion that occurs 

spontaneously in human stroke or may be induced by thrombolytic agents (Carmichael, 2005; 

Molina et al., 2001). MCAo was performed in rats, for which a range of behavioural tests are 

available, by insertion of a silicon filament that had been modified in order to increase the 

success rate and reduce mortality (Spratt et al., 2006). A 90 minute occlusion period was 

chosen to generate a moderate infarct that would allow animals to undergo comprehensive 

functional tests at later time periods. To produce ischemic injury in the cortex, 90 minutes is 

the minimum occlusion period required, but the involvement of the cortex is more moderate 

than at later time points that permits the opportunity to either increase or decrease the degree 

of injury with novel therapeutic strategies (Rewell, Sidon, Aleksoska, & Howells, 2013). 
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3.2. Objective	and	hypothesis	

The objective of this study was to establish the rat MCAo model and assess the infarct 

variability in our laboratory setting. As the MCAo model is the most commonly used stroke 

model, we hypothesised that we would be able to generate a consistent, reproducible 

ischemic infarct. 

3.3. Methods	

3.3.1. Preparation	of	silicone	filaments	

Silicone filaments were made using polyethylene tubing with an internal diameter 0.40mm (I-

10340, SteriHealth Laboratory Products Pty Ltd, Melbourne, Australia), silicone sealant 

(Selleys, Auckland, New Zealand) and surgical 4-0 nylon monofilament suture (Nylene®, 

Dynek Pty Ltd, Adelaide, Australia), following the procedure used by Spratt and colleagues 

(Spratt et al., 2006). The suture was cut into 50 mm lengths and the tubing was cut to 10mm 

in length. The filament was inserted 1.5mm into the polyethylene tubing using fine forceps 

and the tubing was filled with silicone sealant from the opposite end using a 3ml luer lock 

syringe with 26 ½ gauge needle. These filaments were left to dry for 48 hours before use and 

were used within 2-3 weeks of assembly.  

Immediately before use, the polyethylene tubing was cut to leave 2 mm of silicone coating on 

the end of the filament, extending 0.5mm beyond the end of the suture (Figure 15). The 

tubing was gently pulled off the silicone with fine forceps and the silicone tip was checked 

for uniformity. If bubbles were found in the silicone or the end splayed open, another 

filament was chosen. A scalpel blade was used to roughen the filament 20-25mm from the 

tip, an area subsequently marked with vivid, to assist with holding it in place. 

3.3.2. Surgical	procedures	

Adult male Sprague Dawley rats (250-350g) were used in these studies. Prior to surgery, the 

weight of each rat was obtained and recorded. Body temperature was maintained during 

surgery at 37°C via a rectal probe and homeothermic feedback system (50-7221F, Harvard 

Apparatus, Holliston, MA, U.S.A.). Surgery was performed using a stereomicroscope (Stemi 

2000, Carl Zeiss, Thornwood, NY, U.S.A.). 
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Figure 15. Silicone-tipped filament specifications. 

 

Figure 16. Anatomy of rat carotid and cerebral arteries, demonstrating intraluminal filament 
insertion and MCAo technique. The filament (suture) is inserted through a stump made out of the 
external carotid artery (Ext. carotid a.), into the internal carotid artery (Int. carotid a.), and advanced 
until it occludes the origin of the middle cerebral artery (Mid. Cerebral a., shown as X) (Dittmar, 
Spruss, Schuierer, & Horn, 2003). 

Adapted with permission from Lippincott Williams and Wilkins/Wolters Kluwer Health: STROKE 
(Dittmar et al., 2003 (modified from Longa at al., 1989)), copyright (2003). 
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Anaesthesia was induced using 5% isoflurane in oxygen gas at a flow rate of 4L/min and 

maintained at 2.5% isoflurane, 1-2L/min using a nose cone. Animals were positioned ventral 

side up with the neck region elevated using gauze swabs. On the right-hand side of the neck, 

the fur was trimmed and the skin sterilised with 70% isopropanol. Marcain (0.8mg/kg) was 

injected either side of the incision line for analgesia. A centre-line incision was made in the 

neck region of approximately 30mm. Blunt dissection was then performed between the right 

digastric and sternomastoid muscles to locate the carotid bifurcation (Figure 16). A suture 

was placed around the dissected common carotid artery (CCA) as an emergency measure. 

The superior thyroid and occipital arteries branching off the external carotid artery (ECA) 

were then cauterised and two double knots were placed around the ECA as far from the 

bifurcation of the carotid arteries as possible. The ECA was cauterised between the two knots 

to create an ECA “stump”. The pterygopalatine artery that branches off the internal carotid 

artery (ICA) was then ligated. Vascular clamps (11mm, B-2V, S&T®, Neuhausen am 

Rheinfall, Switzerland) were placed on the CCA and ICA. A loop of 6-0 silk suture (Resorba, 

Nuremberg, Germany) was placed over the ECA “stump” and a small cut was made near the 

top of the stump with micro scissors. The prepared silicone filament was inserted gently into 

this incision and pushed through the bifurcation and into the ICA, while the loop of suture 

was tightened behind it and the vascular clips were released. The filament was advanced 

through the ICA until it occluded the origin of the middle cerebral artery (MCA), detected by 

an increase in resistance at the point where the marked section of the filament entered the 

ECA. The time was recorded as the beginning of occlusion. The loop around the ECA stump 

was knotted and a second loop also knotted around it. Excess filament protruding from the 

incision was cut off and the wound was sutured closed. Topical analgesia was applied.  

3.3.3. Reperfusion	

The filament was left in place for 90 minutes (n=23), during which time animals were placed 

in an enclosed, humidified chamber at 25°C. At the end of the occlusion period, animals were 

re-anaesthetised, the incision was reopened and the occluding filament was located. The 

filament was gently pulled clear of the bifurcation while holding on to the knots to prevent 

vessel strain. Excess filament was trimmed with the silicone remaining inside the ECA 

stump. The incision was sutured closed. 
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3.3.4. Post‐operative	care	

Following the surgical procedures, saline was administered subcutaneously for fluid 

replacement. Animals were then placed in an enclosed, humidified chamber at 25°C to 

recover from anaesthesia. They were left in individual cages for 24h where they received 

paracetamol (6mg/ml) in their drinking water for post-operative analgesia. The MCAo 

surgery can cause difficulties in eating due to impairment of the muscles involved in 

mastication and swallowing resulting from cauterisation of the ECA (Figure 16) (Dittmar 

2003). Therefore soft porridge was supplied in the cage to encourage eating and minimise 

associated weight loss. Body weight was monitored before and 24 hours following surgery. 

3.3.5. Neurological	function	

As a result of focal ischemia from MCAo, animals would be expected to display deficits in 

neurological function. However, if the deficits are severe, they may be unable to perform 

basic functions such as eating and drinking. Therefore, it is necessary to test neurological 

function both as a measure of welfare and to confirm the procedure is successful.  

A neurological screen was performed to give an early indication of whether the surgery was 

successful. This regime only tested 4 parameters and therefore it was quick and not overly 

stressful for the animal, allowing it to be used just prior to reperfusion and 24 hours following 

surgery. The test included scores for torso twisting, forelimb flexion, lateral movement and 

mobility (Rewell et al., 2010) (Table 1), based on tests described by Petullo and colleagues 

(Petullo et al., 1999). Whether animals were turning in circles in the cage was also noted 

down. A score of 0 indicated no impairment, with increasing scores indicating increasingly 

severe impairment up to a maximum of 5. All neurological function assessments were 

performed by a single investigator. 
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Table 1. Neurological screen for MCAo lesion (Rewell et al., 2010). 

Test Score Description 

Forelimb Flexion 0 No flexion.  Forelimbs extend equally toward the bench. 

0.5 Mild. Left forelimb at approximately 45° angle consistently or angle 
closer to 90° but not consistent.  

1.0 Moderate to severe.  Left forelimb is at 90° or greater.  Forelimb 
flexion is consistent. 

Torso Twisting 0 No signs of body rotation.  Body elongated and extended toward the 
bench. 

0.5 Mild. Half twist of the body. 

1.0 Moderate to severe.  Consistently strong twisting to contralateral 
side.  Head and forelimbs brought toward hindlimbs. 

Lateral Push 0 Equal resistance.  Animal resists being pushed. 

0.5 Weakened resistance.  Animal shows weakened resistance whilst 
trying to correct. 

1.0 No resistance.  Animal has severely weakened resistance.  Tends to 
“roll” with left legs collapsing after being pushed to the left. 

Mobility 0 Normal mobility.  Animal is able to freely walk. 

0.5 Spontaneous movement reduced. 

1.0 Needs stimulus to move. 

2.0 Unable to walk. 

 

3.3.6. Exclusion	criteria	

An animal is considered to be integral to the study at the commencement of anaesthesia. 

However, there may be valid reasons to exclude an animal from the study and these must be 

determined before the experimental procedures are carried out to avoid any bias in 

determining exclusion criteria once treatment groups have been identified (Fisher et al., 

2009). Exclusion criteria for the current study are listed in Table 2 (A. McGregor, pers. 

comm.).  

If an animal dies or has to be humanely culled as a result of the MCAo, they will not provide 

accurate information about the effects of any therapeutic strategy being investigated and will 
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be removed from the study. If there is no detectable infarct, the infarct spans less than two of 

the sections analysed (1.28 mm apart) without neocortical damage, or the infarct volume is 

smaller than the minimum of 10 mm3 expected using this type of filament in a 2 hour 

occlusion model (Spratt 2006), it is likely that the artery has not been completely occluded 

and focal ischemia will not be accurately modelled. Similarly, if an animal has an infarct that 

is more than two standard deviations above or below the mean for the group, it will also be 

excluded. A change in reperfusion time will affect the extent of the infarct and bilateral 

damage will result in an altered pathophysiological response to the ischemic injury, further 

justifying exclusion. 

Table 2. Exclusion criteria following MCAo. 

Category for exclusion Description 

1. Mortality i)    The animal dies during MCAo surgery or post-surgery as a result of 
the MCAo 

  ii)   After recovering from the anaesthetic, the animal needs to be 
humanely culled under welfare guidelines 

   a.  Sustained weight loss greater than 25% on 2 consecutive 
measures 24 hours apart 

   b.  Continuous barrel rolling or seizure activity for up to 6 hours  

    c.  Neurological score (SHIRPA) of less than 5 out of 15 

2. Surgical miss i)    No clear lesion 

  ii)   Histology shows no neocortical damage and striatal damage less 
than three sections/ infarct volume less than 10 mm3 

3. Standard deviation The total volume of damage is greater than two standard deviations from 
the mean for the whole group 

4. Other i)    Reperfusion is established more than 10% from the designated 
reperfusion time 

  ii)   There is extensive damage in the contralateral hemisphere 

 

3.3.7. Tissue	processing	and	histology	

Rats were culled 24 hours following induction of MCAo. Tissue was processed and sections 

were stained with cresyl violet as described in General Methods. 
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3.3.8. MCAo	infarct	volume	

The area of the ischemic infarct was clearly delineated by cresyl violet staining (see General 

Methods) as a region of pallor. Cresyl violet is a type of Nissl stain (Paxinos & Watson, 

1998) that stains Nissl bodies, structures formed in neurons from rough endoplasmic 

reticulum and ribosomes (Heidelberger, Waxham, Byrne, & Roberts, 2009). Nissl staining is 

lost in degenerating neurons within hours of ischemia as ribosomes dissociate from rough 

endoplasmic reticulum (Zille et al., 2012). Therefore the ischemic region appears pale and 

can be outlined for volume determination. Cresyl violet staining was chosen over commonly 

used 2,3,5-triphenyltetrazolium chloride (TTC) staining because TTC is a marker of 

dehydrogenase activity, thus inflammatory cells contribute to positive staining that limits the 

time window to less than 36 hours post-ischemia and false positives can be obtained if 

metabolism is temporarily impaired (Benedek et al., 2006; Liszczak et al., 1984). Moreover, 

cresyl violet can be used on perfused tissue and thus provides the opportunity in later studies  

to use tissue from the same animals for both infarct volume analysis and 

immunohistochemistry (Rousselet, Kriz, & Seidah, 2012). This reduces the need for a 

separate non-perfused cohort of animals for TTC staining. 

 Neurolucida software (MBF Bioscience Inc., Williston, VT, U.S.A.) was used to stitch 

together images taken using a 4x objective lens on a Nikon Eclipse E800 microscope to 

create virtual sections. Freely available ImageJ software was then used to manually draw an 

outline around the ischemic infarct, the right ipsilateral cerebral hemisphere and the left 

contralateral cerebral hemisphere for each of 9 coronal sections across the extent of the brain 

(+3.20, +1.92, +0.64, ‐0.64, ‐1.92, ‐3.20, ‐4.48, ‐5.76, ‐7.04 mm relative to Bregma (Paxinos 

& Watson, 1998)) and to calculate the enclosed areas. A minimum of 8 stereotaxic levels are 

required for accurate volume determination (Osborne et al., 1987; R. A. Swanson et al., 

1990). The volume of the infarct was then estimated by 1) multiplying the distance between 

the sections by the sum of the cross-sectional area of the infarct across all sections; 2) 

multiplying this volume by the ratio between cerebral hemispheres to correct for edema; and 

3) expressing the volume as a percentage of the contralateral hemisphere to correct for 

differences between animals and tissue processing (Golanov & Reis, 1995; R. A. Swanson et 

al., 1990). Edema was estimated by determining brain swelling in the ipsilateral hemisphere. 

The difference in volume between hemispheres was expressed as a percentage of the 

contralateral hemisphere volume.   
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Calculations: 

1. Absolute infarct volume = sum of cross-sectional areas x distance between sections 

2. Corrected infarct volume = absolute infarct volume x (contra. vol. /ipsi. vol.) 

3. Infarct % = (corrected infarct volume/contra. vol.) x 100 

4. Edema % = (ipsi. vol. – contra. vol.)/contra. vol. x 100 

3.3.9. Statistical	analyses	

Statistical analyses were performed as described in General Methods. Data are presented as 

the mean ± standard deviation.  
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3.4. Results	

3.4.1. Weight	loss	

As expected following surgery, all animals lost body weight over the 24 hours following 

MCAo (Figure 17). The mean weight loss was 8.4 ± 6.4% but there was a wide range of 

weight loss from 1.8% to 20.6 % of the pre-surgery weight (Figure 17). If the study had been 

continued for more than 24 hours, animals with more than 10% loss in body weight would 

have been carefully monitored to ensure they recovered body weight over time and did not 

meet humane removal criteria. 

 

Animal # 
Weight 

Pre-MCAo 
(g) 

Weight at 
24h (g) 

% Weight 
loss 

1 262 208 20.6
2 314 280 10.8
3 300 288 4.0
4 288 282 2.1
5 330 324 1.8
6 328 290 11.6
7 314 280 10.8
8 344 326 5.2

 

Figure 17. Percentage weight loss from pre-surgery weight 24 hours after MCAo. 

	

3.4.2. Exclusions	

3.4.2.1. Mortality	

The 90 minute MCAo intraluminal filament model was associated with high mortality. Out of 

23 animals on which the surgery was performed, 12 died either during or within 24 hours of 

surgery, giving a mortality rate of 52%. This was due to surgical complications (n=7), non-

recovery from anaesthesia (n=3) or severe impairment leading to death within 24 hours 

(n=2).  
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3.4.2.2. Surgical	success	rate	

As mentioned in the previous section, 7 out of 23 animals that underwent a 90 minute MCAo 

died during surgery due to surgical complications. In addition, 2 animals with infarct volumes 

less than 10 mm3 were excluded as surgical misses Although this value was determined in 

animals that underwent 2 hour MCAo (Spratt et al., 2006), it was deemed to be a suitable 

exclusion limit for this model because the animals under 10 mm3 only had an infarct evident 

on 2 or 3 sections and the successfully occluded animals had infarcts more than twice this 

limit. The rate of successful stroke induction excluding surgical misses (n=2), surgical 

complications (n=7) and other mortality (n=5) was therefore 39% (9 out of 23 animals). 

Although we do not know what the cause of death was in 5 animals, these are considered 

unsuccessful because no tissue was able to be analysed and thus need to be accounted for in 

the success rate. 

3.4.2.3. Other	exclusions	

The brain sections for one animal were too fragile to survive the histological staining process 

so results could not be quantified and this animal was omitted from the results. However, the 

tissue fragility was a result of an extremely large infarct that could be seen by eye. No 

animals were excluded based on any of the other listed criteria in Table 2. In total, after all 

the above exclusions, 8 animals out of the original 23 that had undergone 90 minute MCAo 

were able to be used in the final analysis (Table 3). 

Table 3. MCAo animal exclusions. 

Category for exclusion Number of animals 

1. Mortality 12

2. Surgical miss 2

3. Standard deviation -

4. Other 1

Total exclusions 15

Total number of animals 23

Animals available for final analysis 8
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3.4.3. Neurological	function	

Neurological score was measured both prior to reperfusion at 90 minutes and at 24 hours 

following MCAo surgery. Figure 18 shows the scores for each individual animal, including 

two animals that were excluded during analysis on the basis of being surgical misses (#9 and 

#10). All animals were impaired to some degree at both time points. However, this test was 

not a good measure of successful stroke induction as the two excluded animals were not 

distinguishable from the other animals by having either a lower pre-reperfusion or 24h 

neurological score. Therefore it was necessary to perform histological analysis to exclude 

these animals and neurological score should not solely be used as a measure of successful 

stroke induction. 

Once the exclusions had been confirmed, the pre-reperfusion and 24 hour neurological scores 

were compared for the animals included in the final analysis only (n=8) (Figure 19A). The 

mean score for pre-reperfusion was 3.4 ± 1.1 and the mean after 24 hours was 2.3 ± 1.1. The 

scores between the two time points were not significantly different but all animals were 

impaired. The degree of impairment on this test at either time point does not appear to be 

related to the volume of ischemic damage (Figure 19B, C) and thus this test of neurological 

function cannot be used to predict infarct size. 

 

 

Figure 18. Neurological score for all animals where infarct size could be measured.  
Scores were measured both prior to reperfusion and at 24 hours following 90 minute MCAo. A score 
of 0 indicates no impairment with 5 indicating severe impairment in neurological function.  
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Figure 19. Neurological score pre-reperfusion and 24 post-MCAo minus exclusions.  
A) The mean neurological score was not significantly different between the two time points. There 
was no correlation between infarct volume as a percentage of the contralateral hemisphere and either 
the pre-reperfusion score (B) or the score 24 hours after MCAo (C) (n=8). 

3.4.4. Cross‐sectional	area	of	MCAo	ischemic	infarct		

The MCAo infarct was clearly identifiable as a region of pallor following cresyl violet 

staining and can be described by various parameters. The extent of injury throughout the 

anterior-posterior series of 9 coronal sections used to determine volume for a moderate 

infarct is demonstrated in Figure 20. Plotting the cross-sectional area against the section 

position enables us to visualise the spread of the infarct across the brain, where the core is, 

what areas of the brain are involved and the comparison between animals. As shown in 

Figure 21, the infarct core was mainly situated between -0.0 and -2.0mm relative to Bregma 

and extends from 6.5 to greater than 10mm through the rat brain. Already, large variability 

can be seen between animals with the infarct from one animal (#6) only measurable on four 

sections, reaching a maximum of 7 mm2, compared to an infarct that is present on all nine 

sections analysed and reaches a maximum of 37 mm2 in area (#1). The infarct core for these 

Prio
r t

o

re
per

fu
si

on 24
h

0

1

2

3

4

5

Infarct volume (%)
0 10 20 30 40 50

0

1

2

3

4

5
N

eu
ro

lo
g

ic
al

 s
co

re
 2

4h
 p

o
st

-M
C

A
o

A

B C



Chapter 3 - The Middle Cerebral Artery Occlusion Model of Stroke 

- 80 - 

 

Figure 20. Coronal sections demonstrating the anterior-posterior profile of a moderate MCAo 
infarct. The MCAo infarct can be identified as a region of pallor after cresyl violet staining (outlined in 
black). Sections are positioned approximately +3.20, +1.92, +0.64, ‐0.64, ‐1.92, ‐3.20, ‐4.48, ‐5.76, 
and ‐7.04 mm relative to Bregma.  
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Figure 21. Cross-sectional area of the MCAo infarct. The infarct core can be seen where the 
infarct cross-sectional infarct is largest and differs between animals but is predominantly between -0.0 
mm and -2.0 mm relative to Bregma. Individual animals are identified by their tail numbers (n=8). 
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two extremes in infarct size, together with a more moderate infarct (infarct volume close to 

the mean), can be seen in Figure 22.  

3.4.5. Infarct	volume	and	edema	

Calculating the three-dimensional volume of the MCAo infarct provides us with a means to 

estimate the overall size of the infarct for a comparison between animals. Measuring edema 

shows us the effect the infarct is having on the tissue. Table 4 summarises these parameters 

for the animals that successfully underwent MCAo. 

The mean corrected infarct volume following 90 minute MCAo was 93.1 ± 75.5 mm3. When 

expressed as a percentage of the contralateral cerebral hemisphere to normalise for 

differences between animals, this translated to a mean of 18.9 ± 15.8 %. However, large 

variation can be seen in infarct volume between animals, with a greater than ten-fold 

difference between infarcts ranging from 4.5% to 48.9% of the entire cerebral hemisphere, 

and a standard deviation close in size to the mean (Figure 23A). This translates into a 

discrepancy in the regions lesioned between animals with different degrees of involvement of 

subcortical compared to cortical regions. Subcortical regions are always involved in the 

MCAo infarct, being closest to the middle cerebral artery territory, but the involvement of the 

cortex varies substantially. Mild infarcts appear to be predominantly subcortical with injury 

to the striatum, globus pallidus and hypothalamus (Figure 22A). Moderate infarcts show 

damage to the striatum, globus pallidus, amygdala, and possible injury to the thalamus, in 

addition to primary and secondary somatosensory cortices and insular cortex, when compared 

to a stereotaxic rat atlas (Paxinos & Watson, 1998) (Figure 22B). The largest infarcts 

demonstrate injury to the majority of the ipsilateral hemisphere (Figure 22C). The fact that 

one animal was omitted from the results because the tissue was too damaged is indicative of 

an even larger infarct as tissue becomes more fragile when it is severely damaged, therefore 

the maximum infarct may well have been above 48.9% of the contralateral hemisphere. 

There is evidence of edema, as determined by an increase in the size of the ipsilateral 

hemisphere, in all animals except one (Figure 23B). The mean percentage of edema is 6.0 ± 

6.0%. The extent of edema ranged from 1.6% to 16.2% of the cerebral hemisphere and also 

appears to be variable with a ten-fold difference and standard deviation of 6.0% equal to the 

mean. Edema appeared to be greater with larger infarct sizes, as was confirmed by the strong,  
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Figure 22. Images demonstrating variation in the MCAo infarct. Images are of coronal sections 
positioned approximately -1.9mm relative to Bregma, within the infarct core, and demonstrate small 
(A), moderate (B) or large (C) infarcts. 
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positive correlation between these two variables (p = 0.004, Figure 24). The fact that edema 

occurs following MCAo is well established and justifies the decision to adjust for edema 

when calculating infarct volume, thereby avoiding overestimation of infarct size due to the 

ipsilateral hemisphere increasing in size (Golanov & Reis, 1995; R. A. Swanson et al., 1990). 

Table 4. Infarct volume and tissue volume change 24 hours following MCAo. 

Animal 
Contralateral 
Volume (mm3) 

Ipsilateral 
Volume 
(mm3) 

Absolute 
Infarct 
Volume 
(mm3) 

Corrected 
Infarct 
Volume 
(mm3) 

Infarct (%) 
Tissue 
volume 

change (%) 

1 472.4 548.8 268.6 231.2 48.9 16.2
2 489.1 527.1 76.0 70.6 14.4 7.8
3 498.9 521.0 47.4 45.4 9.1 4.4
4 522.2 529.8 45.6 44.9 8.6 1.5
5 503.7 533.0 165.1 156.0 31.0 5.8
6 522.6 530.8 23.7 23.3 4.5 1.6
7 508.5 571.5 163.6 145.6 28.6 12.4
8 479.4 469.8 27.7 28.3 5.9 -2.0

Mean 499.6 529.0 102.2 93.1 18.9 6.0
St. Dev. 18.5 28.8 87.8 75.5 15.8 6.0
St. Err. 6.5 10.2 31.1 26.7 5.6 2.1

 

 

Figure 23. Infarct volume and edema 24 hours following MCAo. 
Infarct volume and edema are presented as a percentage of the contralateral hemisphere. Values are 
displayed per individual animal (A) and as group means (B). 
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Figure 24. Correlation between edema and infarct volume. 
Both values are expressed as a percentage of the contralateral hemisphere (p = 0.004, R2 = 0.78, 
equation of the line of best fit is y=-0.41 + 0.34x). 
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3.5. Discussion	

The middle cerebral artery occlusion model of stroke using intraluminal filament occlusion is 

the in vivo model of choice for testing putative ischemic stroke therapies, used in over 40% of 

neuroprotection experiments (Howells et al., 2010). Aside from rats, it has been adapted for 

use in mice (Connolly et al., 1996), rabbits (Kong et al., 2004), gerbils (Başkaya et al., 1999) 

and primates (Freret et al., 2008). This procedure avoids the need for opening of the skull and 

subsequent brain injury, allows for precise control of reperfusion and directly occludes the 

artery most commonly involved in human stroke (Howells 2010). However, it is 

acknowledged that intraluminal filament MCAo may be associated with low success rates 

and post-operative mortality that researchers over the years have tried to minimise by 

modifying the filament used, for example by poly-L-lysine or silicone coating, and by careful 

post-operative care (Longa et al., 1989; Spratt et al., 2006). 

All animals lost body weight over the 24 hours following surgery. Some animals lost up to 

20% of their body weight, making the welfare of these animals a top priority and very labour 

intensive. Therefore, a test to distinguish early on any animal that has an unsuccessful MCAo 

could save time and effort by allowing the removal of the animal from the study well before 

the end and preventing the need for tissue analysis. In this study, the functional testing regime 

used was not able to distinguish successfully lesioned animals either prior to reperfusion or 

24 hours following surgery so all brain tissue needed to be analysed. A new screening 

procedure would need to be found or the animals would need to be tested at a different time 

point for early exclusion to be made possible. 

This study used a silicone-coated suture developed by Spratt and colleagues that increased 

successful stroke induction and reduced mortality in their studies (Spratt et al., 2006). In spite 

of this updated technique, the surgical success rate was only 39% and the mortality rate was 

52% in this study. Out of the original 23 animals that underwent 90 minute MCAo, only 8 

were available for final analysis. Moreover, the complexity of the surgery and the need for 

animals to be re-anaesthetised for filament removal and reperfusion resulted in the need for 3 

hours of surgery time per animal and the completion of only 2 surgeries per day, which is 

very low throughput. Taking into account the low throughput, the success rate of 39% and the 

high mortality, this model would not be sufficient to generate large group sizes for functional 

testing. 
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Our hypothesis that the infarct generated by the MCAo model would be consistent did not 

appear to be supported. Aside from the high mortality, low success rate and low throughput 

nature of the MCAo procedure used in this study, the infarcts themselves were highly 

variable both in terms of infarct volume and edema. Ten-fold differences were found between 

the minimum and maximum values for both parameters that translates to a large difference in 

the brain regions affected by ischemia. For example, only in some cases does the cortex 

suffer ischemic injury and the same parts of the cortex are not always injured, meaning that 

any functional tests for use during stroke treatment trials would be difficult to interpret in 

terms of brain regions and functions affected for each animal. Furthermore, injury to non-

target regions such as the hypothalamus and specific cortices can cause a wide range of 

changes that may affect behavioural tasks and general welfare. Hyperthermia can occur in 

animals in which the hypothalamus is affected by MCAo (T. Gerriets et al., 2003; F. Li, 

Omae, & Fisher, 1999). 

Vasogenic edema occurs following ischemic stroke as a result of blood-brain barrier 

disruption and ultimately leads to brain swelling (J. Simard et al., 2007). Edema, estimated by 

swelling of the ipsilateral hemisphere, was observed in our MCAo model as would be 

expected from the literature (Golanov & Reis, 1995). In addition to infarct volume, edema 

also showed large variability, and increasing edema was strongly correlated with increasing 

infarct volume. Because edema typically peaks around 3 days following ischemia (Rewell et 

al., 2013) and the endpoint for the current study was 24 hours, it is likely that we have not 

observed peak edema and that larger infarct volumes lead to greater edema. However we 

cannot rule out that it is early edema that causes the infarct volume to be greater. 

The observed infarct variability is consistent with results found by other researchers using 

Sprague Dawley rats, though it is the most commonly used strain (Howells et al., 2010). The 

mean corrected infarct volume of 93.1 ± 75.5 mm3 is in agreement with a previous value of 

approximately 110mm3 reported for 90 minute MCAo in Sprague Dawley rats (Howells, 

Sena, & Macleod, 2014). There was large variability in infarct volume with a standard 

deviation close to 100mm3 and the MCAo infarct was less variable in both Wistar Kyoto rats 

and spontaneously hypertensive rats. A recent review demonstrated that over 100 Sprague 

Dawley rats would be required per cohort to identify a 30% drug effect size (80% power, α = 

0.05) following 90 minute MCAo, compared to 33 Wistar Kyoto or 5 spontaneously 

hypertensive rats (Howells et al., 2014). This may be due to variable branching of the middle 

cerebral artery in Sprague Dawley rats (Fox, Gallacher, Shevde, Loftus, & Swayne, 1993). 
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Therefore, if these studies were to be continued, we would need to consider alternative rat 

strains to decrease variability. However, it is not just the infarct variability that makes the 

MCAo model described here unsuitable for further analysis. It is the high mortality, low 

success rate, low throughput and intensive welfare requirements in combination with the 

infarct variability that justify the requirement for the use of a different model for further 

investigations into new therapies for ischemic stroke. 

3.6. Summary	

This chapter demonstrated the use of the intraluminal filament middle cerebral artery 

occlusion model in adult male rats and assessed the infarct produced by this technique. 

Despite the prevalent use of the MCAo model of focal ischemia in the stroke literature, this 

study shows that MCAo in Sprague Dawley rats under our experimental conditions results in 

highly variable infarct volumes, high mortality and low success rates. This model is 

technically complicated and low throughput, making large group sizes difficult and time-

consuming to generate. As such, we do not believe that this model is suitable for our further 

investigations into novel treatment strategies for ischemic stroke. 
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Chapter 4. Establishment	of	the	L‐NIO	Model	of	Focal	Ischemia	

4.1. Introduction	

Given the large variability in infarct volume of the MCAo model described in the Chapter 3, 

in addition to the variable involvement of non-target regions, low throughput, technical 

difficulty, high mortality and low success rate, it was necessary to investigate a second model 

of focal ischemia for this thesis.  

Many of the currently available models are based on MCAo that made them unsuitable for 

similar reasons. Additionally, direct surgical occlusion of the middle cerebral artery requires 

even greater surgical skill and craniectomy (Carmichael, 2005; Howells et al., 2010). 

Embolic or thrombotic models are known to be even more variable, due to limited control 

over clot/sphere placement or  the timing and extent of reperfusion (Beech et al., 2001). 

Photothrombosis, dependent on irradiation through the skull (Watson et al., 1985), can only 

be performed on structures close to the surface such as the cortex and not subcortical 

structures such as the striatum. The striatum is of particular interest because of its key role in 

motor function and proximity to the subventricular zone, a neurogenic zone that is a prime 

target for enhancement of neurorestoration following stroke. 

The most promising candidate was the endothelin-1 model, that uses stereotaxic and thus 

targeted injection of endothelin-1, leading to vasoconstriction of either the middle cerebral 

artery or a particular tissue target and subsequent ischemia (Fuxe et al., 1992; Sharkey & 

Butcher, 1995). Because of the use of a stereotaxic frame and injection rather than dissection 

and physical occlusion of vessels, this model is high throughput and can be more consistent. 

It only requires a craniectomy small enough to admit a very fine needle. However, a major 

limitation is that endothelin-1 is likely to have receptor-mediated effects on endothelial cells, 

neurons and astrocytes that are involved in both the pathophysiology of stroke and repair 

processes (Carmichael, 2005; Kaundal et al., 2012).  

Fortunately, the opportunity arose to investigate the use of an alternative vasoconstrictive 

compound to induce focal striatal ischemia. Researchers in the laboratory of Professor S. 

Thomas Carmichael (University of California, Los Angeles) have been replacing local 

stereotaxic injection of endothelin-1 with injection of N5-(1-iminoethyl)-L-ornithine (L-NIO) 

to induce white matter stroke in mice (Hinman et al., 2013; Rosenzweig & Carmichael, 2013; 
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Sozmen et al., 2009). L-NIO is a potent inhibitor of nitric oxide synthase (NOS), that 

increases mean arterial blood pressure and decreases regional cerebral blood flow when 

administered to rats intravenously (Oyama et al., 2010; Rees et al., 1990). Moreover, L-NIO 

increases infarct volume when administered to rats prior to MCAo (Greco et al., 2011). 

Because NOS is inhibited, the production of nitric oxide that maintains vascular tone is 

reduced following L-NIO injection and local vasoconstriction occurs at the injection site. 

Although L-NIO has been used to induce white matter stroke in the corpus callosum of mice 

by Carmichael and colleagues (Hinman et al., 2013; Rosenzweig & Carmichael, 2013), it has 

not been fully characterised as a striatal model of focal ischemia in either rats or mice.  

Preliminary studies in mice in the Carmichael laboratory have shown that L-NIO injection 

directly into the striatum results in consistent ischemic lesions restricted to the striatum (A. 

Clarkson, pers. comm.). Without variable involvement of the cortex and other non-target 

regions, tests of motor and sensory function are much less complex to interpret. Furthermore, 

injection of L-NIO has similar advantages to the endothelin model including that stereotaxic 

injection is technically easier, faster and more consistent than physical occlusion of blood 

vessels. Small, focal infarcts with the potential for recovery are also more likely to model 

strokes seen in surviving human patients than the malignant infarction produced by MCAo 

(Carmichael, 2005). 

Injection of L-NIO was performed in combination with a permanent ligation of the ipsilateral 

external jugular vein to both enhance the infarct and add hypertension to the model. In rats, 

blood primarily exits the brain through the external jugular vein and the internal jugular vein 

is only minor (Bederson et al., 1991). Vein occlusion has been shown to temporarily increase 

cerebral blood volume and water content, leading to intracranial hypertension and decreased 

cerebral blood flow (Bosnjak & Kordas, 2002; Gotoh, Ohmoto, & Kuyama, 1993). However, 

cerebral blood flow does not necessarily lower to the threshold for infarction, as it depends on 

the degree of venous pressure. Venous collaterals and contralateral outflow may provide 

alternative routes for blood to exit the brain (Gotoh et al., 1993; Otsuka et al., 2000; Usman 

& Wasay, 2006). Indeed, unilateral and even bilateral jugular vein occlusion in rats do not 

appear to cause injury on their own (Klein et al., 1997; Sakata, Endo, Kimura, & Yamamoto, 

1999), although blood-brain barrier disruption, brain edema and subarachnoid haemorrhage 

may occur when the intracranial pressure is very high (Fujita, Kojima, Tamaki, & 

Matsumoto, 1985; Gotoh et al., 1993). The rationale behind jugular vein occlusion in this 

model was that intracranial hypertension and the resultant decrease in cerebral blood flow 
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may compound the effects of local vasoconstriction with L-NIO. Other models have used 

common carotid artery occlusion in combination with a vasoconstricting agent (ET-1) to 

increase infarct size (Horie et al., 2008). Jugular vein occlusion was chosen for this model 

because it permits reperfusion and leads to intracranial hypertension. Hypertension is the 

biggest risk factor for stroke (Ezzati et al., 2003) and it is important to conduct preclinical 

drug studies in the context of hypertension (O'Collins et al., 2013).   

To our knowledge, this is the first demonstration of L-NIO-induced focal ischemia in the 

striatum of the rat. Rats were chosen because we were able to use the same species and strain 

on which MCAo had been performed for a better comparison. Furthermore, there is a wide 

range of paradigms available in our laboratory for characterising functional deficits in rats. 

4.2. Objectives	and	hypothesis	

This thesis sought to establish and characterise the L-NIO model of focal striatal ischemia in 

rats for the first time. We hypothesised that L-NIO could be used to induce a focal and 

consistent striatal ischemic infarct in rats. The current chapter focuses on the establishment of 

the L-NIO model of focal ischemia and the following chapter details the histological and 

functional characterisation of this novel rat model. To establish the L-NIO model of focal 

ischemia, our specific objectives were: 

1. Determine whether L-NIO could induce a striatal infarct in rats and establish the dose 

of L-NIO needed to produce an optimal infarct 

2. Calculate the mortality and success rate associated with L-NIO surgery 
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4.3. Methods	

4.3.1. L‐NIO	model	

The procedures used to induce ischemia using L-NIO were based on the techniques used in 

mice by Dr Andrew Clarkson (University of Otago). There were two stages to this surgery: 

permanent ligation of the external jugular vein and stereotaxic injection of L-NIO into the 

striatum. Physiological parameters were monitored throughout surgery and welfare was 

monitored closely after surgery.  

4.3.1.1. Preparation	of	L‐NIO	

N5-(1-iminoethyl)-L-ornithine (L-NIO) was obtained from Sigma-Aldrich (I134) and 

dissolved in sterile saline at the required concentration. These single use aliquots were then 

stored at -20°C. Each aliquot was thawed on the day of use and kept at 4°C until needed. 

4.3.1.2. L‐NIO	dose	

Firstly, a range of doses of L-NIO from 0.04 - 0.150µmol per rat, in volumes from 3-5µl 

(n=3-6/group), were trialled in single-injection paradigms at the striatal stereotaxic 

coordinates anterior-posterior (AP) +0.7mm, medial-lateral (ML) +3.2mm and dorsal-ventral 

(DV) -5.5mm relative to Bregma and dura (Paxinos & Watson, 1998). Three doses from 0.5 

to 2.0µmol of L-NIO that produced measureable infarcts were injected at two sites, in 5µl 

sterile saline (Table 5A). The coordinates used are shown in Figure 25. 

Table 5. Summary of animal group numbers for L-NIO dose determination and time course 

Study Group Number of rats 

A) L-NIO dose determination Sham 

0.5 µmol 

1.0 µmol 

2.0 µmol 

3 

3 

3 

5 

B) L-NIO time course 3 days 

7 days 

14 days 

35 days 

5 L-NIO, 3 sham 

5 L-NIO, 3 sham 

5 L-NIO, 3 sham 

10 L-NIO, 8 sham 

A) Dose determination study carried out in current chapter. B) L-NIO time course fully characterised in 
the Chapter 5, included here because physiological, welfare, mortality and success rate data from 
animals in both study A (sham and 2µmol only) and B (3-35 days) were pooled. 
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Figure 25. Coronal rat brain diagrams showing final coordinates for the two L-NIO injection 
sites in the right striatum. A) First injection site +1.0mm relative to Bregma. B) Second injection site 
+0.5mm relative to Bregma. Bregma is shown as a blue dotted line, the needle path is shown as a red 
solid line 5.5mm below dura and the medial-lateral distance of 3.2mm is shown as a black dotted line. 

(Adapted from Paxinos, G., & Watson, C., 1998, with permission.) 
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4.3.1.3. Surgical	procedures	

Adult male Sprague Dawley rats (250-350g) were used in these studies. Prior to surgery, the 

weight of each rat was obtained and recorded. Anaesthesia was induced using 5% isoflurane 

in oxygen gas at a flow rate of 4L/min and maintained at 1.5-3.5% isoflurane, 0.8L/min using 

a nose cone attached to the stereotaxic frame. Animals were initially positioned ventral side 

up with the neck region elevated using gauze swabs. On the right-hand side of the neck, the 

fur was trimmed and the skin sterilised with 70% isopropanol. Marcain (0.8mg/kg) was 

injected either side of the incision line for analgesia. An incision of approximately 10mm was 

made on the right-hand side where the right jugular vein could be seen pulsating below the 

surface of the skin. Blunt dissection was used to locate the external jugular vein and it was 

permanently ligated with 5-0 silk suture (Resorba, Nuremberg, Germany). The incision was 

sutured closed and covered with gauze and the animal was turned dorsal side up to be placed 

in the stereotaxic frame. 

Fur was trimmed from the top of the head and the skin was sterilised with 70% isopropanol. 

Marcain was injected either side of the incision line for analgesia. A centreline incision was 

made and the skin was retracted to reveal Bregma. Anterior-posterior and medial-lateral 

coordinates were calculated from Bregma and dorsal-ventral coordinates were calculated 

from dura. A hole was drilled through the skull at the calculated coordinates in the striatum 

and a 10 µl syringe (1701RN, Hamilton, Reno, NV, U.S.A.) connected to a removable 32 

gauge needle (7803-04, Hamilton) filled with L-NIO solution was slowly lowered at a rate of 

2mm/min to the required depth of 5.5mm below dura. Once in location, the solution was 

infused at a rate of 500nl/min. The needle was left in place for 2 minutes following infusion 

to minimise backflow and then slowly raised at a rate of 2mm/min. This process was repeated 

for protocols where there were two injections. The incision was sutured closed, topical 

analgesic was applied and animals were placed in an enclosed, humidified chamber at 25°C 

to recover from anaesthesia. 

4.3.1.4. Sham	surgery	

It is important to include sham animals in stroke research because brain surgery itself can 

cause injury. It is well-established that needle insertion into the brain leads to inflammation, 

including activation of microglia and reactive astrogliosis, and stimulation of neurogenesis 

may affect an animal’s function but not be related the stroke itself (Song et al., 2013; 

Theodoric, Bechberger, Naus, & Sin, 2012). Therefore, it is necessary to include sham 
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animals in order to control for effects purely relating to surgical intervention and/or 

anaesthesia. Here, sham surgery consisted of exactly the same surgical procedures, jugular 

vein ligation and stereotaxic injection, but the solution injected was physiological saline (the 

vehicle solution). 

4.3.1.5. Physiological	monitoring	

Physiological parameters were monitored and maintained where possible because changes to 

these parameters during a stroke surgery can influence stroke pathophysiology. For example, 

hypothermia is neuroprotective during stroke in animal models (van der Worp et al., 2007). 

Therefore, body temperature was maintained during surgery at 37°C via a rectal probe and 

homeothermic feedback system (50-7221F, Harvard Apparatus, Holliston, MA, U.S.A.) to 

ensure this was not an issue in this model. Heart rate and oxygen saturation were also 

measured and recorded throughout the surgery using a veterinary pulse oximeter (POVS10V, 

L.R. Instruments, Melbourne, Australia) attached to a rear paw. Data was pooled from all 

animals that received 2.0µmol of L-NIO in both the L-NIO dose characterisation and time 

course studies (Table 5). 

4.3.1.6. Post‐operative	care	

Animals were given sterile saline subcutaneously following surgery for fluid replacement. 

Soaked food pellets were scattered around the cage to encourage eating. Animals were 

monitored daily for 3 days following surgery and twice weekly after the first week for longer 

studies.  

As a result of focal ischemia, animals may be expected to display some deficits in 

neurological function. However, if the deficits are severe, rats may be unable to perform 

basic functions such as eating and drinking. Therefore, it is necessary to evaluate 

neurological function as a measure of welfare. For the L-NIO model, there is no simple 

functional test to determine surgical success, as the impairment is subtle due to the focal 

nature of the infarct. Therefore, the same neurological screen used following MCAo was not 

suitable following L-NIO-induced focal ischemia. Instead, a modified form of a more 

comprehensive neurological scoring protocol known as the SHIRPA test (Hunter et al., 2000; 

Rogers et al., 1997) was performed to confirm there were no pre-existing neurological 

deficits prior to surgery. It was further performed at 24 hours following L-NIO surgery and 

weekly thereafter, solely for welfare purposes.  
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Measures assessed by this testing regime included general condition and motility, presence of 

circling behaviour, righting reflex, forepaw reaching, forepaw placement, the ability to turn 

uphill when placed downhill on a slope and torso rotation (A. McGregor, pers. comm., Table 

6). A lack of neurological impairment resulted in the maximum score of 15, with scores less 

than 15 denoting some impairment. A score of 5 would indicate severe enough impairment to 

justify humane removal from the study. 

Table 6. Modified SHIRPA criteria for assessing neurological function following L-NIO-induced 
ischemia. 

Test Score Description 

General condition 0-2 Score 2 if normal (good coat condition, alert, moving), 
1 if unkempt (dirty coat, hunched posture, aggressive), 
0 if thin, weak and poor muscle tone.  

Motility 0-2 Score 2 for normal motility, 1 if rocking and unsteady, 
0 if immobile. 

Circling 0-1 Score 1 for non-circling, 0 for circling. 

Righting reflex 0-1 Animal placed on its back scores 1 if able to right itself. 

Visual forepaw reach 0-2 Ability of animal to reach to bench when held slightly 
away from it, scores 1 for each successful forepaw 
placement. 

Paw placement 0-2 Animal held lengthways at the edge of bench and each 
paw placed in turn on edge of the bench, each 
successful paw placement back on the bench scores 1. 

Inclined platform 0-3 Animals placed facing down on a 45˚ incline, scores 3 
if animal rotates to face upwards <15s, 2 for 15-30s, 1 
for >30s, and 0 if animal falls off or remains pointing 
downwards. 

Rotation 0-2 Animal is held by the base of the tail and gently rotated 
clockwise then anticlockwise, animal swivels up 
contralaterally to the direction of rotation, scores 1 for 
each side. 

4.3.1.7. Exclusion	criteria	

An animal is considered to be integral to the study at the commencement of anaesthesia. 

However, there may be valid reasons to exclude an animal from the study and these must be 

determined before the experimental procedures are carried out to avoid any bias in 

determining exclusion criteria once treatment groups have been identified (Fisher et al., 

2009). 
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Exclusion criteria (modified from A. McGregor, pers. comm., Table 7) were able to be 

established once the dose of L-NIO and thus the infarct characteristics had been established. 

If an animal dies or has to be humanely culled as a result of focal ischemia, they will not 

provide accurate information about the effects of any therapeutic strategy being investigated 

and need to be removed from the study. Secondly, if there is no detectable infarct, or the 

infarct is equivalent to or smaller than the sham infarct, it is likely that vasoconstriction has 

not been achieved and focal ischemia will not be accurately modelled. As sham animals had 

up to 3 consecutive sections in a series with cell loss evident, it was decided that an animal 

had no infarct if less than 3 sections contained cell loss. Furthermore, if an animal has an 

infarct that is more than two standard deviations above or below the mean for the group, the 

procedure may not have been successful or was exacerbated in that animal and may skew the 

results, so these are also grounds for exclusion. Lastly, bilateral damage will result in an 

altered pathophysiological response to the ischemic injury, justifying exclusion of an animal 

in which this is identified. 

Table 7. Exclusion criteria following L-NIO-induced ischemia. 

Category for Exclusion Description 

1. Mortality i)    The animal dies during L-NIO surgery or post-surgery as a result 
of the surgical procedure 

  ii)   After recovering from the anaesthetic, the animal needs to be 
humanely culled under welfare guidelines 

   a.  Sustained weight loss greater than 25% on 2 consecutive 
measures 24 hours apart 

   b.  Continuous barrel rolling or seizure activity for up to 6 hours 

    c.  Neurological score (SHIRPA) of less than 5 out of 15 

2. Surgical miss i)    No clear lesion 

  ii)   Histology shows infarct on less than three sections 

3. Standard deviation If the total volume of damage is greater than two standard deviations 
from the mean for the whole group 

4. Other There is extensive damage in the contralateral hemisphere 

   

4.3.2. Tissue	processing	and	histology	

These procedures are described in General Methods. 
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4.3.3. L‐NIO	infarct	volume	

Traditionally, histological staining or 2,3,5-triphenyltetrazolium chloride (TTC) is used to 

delineate the boundary of ischemic infarcts (Zille et al., 2012). However, when sections from 

animals that had undergone L-NIO-induced ischemia were stained with cresyl violet, the 

infarct was not evident as a region of pallor as was the case for MCAo animals. Instead, there 

was an area of hypercellularity immediately adjacent to the needle tract and the borders of the 

infarct were not distinct at any time post-infarct that was assessed. These results are 

consistent with findings from Fuxe and colleagues, who also did not see a clear region of 

pallor following cresyl violet staining in a ET-1 model of striatal ischemia (Fuxe et al., 1992). 

Therefore, using cresyl violet to estimate infarct volume would have led to inaccurate volume 

estimations. Haematoxylin and eosin staining was not successful because the free-floating 

tissue sections, cut to 40 µm thickness, were too thick to stay in position on the slides through 

the successive rehydration and dehydration steps required for this staining procedure and the 

stain did not penetrate evenly. The TTC staining procedure requires sections of 1-2mm, thus 

it was not possible to obtain the 8-9 sections required for volume calculation (Osborne et al., 

1987; R. A. Swanson et al., 1990), due to the small size of the striatum in comparison to this 

slice thickness. Furthermore, the short time window in which TTC can be used (Liszczak et 

al., 1984), and the need for an additional cohort of animals that are not perfused, made it 

unsuitable for chronic studies of infarct volume and immunohistochemical makers in the 

same animals.  

Instead, the immunohistochemical marker NeuN (Neuronal nuclei; MAB377, Merck 

Millipore, Billerica, MA, U.S.A., Appendix B) was chosen to delineate the area of neuronal 

injury and thus determine infarct volume. Although loss of NeuN immunoreactivity may 

reflect a loss of antigenicity or protein depletion and not neuronal loss, decreased NeuN 

immunoreactivity may be used to identify neuronal injury and to predict neuronal death 

(Unal-Cevik, Kilinç, Gürsoy-Ozdemir, Gurer, & Dalkara, 2004). In the current study, reduced 

NeuN immunoreactivity was found in a similar location to reduced GFAP immunoreactivity 

3 days post-ischemia, suggesting that astrocytes had also been lost in this region, and 

additional injury to brain cells other than neurons is to be expected within the ischemic 

infarct. Moreover, NeuN immunoreactivity has been used previously to assess ischemic 

injury (F. Liu, Schafer, & McCullough, 2009; Popa-Wagner et al., 2010). DAB 

immunohistochemistry was performed for NeuN as described in General Methods. 
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Initial experiments failed to produce an ischemic infarct following jugular vein occlusion and 

L-NIO injection because the dose of L-NIO was too low. Infarcts were produced with a 

minimum of 0.5µmol of L-NIO in 5µl sterile saline at two sites separated by 0.5mm in the 

striatum. Infarct volume could only be determine in rats with a detectable lesion, including 

those that received 0.5, 1.0 or 2.0µmol of L-NIO in 5µl sterile saline at two sites, in addition 

to sham rats (n=3/group, Table 5B). These animals, culled 3 days post-ischemia, were used 

for defining the dose of L-NIO to be used in subsequent studies.  

In these animals, the area of the ischemic infarct was able to be delineated as a region of 

decreased NeuN immunoreactivity. Neurolucida software (MBF Bioscience Inc., Williston, 

VT, U.S.A.) was used to stitch together images taken using a 4x objective lens on a Nikon 

Eclipse E800 microscope to create virtual sections. Freely available ImageJ software was 

then used to manually draw an outline around the ischemic infarct, the right ipsilateral 

striatum and the left contralateral striatum for each of 8 evenly spaced coronal sections 

covering the extent of the striata (+1.70, +1.38, +1.06, +0.74, +0.42, +0.10, -0.22, -0.54mm 

relative to Bregma) and to calculate the enclosed areas. A minimum of 8 stereotaxic levels 

are required for accurate volume determination (Osborne et al., 1987; R. A. Swanson et al., 

1990). This was in contrast to infarct volume quantification in the MCAo model, where 9 

sections across the extent of the entire brain were used, because the L-NIO-induced infarct 

only spans the striatum and sections outside this region would therefore provide no 

information. The volume of the infarct was then estimated by 1) multiplying the distance 

between the sections by the sum of the cross-sectional area of the infarct across all sections; 

2) multiplying this volume by the ratio between left and right striata to correct for edema; and 

3) expressing the volume as a percentage of the contralateral striatum to correct for 

differences between animals and tissue processing (Golanov & Reis, 1995; R. A. Swanson et 

al., 1990). Edema was calculated by expressing the difference in volume between striata as a 

percentage of the contralateral striatum volume (Golanov & Reis, 1995).  

Calculations: 

1. Absolute infarct volume = sum of cross-sectional areas x distance between sections 

2. Corrected infarct volume = absolute infarct volume x (contra. vol./ipsi. vol.) 

3. Infarct % = (corrected infarct volume/contra. vol.) x 100 

4. Edema % = (ipsi. vol. – contra. vol.)/contra. vol. x 100 
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4.3.4. Glial	cell	activation	

To investigate glial cell activation following L-NIO-induced ischemia, tissue was collected 

from animals that had received different doses of L-NIO or received L-NIO injections at 

various times post-ischemia (Table 5). Antibodies against GFAP and Iba1 (Appendix B) were 

used to identify the response of astrocytes and microglia/macrophages to focal ischemia 

respectively, both of which are upregulated following injury (D. Ito et al., 1998; Pekny & 

Nilsson, 2005). DAB immunohistochemistry was performed on 6 consecutive sections per 

animal that encompassed the infarct core (+1.38, +1.06, +0.74, +0.42, +0.10, -0.22mm 

relative to Bregma) and semi-quantitative analysis was carried out for both antibodies as 

described in General Methods. 

4.3.5. Statistics	

Statistical analyses were performed as described in General Methods. For determination of L-

NIO dose, the parameter for each dose was compared to sham using an independent samples 

two-tailed t-test. Data are presented as the mean ± standard deviation. 
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4.4. Results	

4.4.1. L‐NIO	dose	determination	

These studies aimed to establish a novel L-NIO model of focal ischemia that would produce a 

moderate infarct contained within the rat striatum. The infarct needed to be large enough to 

result in a measurable functional deficit but not so large as to encompass the entire striatum, 

meaning that recovery in peri-infarct tissue could still be investigated. As the L-NIO model 

for rats was adapted from the model trialled in mice, the starting dose was the dose that had 

produced an infarct in mice. However no infarct could be seen in rats with this dose, either by 

histology with cresyl violet or immunohistochemical means using an antibody against the 

mature neuronal marker NeuN. Consequently, the dose had to be increased and the delivery 

sites altered until a moderate infarct was reached that met the above criteria and differed by 

infarct volume and glial activation from both sham animals and animals that had received a 

lower dose of L-NIO. 

4.4.1.1. Determination	of	L‐NIO	dose	and	stereotaxic	sites	

It was initially difficult to generate an infarct at all using L-NIO in combination with jugular 

vein occlusion. The dose that had been successful in the mouse, 0.04µmol L-NIO in 3µl of 

saline, failed to produce an infarct in rats when injected at striatal coordinates AP +0.7mm, 

ML +3.2mm, DV -5.5mm relative to Bregma and dura (Paxinos & Watson, 1998). This led to 

the conclusion that the dose of L-NIO needed to be increased and that jugular vein occlusion 

on its own was not sufficient to cause an ischemic infarct. Doses ranging from 0.04 - 

0.150µmol per rat, in volumes from 3-5µl, also did not produce an infarct (n=3-6/group, data 

not shown).  

A variation of the procedure, involving injection of 0.100µmol (n=3) or 0.600µmol (n=3) of 

L-NIO directly adjacent to the middle cerebral artery instead of into the striatum (AP 

+0.2mm, ML +5.2mm, DV -7.5mm relative to Bregma and dura), was performed to see if an 

infarct could be produced by vasoconstriction of the middle cerebral artery. One rat also 

received a blue dye injection at the same coordinates to identify the location of the needle 

beside the MCA. Despite the dye injection showing that the needle was positioned in the 

correct location, this alternative also failed to produce an infarct. 
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An L-NIO-induced infarct was eventually detected that looked different to sham animals with 

a minimum dose of 0.5 µmol of L-NIO per 5µl injection at two different sites in the striatum 

spaced 0.5mm apart. L-NIO was injected at two separate sites to extend the infarct in the 

anterior-posterior direction: site 1 at AP +1.0mm, ML +3.2mm, DV -5.5mm and site 2 at AP 

+0.5mm, ML +3.2mm, DV -5.5mm relative to Bregma and dura (Figure 25). Two further 

doses were trialled at these sites, 1.0µmol and 2.0µmol. All three doses produced infarcts, 

with 2.0 µmol of L-NIO producing the largest infarct. Animals used for dose optimisation 

were culled 3 days following surgery (n=3-5/group) and analyses were performed on brain 

tissue from these animals. 

4.4.1.2. Infarct	volume	

NeuN immunoreactivity was more successful than cresyl violet, TTC and haematoxylin and 

eosin staining at delineating the L-NIO-induced ischemic infarct. A reduction or absence of 

NeuN expression determined the border of the infarct that could be clearly identified (Figure 

26A,B,C). NeuN immunoreactivity could still be observed within the infarct, however the 

expression was fainter and more irregular with an absence of clear nuclei within the infarct, 

compared to non-infarcted regions where nuclei appeared round and cell bodies were regular 

in shape (Figure 26D,E). These observations suggest that NeuN expression within the infarct 

identified cells that were severely injured or had already died as a result of ischemia. The 

high background within the infarct (Figure 26D) appeared to be the reason why an area of 

pallor was not observed at this time point despite reduced NeuN immunoreactivity.  

NeuN immunoreactivity was therefore used to determine infarct volume 3 days following L-

NIO-induced ischemia. Infarct volume was also recorded for sham animals because lowering 

a fine needle through brain tissue and injecting a volume of liquid, albeit the saline vehicle, 

still causes a small amount of injury and thus inflammation (Figure 27A,C,E) (Song et al., 

2013; Theodoric et al., 2012). The highest L-NIO dose of 2.0µmol that produced the largest 

infarct volume also produced the only infarct that was significantly different in volume from 

sham animals (8.5 ± 5.2% of the contralateral striatum compared to the sham volume of 0.7 ± 

0.3%; p = 0.047; graph in Figure 28A; images in Figure 27). Neither of the two lower doses 

of L-NIO produced an infarct significantly different from sham (Figure 28A).  
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Figure 26. The L-NIO infarct 3 days post-ischemia. The L-NIO (2.0µmol) infarct can be identified 
as a region of reduced or absent NeuN immunoreactivity, magnified in A, B and C (white outline). 
High-magnification images demonstrate irregular NeuN expression and high background within the 
infarct (D), compared to non-infarcted regions (E). CX is the cortex, ST is the striatum and CC is the 
corpus callosum. Scale bar = 100µm. 
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Figure 27. Images demonstrating the infarct induced by L-NIO compared to sham surgery. The 
area of the infarct is demonstrated in representative animals from sham (A) and L-NIO (2.0 µmol, B) 
groups (white outline). Iba1 (C,D) and GFAP immunoreactivity (E,F) are also shown. A core devoid of 
GFAP is found only in the L-NIO group (black outline, F). Animals were culled 3 days post-ischemia. 
Scale bar = 2mm. 
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Figure 28. Dose-dependent changes in L-NIO ischemic infarct 3 days post-ischemia.  
A) Infarct volume was only significantly different between sham and focal ischemia animals when a 
dose of 2.0µmol of L-NIO was injected. B) There was no evidence of edema, as indicated by a 
positive change in striatal tissue volume, in any group (n=3-5; * p < 0.05). 
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The change in tissue volume of the ipsilateral striatum was investigated to determine if edema 

had caused swelling and thus an increase in striatal volume. Values for sham, 0.5 and 

1.0µmol L-NIO were negative, indicating that the ipsilateral striatum was smaller in volume 

than the contralateral striatum and that no edema was evident compared to sham animals 

(Figure 28B). This may be the result of the right striatum being smaller in these rats as the 

slight infarct in sham animals is unlikely to have caused a change in volume. Interestingly, 

the dose with the largest infarct (2.0µmol) had the only positive percentage tissue change, 

usually indicative of edema, but in this case is not significantly different to the other groups.  

4.4.1.3. Iba1	

Microglia are brain cells that respond to factors such as ATP released by injured or dying 

cells and release pro-inflammatory mediators that propagate inflammation and brain injury), 

as well as performing phagocytosis (Figure 4) (Di Virgilio et al., 2009; H.-M. Gao & Hong, 

2008). Therefore, microglia were predicted to be present at the site of L-NIO induced-

ischemia. Sham ischemia would also induce a microglial response because of needle tract 

injury. Therefore the area of Iba1 immunoreactivity, that identifies microglia/macrophages in 

the brain (D. Ito et al., 1998), was quantified for each dose of L-NIO and compared back to 

the sham response. Once again, only the highest dose of L-NIO (2 µmol) produced a 

microglial/macrophage response that was significantly different from that of sham animals (p 

= 0.032; graph in Figure 29; images in Figure 27C,D). In these animals, 5.9 ± 2.4% of the 

striatal area was covered by Iba1 immunoreactivity compared to 1.8 ± 0.6% in sham animals 

(Figure 29). 

4.4.1.4. Astrogliosis	

Astrocytes are further glial cells in the brain that respond to cell injury and pro-inflammatory 

signals. They contribute to glial scar formation and propagation of brain injury but also have 

supportive functions (Sofroniew, 2009). Astrocytes can be identified with the use of an 

antibody against GFAP that is up-regulated following injury (Pekny & Nilsson, 2005). GFAP 

is the predominant intermediate filament protein in astrocytes in the normal brain, although 

immunohistochemistry for GFAP does not label all the fine branching processes or the cell 

body of astrocytes (Pekny & Nilsson, 2005; Sofroniew & Vinters, 2010). Tissue sections 

were analysed for GFAP immunoreactivity to investigate reactive astrogliosis in the presence 

of the L-NIO infarct (Figure 27E,F). The area of GFAP immunoreactivity was found  



Chapter 4 – Establishment of the L-NIO Model of Focal Ischemia 

- 107 - 
 

 

 

Figure 29. L-NIO dose-dependent changes in Iba1 immunoreactivity 3 days post-ischemia. 
The area of Iba1 immunoreactivity, expressed as a percentage of the area of the striatum, was 
significantly greater than sham for only the highest dose of L-NIO, 2.0µmol (n= 3-5; * p ≤ 0.05). 

 

to be elevated at the smallest dose of L-NIO, 0.5µmol, where GFAP immunoreactivity 

covered 11.0 ± 2.0% of the striatal area outside the core compared to 3.9 ± 1.5% in sham 

animals (p = 0.007; Figure 30A). However, the values for the two higher doses were also 

significantly different to sham. Therefore, all three L-NIO doses induced a significant 

astroglial response that was specific to ischemia. A core area devoid of GFAP 

immunoreactivity was evident in the centre of the L-NIO infarct and not apparent in sham 

animals (Figure 27E,F). This area was therefore excluded from the previous area 

measurements. Because this core area appeared to vary in size, it was quantified to see if 

there was a variation with L-NIO dose. The mean area of the GFAP-devoid core was 

significantly different between the highest dose and the sham group, an area of 18.8 ± 13.0% 

of the entire striatum compared to 0% for shams (p = 0.031; Figure 30B). The two lower L-

NIO doses also produced a core area devoid of GFAP but this was much smaller, less than 

5.0% of the striatal area. The significant difference in variances between the sham group and 

0.5 and 2.0µmol L-NIO doses shows that this area, when present, can be variable. However it 

did provide a strong criterion for determining whether an animal has received sham treatment 

as this sham surgery did not result in an obvious GFAP devoid-core. These data reinforce that 

the astroglial response to injury is different in ischemic versus sham animals.  
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Figure 30. L-NIO dose-dependent changes in GFAP immunoreactivity 3 days post-ischemia. 
A) The area of GFAP immunoreactivity, expressed as a percentage of the area of the striatum 
excluding the GFAP-devoid core, was significantly greater than sham for all L-NIO doses. B) The core 
region devoid of GFAP expressed as a percentage of the area of the striatum. Only animals injected 
with L-NIO had a central area devoid of GFAP (n=3-5/group. * p ≤ 0.05, ** p ≤ 0.01). 
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4.4.1.5. Summary	of	L‐NIO	dose	determination	

Together, these dose-response results suggested that the highest dose of L-NIO tested, 2µmol, 

was the most suitable to use for future studies. For this dose, infarct volume, Iba1 

immunoreactivity and the area devoid of GFAP were significantly different from sham 

animals but the infarct was not so large as to prevent regenerative processes occurring in the 

peri-infarct region, a major target of neuroregenerative therapies.  

4.4.2. Physiological	data	

The 2µmol dose of L-NIO was therefore used in all further investigations using the L-NIO 

model. To document the physiological parameters during L-NIO surgery, data from all 

animals from the 3, 7, 14 and 35 days cohorts that underwent L-NIO or sham surgery were 

pooled, as the only difference between these groups was the length of survival (L-NIO n=25, 

sham n=17, Table 5B). It was important to monitor physiological parameters during L-NIO 

surgery to ensure that there were no differences between the groups that could affect the 

measured outcomes. To this end, rectal temperature, heart rate and oxygen saturation were 

measured at intervals throughout the surgery. Table 8 summarises the values recorded at the 

start of surgery, taken as the time when the animal was placed in the stereotaxic frame 

following jugular vein occlusion and the equipment could be connected, and at the finish of 

surgery when anaesthesia was discontinued.  

The only parameter that was significantly different between the L-NIO and sham groups was 

the rectal temperature at the start of surgery (p = 0.040), 36.4 ± 0.7°C in the L-NIO cohort 

and 36.9 ± 0.8°C in the sham cohort. However, at this point the animals had not yet had L-

NIO injections, so this difference must have been due to inherent variation between the two 

groups. The values were no longer different at the finish of surgery, which was just after L-

NIO injection, and are therefore not thought to have made any difference to the outcome of 

L-NIO-induced ischemia. Oxygen saturation was close to 97% in both groups at both time 

points. Heart rate and oxygen saturation did not vary between the groups at either time point. 

Heart rate differed by 5 or less beats per minute from surgery start to finish, with a value of 

323.8 ± 21.5 beats per minute (bpm) for the L-NIO cohort and 317.8 ± 14.4 bpm for sham 

animals at the end of surgery near the time of L-NIO injection.  
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Table 8. Physiological parameters recorded at the beginning and end of L-NIO surgery. 

 
Rectal Temperature (°C) 

L-NIO Sham 

Start Finish Start Finish 

Mean 36.4 36.7 36.9 36.8
Standard deviation 0.7 0.1 0.8 0.1
Standard error 0.2 0.0 0.2 0.0

 
Heart Rate (bpm) 

L-NIO Sham 

Start Finish Start Finish 

Mean 324.8 323.8 322.8 317.8
Standard deviation 33.2 21.5 30.8 14.4
Standard error 7.4 5.1 8.6 4.2

 
Oxygen Saturation (%) 

L-NIO Sham 

Start Finish Start Finish 

Mean 96.8 97.0 97.1 96.7
Standard deviation 1.4 1.3 1.1 1.0
Standard error 0.3 0.3 0.3 0.3

 

4.4.3. Weight	loss	

Body weight was monitored following L-NIO surgery to ensure that animals were eating and 

not losing weight over time, so that they did not have to be humanely removed from the 

study. Animals took approximately 10 minutes to recover from anaesthesia and were 

observed eating normal rat chow within an hour of surgery. Animals that received L-NIO lost 

a mean 2.3 ± 2.3% of their body weight in the 24 hours following surgery and this value was 

not significantly different to sham animals (p = 0.764, Figure 31). They rarely lost any more 

weight and tended to increase in weight from 24 hours onwards. This value is much less than 

the mean of 8.4 ± 6.4% found in MCAo animals for the same period. A maximum of 6.6% of 

body weight was lost following L-NIO-induced ischemia compared to 20.6% following 

MCAo. Some L-NIO animals even gained weight in the 24 hour period following surgery 

that was never seen following MCAo. Intraluminal filament MCAo, as performed in the 

Chapter 3, required cauterisation of the external carotid artery that can affect the muscles 
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involved in mastication and therefore increase the difficulty of eating, leading to post-

operative weight loss (Dittmar et al., 2003). This was not a problem in the L-NIO model and 

the focal infarct demonstrated here also meant that areas such as the hypothalamus were not 

impaired. Injury to the hypothalamus can lead to hyperthermia on recovery from anaesthesia 

and poorer outcomes (F. Li et al., 1999). 

 

Figure 31. Percentage loss in body weight 24 hours post-L-NIO surgery.  
Data from all shams (n=17) and all animals that received 2 µmol L-NIO (n=25) were pooled. 

 

4.4.4. Mortality, exclusion criteria and success rate 

It was important to identify animals that needed to be excluded under the criteria listed in 

Table 7 to ensure the accuracy of results. In the first category, there was zero mortality 

associated with this surgery for any study and no animals had to be humanely culled. No 

animals had to be removed under the standard deviation category and there were none with 

damage in the contralateral hemisphere. Exclusions were only made on the basis of surgical 

misses. These were identified by the lack of neuronal loss across less than three consecutive 

coronal sections that was the average infarct seen in sham animals. This could have been for 

a number of reasons including the syringes not correctly expelling the L-NIO solution or 
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being incorrectly filled. However this only occurred in 4 cases out of 152 animals on which 

this procedure was performed throughout all the studies in this thesis. Four exclusions from 

152 animals resulted in an L-NIO ischemia success rate of 97%. 

4.4.5. Neurological	function	

The modified SHIRPA test of neurological function was performed purely as a baseline 

measurement and for welfare monitoring. The focal nature of the L-NIO infarct meant that 

there was no visible functional deficit in these animals and they were indistinguishable from 

sham animals with neurological scores consistently 14-15 out of 15 in both groups. Therefore 

these results have not been further analysed. Because the success rate of the surgery was 97% 

overall, it appears not to be necessary to use a neurological screen to confirm that animals 

have correctly received an infarct. Moreover, because the infarct did not cause major 

functional impairment, a survival time of 3 days was chosen for initial infarct volume 

analysis because there were no welfare concerns. For the MCAo procedure, the poor 

condition of the rats following surgery justified an endpoint of 24 hours for initial studies. 

However, if edema is taken into account as was done here, infarct volume has been shown to 

remain stable over 3 days following MCAo in rats (Lin, He, Wu, Khan, & Hsu, 1993). 

Therefore the difference in infarct volume between 24 hours and 3 days as an end point 

should not be a concern. 
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4.5. Discussion	

This chapter has described, for the first time, characterisation of an ischemic infarct produced 

by stereotaxic injection of the nitric oxide synthase inhibitor L-NIO, combined with 

ipsilateral jugular vein occlusion, into the rat striatum. L-NIO has been used to induce white 

matter stroke in mice (Hinman et al., 2013; Rosenzweig & Carmichael, 2013). However, to 

our knowledge, this has never been done previously in the rat striatum. Therefore, we have 

now described a novel rat model of focal striatal ischemia. 

We hypothesised that L-NIO could be used to induce an ischemic infarct in the striatum. The 

first objective of this chapter was to determine whether L-NIO could induce a striatal infarct 

in rats and establish the dose of L-NIO needed to produce an optimal infarct. It was difficult 

to induce any infarct with low doses of L-NIO and ipsilateral jugular vein occlusion. 

Therefore, jugular vein occlusion alone did not appear to cause neuronal loss. Three doses of 

L-NIO, 0.5, 1.0 and 2.0µmol, did generate infarcts and the largest dose was determined to be 

optimal because it produced a moderate-sized infarct that was significantly different from 

sham surgery in terms of infarct volume, microglia/macrophage response and reactive 

astrogliosis, but did not completely cover the extent of the striatum so recovery of peri-infarct 

tissue may still be possible in preclinical studies. The final protocol included occlusion of the 

ipsilateral external jugular vein in combination with stereotaxic injection of L-NIO (2.0µmol 

in 5µl saline) delivered at two sites in the right striatum.  

The second objective was to calculate the mortality and success rate associated with L-NIO 

surgery. Animals that underwent L-NIO-induced ischemia lost less than 3% of their body 

weight in the 24 hours following surgery, did not appear to have any eating difficulties and 

performed normally on the SHIRPA screen used for welfare monitoring. Mortality was zero 

and the overall surgery success rate was 97%. This was an enormous improvement over the 

mortality rate of 52% and surgical success rate of only 39% in the MCAo procedure 

performed in the Chapter 3. Moreover, the surgery only took 1.5 hours per animal, hugely 

increasing the model throughput from 2 rats per day to 6 rats per day. The success rate was so 

high that a neurological screen was not even needed for future investigations to confirm 

whether animals had been successfully lesioned. The lack of welfare concerns following 

generation of this model also mean that extremely long end points are not likely to cause the 

animal the distress that can limit the time frame of all but mild MCAo infarct studies. 
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4.6. Summary	

The aim of this chapter was to establish the L-NIO model of focal striatal ischemia in rats for 

the first time and this was successfully completed. The optimal dose of L-NIO for our 

purposes was also determined. Initial characterisation of the novel L-NIO model of focal 

ischemia demonstrated an ischemic infarct that had zero associated mortality and a success 

rate of 97%. Combined with the high throughput nature, decreased surgical complexity and 

good recovery from anaesthesia, the L-NIO model has many advantages over the MCAo 

model of ischemic stroke in our laboratory setting. It is now necessary to characterise the 

histological and function outcomes of L-NIO-induced focal striatal ischemia.  
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Chapter 5. Histological	and	Functional	Characterisation	of	the	L‐NIO	

Model	

5.1. Introduction	

The optimal dose of L-NIO was determined to be 2µmol L-NIO in 5µl of sterile saline, at two 

sites in the striatum, that was associated with zero mortality and a high success rate (Chapter 

4). Therefore, all further studies used this injection paradigm. Once the optimal dose was 

decided, it was important to characterise key parameters of ischemic stroke in the L-NIO 

model.  

A good model of focal ischemia needs to include characteristics found in clinical ischemic 

stroke and in other models of focal ischemia, although not all models will display every 

aspect of clinical stroke. This is why there is a range of models available. Important aspects 

of ischemic stroke pathophysiology that are characterised in other models include blood brain 

barrier leakage, hypoxia, ongoing neurodegeneration, inflammation (in terms of microglial 

activation and reactive astrogliosis) and a long-term functional deficit. 

5.2. Objectives	and	hypothesis	

The overall objective of this chapter was therefore to characterise the novel L-NIO model of 

rat striatal ischemia in terms of the histological and functional outcomes over time. We 

hypothesised that the ischemic infarct generated by L-NIO would exhibit many of the 

characteristics seen in currently available models of stroke, included in the specific objectives 

below: 

1. Quantify the volume of the infarct produced and characterise any changes over time 

2. Characterise acute ischemic pathophysiology by investigating blood-brain barrier 

leakage and hypoxia 

3. Determine whether neuronal degeneration continues long term 

4. Determine which neuronal sub-types are specifically affected in this model 

5. Investigate the timeline of glial cell activation   

6. Characterise functional impairment over time following L-NIO induced focal 

ischemia to establish clinical relevance 
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5.3. Methods	

L-NIO surgical procedures were described in detail in Chapter 4. L-NIO was injected at two 

sites with the stereotaxic coordinates shown in Figure 25 at a dose of 2µmol in 5µl sterile 

saline at each site. Treatment groups for the histological and functional characterisation of the 

model included groups that had undergone L-NIO-induced ischemia or sham surgery, culled 

at multiple time points following ischemia (Table 9). 

Table 9. Summary of animal group numbers for L-NIO time course 

Group Number of rats 

1.5 hours 

6 hours 

24 hours 

3 days 

7 days 

14 days 

35 days 

1* 

1* 

1* 

5 L-NIO, 3 sham 

5 L-NIO, 3 sham 

5 L-NIO, 3 sham 

10 L-NIO, 8 sham, 9 non-surgery controls 

*Qualitative observations only 

5.3.1. Infarct	volume	

Infarct volume was quantified 3 to 35 days following ischemia by integrating the cross-

sectional area of the infarct across multiple sections, as described Chapter 4, using DAB 

immunohistochemistry for NeuN. 

5.3.2. Blood	brain	barrier	leakage	

In order to study blood leakage from vessels in the striatum at acute time points, fluorescence 

immunohistochemistry was performed on brain tissue from animals that had undergone L-

NIO-induced focal ischemia. An antibody against rat endothelial cell antigen 1 (RECA-1; 

MCA970R, AbD Serotec, Oxford, United Kingdom) was used to identify blood vessels 

(Duijvestijn et al., 1992) and an antibody against serum albumin (0220-2424F, AbD Serotec) 

was used to localise blood leakage. A secondary anti-mouse Alexa Fluor® 594 antibody was 

used to detect mouse anti-RECA-1 and the sheep anti-albumin primary was already coupled 

to FITC for visualisation (see Appendix B for all antibodies used). Fluorescence 

immunohistochemistry was performed as described in General Methods on 3 sections per 
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animal, one from the anterior, centre and posterior of the striatum, in order to represent the 

extent of the infarct. Confocal microscopy was used to obtain double-labelled images. 

5.3.3. Hypoxia	

The alpha subunit of hypoxia inducible factor-1 (HIF-1α) is one of the most important 

transcription factors in mediating cellular adaptation to low oxygen concentration (Lenihan & 

Taylor, 2013). Therefore, an antibody against HIF-1α (04-1006, Merck Millipore, Billerica, 

MA, U.S.A.) was used to determine the delay between induction of ischemia and appearance 

of a cellular response to hypoxia. HIF-1α was double-labelled with NeuN (MAB377, Merck 

Millipore) to identify whether neurons were responding to hypoxia. Fluorescence 

immunohistochemistry was performed as described in General Methods on 3 sections per 

animal, one from the anterior, centre and posterior of the striatum. Confocal microscopy was 

used to obtain double-labelled images over the time course. 

5.3.4. Fluoro‐jade	C	staining	for	neurodegeneration	

To detect the presence of neurodegeneration over time following focal ischemia, Fluoro-jade 

C staining was used. Fluoro-jade C is an anionic, fluorescent dye and is the most recently 

developed member of three Fluoro-jade dyes, with improved resolution and contrast over the 

other two (Schmued, Albertson, & Slikker, 1997; Schmued, Stowers, Scallet, & Xu, 2005). 

Fluoro-jade C is able to specifically identify neuronal degeneration following a range of 

insults and has been used in this study because it is suggested to have superior specificity for 

degenerating neurons and produce less false positives than traditional histological methods 

(Schmued et al., 2005). 

Fluoro-jade C staining was performed on free floating sections that were rinsed in PBS to 

wash off the cryoprotective solution and then mounted onto polylysine slides from distilled 

water. The slides were oven-dried at 50°C and then rehydrated in distilled water, before being 

placed in 0.06% potassium permanganate for 10 minutes on a gently rocking platform. 

Following a rinse in distilled water, slides were stained with Fluoro-jade C solution. Five 

milligrams of Fluoro-jade C (AG325, Merck Millipore) was added to 50ml of distilled water 

to make a 0.01% stock solution, then 2ml of stock solution was combined with 198ml of 

0.1% acetic acid to comprise a 0.0001% Fluoro-jade C working solution (Appendix A). After 

rinsing with 3 changes of distilled water, slides were oven-dried for 20 minutes at 50°C. They 

were cleared in xylene and coverslips were added with DPX mounting medium 
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(DP00500500, Scharlau, Sentmenat, Spain). Slides were stored in light-proof containers until 

imaging. 

5.3.5. Neuronal	cell	loss	

To determine which neuronal sub-types were affected by L-NIO-induced ischemia, 

antibodies specific to each type were used on tissue collected 7 days following ischemia 

(n=1). To identify the predominant type of neuron in the striatum, medium spiny neurons, 

dopamine- and cAMP-regulated phosphoprotein with a relative molecular mass of 32 kDA 

(DARPP-32; AB10518, Merck Millipore) was used. Cholinergic interneurons were identified 

by an antibody against choline acetyltransferase (ChAT; AB144P, Merck Millipore) and the 

three types of GABAergic interneurons were identified by antibodies against parvalbumin 

(PV235, Swant, Marly, Switzerland), neuronal nitric oxide synthase (nNOS; 61-7000, Life 

Technologies) or calretinin (CR7699/3H, Swant). DAB immunohistochemistry was 

performed for these antigens as described in General Methods and qualitative assessments 

were made. 

5.3.6. Glial	cell	activation	

Microglia/macrophage activation and the astrocytic response following L-NIO-induced 

ischemia were quantified as described in General Methods, using DAB 

immunohistochemistry for Iba1 and GFAP respectively. 

5.3.7. Motor	function	

In order to determine if a functional deficit could be measured in rats following L-NIO-

induced ischemia, rotarod and cylinder tests were performed. A large range of paradigms 

exist for analysing rat function that are relevant to human stroke patients, including motor, 

sensory and cognitive tests (Hicks, Schallert, & Jolkkonen, 2009). L-NIO-induced focal 

ischemia occurs in the striatum, a major component of the basal ganglia that receives cortical 

information about motor, associative, cognitive and mnemonic processes and transmits this 

information to other nuclei in the basal ganglia (Bolam, Hanley, Booth, & Bevan, 2000). 

However motor impairments are considered more disabling by at-risk patients than cognitive 

deficits (Solomon, Glick, Russo, Lee, & Schulman, 1994). Furthermore, motor impairments 

have been commonly characterised following striatal infarcts in rodents and the major role of 

the striatum in motor function led us to choose paradigms for these studies that were 

predominantly motor-based.  
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The cohort for functional testing included three treatment groups: 1) rats that had undergone 

L-NIO-induced focal ischemia (n=10), sham rats (n=8) and normal control rats that had not 

undergone surgery (n=9). Both rotarod and cylinder tests were performed one week prior to 

surgery as a baseline, one week post-surgery for an acute time point and 4 weeks following 

surgery as a chronic time point (Figure 32). Rats were culled 5 weeks following surgery. 

5.3.7.1. Rotarod	test	

The rotarod test is commonly used to evaluate coordination, balance and gross motor function 

in preclinical stroke therapy investigations (Hicks et al., 2009). Use of the rotarod was 

described in mice as early as 1957 (Dunham & Miya, 1957). The rotarod device includes a 

bar rotating at a constant speed upon which rodents are placed in separated compartments. 

The latency for the animals to fall off the rotating bar can be measured. The rotarod has 

subsequently been modified to include the ability to accelerate (accelerod) that decreases the 

latency to fall, appears to be more sensitive and requires less animals (Jones & Roberts, 

1968). 

In the testing procedure described here, on each week that motor function was assessed, 

animals underwent a 3 day training regime and a 2 day testing regime. Thus rotarod testing 

took place over 5 consecutive days for each time point. All procedures were performed in the 

12 hour dark cycle when the rats are most active, and the light cycles were synchronised 

between housing and testing areas. The only lighting in the testing room was from a red light 

bulb to avoid interruption to the dark cycle. Animals were placed in the testing room at least 

30 minutes prior to the commencement of testing to allow for habituation. 

Training	

Three trials were performed on each training day. Each trial consisted of placing the animals 

on the rotarod (IITC Life Science Inc., Los Angeles, CA, U.S.A.) at a constant speed of 12 

revolutions per minute (rpm) for 120 seconds. If the animals fell off prematurely, they were 

placed immediately back on the bar until the full 120 seconds had elapsed. The number of 

falls was recorded in addition to the latency to fall off the first time. A resting period of at 

least one hour was mandatory between trials.  

Testing	

Two trials were performed on each testing day. This time, the rotarod was used as an 

accelerod and the animals were placed on the rod that was accelerating from 4rpm to 40rpm  
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Figure 32. Timeline of functional testing following L-NIO-induced focal ischemia. 
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within four and a half minutes. Once the animals had fallen off, they were not placed back on 

the rotarod and the latency to fall was recorded. The maximum time for the animals to stay on 

was 5 minutes. Again, a resting period of at least one hour was mandatory between trials. The 

mean latency to fall was calculated across all four trials for each animal. 

Exclusions	

Animals were excluded from the subsequent analysis if their latency to fall off the rotarod 

during the testing phase was more than 2 standard deviations outside the mean for all animals 

on more than one trial. 

5.3.7.2. Cylinder	test	

It is important to also include functional paradigms that do not require a training period. 

Animals can develop compensatory behaviour when repeating tasks and their performance 

may also be altered by other factors such as memory, motor-learning and motivation that 

interfere with the interpretation of the results as being strictly motor-related (Hicks et al., 

2009). Forelimb use asymmetry can be quantified using the cylinder test that does not require 

any training and is sensitive to injury in the striatum (Hicks et al., 2009; Schallert, Fleming, 

Leasure, Tillerson, & Bland, 2000).  

The cylinder test measures forelimb use during spontaneous exploration of a transparent 

cylinder (Schallert et al., 2000). Exploratory behaviour involved the rats rearing and shifting 

their weight along the side of the cylinder during a rear. Grooming behaviour was also 

observed but not included in the analysis. There was only one trial at each designated time 

point. Animals were placed in a perspex cylinder, of approximately 30 cm high and 20 cm 

internal diameter, and were left alone to explore for 5 minutes. The cylinder was placed on a 

black surface and mirrors were placed so that the rat could be filmed from all angles. The 5 

minute period was videotaped. The cylinder was cleaned with 70% isopropanol between 

animals to remove any olfactory cues. 

The recorded videos were analysed at a later time point. To avoid potential bias, the file 

names were replaced with numbers randomly generated using Microsoft Excel so the 

investigator analysing the videos was blinded to the animal group. For each video, the 

number of times each forepaw was used to initiate weight shifting movements was recorded. 

These included the paw used to initiate a rear, to contact the wall for the first time during a 

rear and to land following each rear. Both paws were sometimes used at once and this was 
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scored as both a left and a right paw movement. Ipsilateral asymmetry was determined as the 

percentage of occasions where the right, ipsilateral paw unaffected by the infarct was used 

out of the total number of movements. If right and left forepaws were used equally, a 

percentage of 50% would be expected. The number of rears made during the 5 minute period 

was also recorded. 

Exclusions	

Animals were excluded from the analysis if they reared 5 or fewer times during the 5 minute 

period analysed. This would potentially provide a non-representative percentage of ipsilateral 

paw movements. 

5.3.8. Statistics	

Statistical analyses were performed as described in General Methods, except for the analysis 

of motor function. Each L-NIO ischemia group was compared to their respective sham using 

an independent samples two-tailed t-test and compared to the other time points using a one-

way analysis of variance (one-way ANOVA). 

The rotarod and cylinder test involved repeated measurements from the same animals over 

time and between treatment groups. Therefore, a repeated measures ANOVA was performed 

for each of these results using IBM® SPSS® Statistics v21. Post-hoc analysis was performed 

with Tukey’s Honestly Significant Difference test. 
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5.4. Results	

5.4.1. Cross‐sectional	area	of	L‐NIO	infarct	

The infarct resulting from L-NIO-induced focal ischemia was consistently restricted to the 

striatum, apart from some extension into the adjacent globus pallidus in 6 out of 25 animals 

from the time course (24%). Figure 33 shows that the core of the L-NIO infarct 3 days post-

ischemia spanned a range of 1mm, from +0.75 to -0.25mm relative to Bregma. The L-NIO 

infarct reached a maximum of 2.6mm2 in cross-sectional area, compared to a maximum of 

0.3mm2 in sham animals. The extent of the infarct, contained within 2.24mm of brain tissue 

in the anterior-posterior direction, confirmed its focal nature as compared to the MCAo 

infarct of more than 10mm in extent. The anterior-posterior profile of the infarct at both 3 and 

7 days post-ischemia is shown in Figure 34. The lateral striatum was predominantly affected. 

 

Figure 33. Cross-sectional area of L-NIO infarct 3 days post-ischemia. 
The infarct core, shown as the maximum cross-sectional area, lies predominantly between +0.75 and 
-0.25mm relative to Bregma (dotted lines). Individual animals are identified by their tail numbers with a 
circle () indicating animals that received L-NIO injections (n=5) and a cross () indicating sham 
animals (n=3). 
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Figure 34. Images demonstrating the extent of the L-NIO infarct 3 and 7 days post-ischemia. 
NeuN immunoreactivity was used to identify the border of the infarct 3 days (A) and 7 days (C) 
following L-NIO-induced ischemia in representative animals. Higher magnification images show that 
the infarct at 3 days (B) appeared less defined than at 7 days (D) because of the purple background. 
However the area of reduced NeuN immunoreactivity could still be delineated at 3 days. The infarct 
extended from the striatum (ST) into the globus pallidus (GP) in some animals (C). CX is the cortex, 
CC is the corpus callosum, EC is the external capsule. Scale bar = 2mm. 
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5.4.2. L‐NIO	infarct	volume	

Infarct volume was first quantified at 3 days post-ischemia, in addition to 7 days, 14 days and 

35 days following L-NIO-induced ischemia (Figure 35A). Three days following ischemia, 

infarct volume was 8.5 ± 5.3% of the volume of the contralateral striatum, significantly larger 

than the sham volume of 0.7 ± 0.3% (p = 0.047). There was no significant difference in 

infarct volume from 3 to 35 days post-ischemia. Although infarct volume remained constant, 

there were changes in infarct morphology over the time course (Figure 36A). The infarct was 

first identified as regions of dark background with reduced NeuN expression 1.5 to 6 hours 

post-ischemia. Patches of white where NeuN expression had disappeared, suggestive of near-

complete neuronal loss, begin to appear 24 hours post-ischemia. High background was still 

present within the infarct 3 days post-ischemia but from 7 days to 35 days post-ischemia, the 

infarct appeared as an obvious region of pallor with minimal remaining NeuN 

immunoreactivity. This pale region appeared to condense in area from 7 to 35 days, 

coincident with puckering of the tissue observed 35 days post-ischemia. Though the infarct 

appears more defined at 7 days at a low magnification due to the white background (Figure 

34B), it was possible to easily delineate the infarct at 3 days at a higher magnification (Figure 

26). 

The change in tissue volume of the striata was analysed to determine if edema or atrophy 

occurred over the time course measured as a result of the L-NIO infarct. Edema would be 

indicated by a positive change in striatal volume relative to the volume of the contralateral 

striatum. The only positive value was found in the L-NIO ischemia group after 3 days but this 

was close to zero and was not significantly different from the respective sham (p = 0.181; 

Figure 35B). However at the end of the time course, 35 days following L-NIO induced 

ischemia, there was a significant negative difference between the L-NIO cohort and the 

respective sham (p = 0.011), demonstrating that 12.3 ± 8.0% of the striatal volume had been 

lost over time compared to 4.1 ± 2.1% in sham animals. Moreover, this tissue atrophy was 

significant in comparison to both the 3 and 7 day time points (one-way ANOVA, p = 0.003), 

suggesting that it occurred during the weeks following ischemia. Therefore, despite a lack of 

swelling as a result of L-NIO-induced ischemia, striatal atrophy did occur over time 

following ischemia, indicating tissue damage and possible remodelling.  
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Figure 35. Infarct volume and change in tissue volume following L-NIO-induced ischemia. 
A) Infarct volume could be used to differentiate animals that received L-NIO compared to saline 
injections (sham) at 3 and 35 days, but stayed constant over time. B) Between 3 and 35 days 
following L-NIO-induced focal ischemia, the relative volume of the ipsilateral striatum changed from a 
positive value, indicative of edema, to a negative value, indicating atrophy of the ipsilateral striatum. 
Infarct volume and the difference in tissue volume between the two striata are presented as 
percentages of the contralateral striatum (3-14 days: n=3-5; 35 days: n=8-10. *p < 0.05, **p < 0.01, 
two-tailed t-test. #p < 0.05, ##p < 0.01, Games-Howell post-hoc analysis).  
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Figure 36. Images demonstrating changes in the L-NIO infarct over time. NeuN (A), Iba1 (B) and 
GFAP (C) immunoreactivity are shown for representative animals culled from 1.5 hours (h) to 35 days 
(d) post-ischemia. The sham infarct is also shown 3 days post-ischemia (D). Scale bar = 2mm. 
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5.4.3. Blood	brain	barrier	leakage	

A consistent striatal infarct had been generated that was associated with low mortality and a 

high success rate. The next step was to investigate the early pathological changes following 

L-NIO-induced ischemia to see how the infarct was developing over time. Additional time 

points of 1.5, 6 and 24 hours post-ischemia (n=1/group) were included in these acute, 

qualitative studies. Ischemia and reperfusion are known to result in leakage through the blood 

brain barrier that instigates and exacerbates the inflammatory response. It was important to 

determine the time frame of blood brain barrier leakage in this model for therapeutic 

interventions that aim to minimise or prevent this from occurring. 

Serum albumin is not able to infiltrate into the brain tissue unless the blood-brain barrier 

integrity is severely compromised (J. Simard et al., 2007). Therefore, an antibody to serum 

albumin was used to visualise accumulated leakage from blood vessels into the surrounding 

striatal tissue in the location of the ischemic infarct in order to investigate blood-brain barrier 

permeability. At the early time of 1.5 hours following ischemia, some serum albumin could 

be seen in the vicinity of the needle tract where L-NIO was injected (Figure 37). However, 

serum albumin was still localised within blood vessels and was not present further from the 

infarct. Thus the leakage may have been due to mechanical injury to the vessels from the 

needle and L-NIO bolus, rather than leakage through vessels that had become permeable. 

Interestingly, 6 hours following ischemia there was much more extensive leakage of serum 

albumin, at least 500µm from the needle tract, and there was little evident in the blood 

vessels themselves. Accumulated leakage of serum albumin was also observed from 24 hours 

to 14 days post-ischemia (results not shown). No serum albumin was detected within the 

contralateral striatum at any time point. These observations suggest that leakage through the 

blood brain barrier begins between 1.5 and 6 hours following induction of ischemia.  
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Figure 37. Extravasation of serum albumin following L-NIO-induced focal ischemia. Leakage of 
serum albumin (green) from brain blood vessels (RECA-1, red) is demonstrated 1.5 hours (columns A 
and B) and 6 hours post-ischemia (columns C and D), both adjacent to the needle tract and 
approximately 500µm from the needle tract in the ipsilateral striatum. The contralateral striatum is 
shown for comparison. A and C show RECA-1 positive blood vessels only, B and D show serum 
albumin in combination with RECA-1. Scale bar = 100µm. 
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5.4.4. Hypoxia	

It was important to confirm another hallmark of ischemia in this novel model: cellular 

hypoxia. This was done by performing immunohistochemistry for a master regulator of the 

cellular response to hypoxia; the transcription factor hypoxia inducible factor 1 alpha (HIF-

1a) (Lenihan & Taylor, 2013). HIF-1a was able to be detected at very low levels, within the 

area that would eventually be lesioned, both 1.5 hours and 6 hours following L-NIO-induced 

ischemia. However, 24 hours following ischemia, there was a large amount of HIF-1a present 

that was noticeably increased from the earlier time points (Figure 38A). When HIF-1a was 

co-labelled with the neuronal nuclei marker NeuN, close to 100% of the identified HIF-1a-

positive cells were also positive for NeuN at all time points (Figure 38B). Some of these co-

labelled cells appeared to be more irregular in shape than cells negative for HIF-1a. These 

findings suggest that only injured neurons, or possibly phagocytic cells that have taken up 

NeuN from dead neurons, initiate the HIF-1α-induced cellular response to hypoxic conditions 

within 24 hours of ischemia. Interestingly, not all neurons in the infarct site appeared hypoxic 

even after 24 hours. HIF-1α immunoreactivity was not observed in the contralateral striatum. 

5.4.5. Neurodegeneration	

With the delineation of infarct volume, we have seen evidence of neuronal loss, but is this an 

ongoing response over time?  Fluoro-jade C, a specific marker of neuronal degeneration 

(Schmued et al., 2005), was used to identify the presence of neurodegeneration at various 

times following L-NIO-induced ischemia. Fluoro-jade C was present in very low levels at the 

early time points of 1.5 and 6 hours post-ischemia and only in the immediate vicinity of the 

needle tract (Figure 39). After 24 hours however, Fluoro-jade C was readily visible 

throughout the infarct and remained so until at least 14 days post-ischemia. The number of 

Fluoro-jade C positive cells in the ipsilateral striatum appeared similar between 24 hours and 

7 days, thus neurodegeneration is maintained over the first week post-ischemia. While still 

present at 14 days, the area in which Fluoro-jade C was found appeared to decrease in size, 

and Fluoro-jade C-positive cells were closer together, that may be a result of the tissue loss 

associated with later time points. Positive Fluoro-jade C staining was not observed in the 

contralateral hemisphere. Neurodegeneration therefore continues for at least 14 days 

following L-NIO-induced focal ischemia. These results are in agreement with an observed 

increase in Fluoro-jade staining in the striatum from 6 to 24 hours following rat transient 
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Figure 38. Hypoxia following L-NIO-induced focal ischemia. A) Cells positive for HIF-1α (green) 
and NeuN (red, co-label yellow) are shown 1.5 hours, 6 hours and 24 hours post-ischemia. B) High-
magnification image demonstrating that all HIF-1α-positive cells appeared to co-label with NeuN 
(arrowheads), irrespective of time. Scale bar = 100µm. 
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Figure 39. Fluoro-jade C expression following L-NIO-induced ischemia. A) Extensive Fluoro-jade 
C expression is observed from 24 hours to at least 14 days post-ischemia. B) High-magnification 
image of Fluoro-jade C-positive cells. Scale bar = 200µm. 
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MCAo, continuing for at least 21 days post-ischemia (Butler, Kassed, Sanberg, Willing, & 

Pennypacker, 2002). 

5.4.6. Neuronal	cell	loss	

It is important to define the sub-types of neurons affected by L-NIO-induced ischemia as 

some cell types may be more resistant to ischemia. It appears that some neuronal nuclei 

remain within the region of decreased NeuN immunoreactivity used to identify the infarct 

(Figure 34), therefore are these neurons injured and are they specific types? NeuN is a non-

specific marker of neurons and more specific markers are necessary. 

The major type of neuron in the rat striatum is the medium spiny neuron (Bolam et al., 2000), 

that can be identified by the expression of DARPP-32. The other types of neuron in the 

striatum are interneurons. These consist of cholinergic interneurons, that can be identified by 

their expression of ChAT, and three subtypes of GABAergic interneurons distinguished by 

non-overlapping expression of parvalbumin, nNOS or calretinin (Tepper, Tecuapetla, Koós, 

& Ibáñez-Sandoval, 2010).  

Seven days following ischemia, there was an obvious region of pallor indicating an absence 

of DARPP-32 within the infarct, similar to that observed with NeuN immunoreactivity 

(Figure 40). This suggests that most medium spiny neurons within the infarct are completely 

lost following L-NIO-induced ischemia. There were some remaining medium spiny neurons 

that were closely apposed to blood vessels. Interneurons were not noticeably absent from the 

infarct area 7 days post-ischemia. However on closer inspection at higher magnification, 

irregular processes were observed that suggested the neuronal processes were disintegrating 

within the infarct for all interneurons compared to their seemingly healthy counterparts in the 

contralateral striatum (Figure 41). In summary, these data show a difference in the 

susceptibility to ischemia between medium spiny neurons and interneurons in the striatum 7 

days following ischemia. 
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Figure 40. Effect of ischemia on DARPP-32-positive medium spiny neurons. DARPP-32 
expression is shown in the ipsilateral and contralateral striata 7 days post-ischemia at high and low 
magnification. The absence of DARPP-32 expression appears as a white region within the L-NIO 
infarct. Scale bar = 200µm. 
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Figure 41. Effect of ischemia on striatal interneurons. Cholinergic interneurons expressing ChAT 
and GABAergic interneurons expressing parvalbumin, nNOS or calretinin are shown in the ipsilateral 
and contralateral striata 7 days post-ischemia. Scale bar = 200µm. 
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5.4.7. Microglia/macrophages	

The early changes following L-NIO-induced ischemia, including changes to blood brain 

barrier permeability, initiation of cellular hypoxia, neurodegeneration and different 

susceptibility of neuronal subtypes to injury, have now been described. It is further important 

to investigate the chronic tissue pathology in this model in order to provide a basis for testing 

the long-term outcomes of experimental ischemic stroke therapies. 

Glial cell activation plays a major role in propagating the inflammatory response to cerebral 

ischemia (Figure 3). The microglial/macrophage response to focal ischemia was analysed 

over time using an antibody against Iba1 (D. Ito et al., 1998) that is expressed in normal 

animals. At 1.5 hours following L-NIO-induced focal ischemia, Iba1-positive cells 

immediately adjacent to the infarct had begun to change in morphology and undergo 

hypertrophy, indicating that microglia/macrophages had begun to respond to the ischemic 

injury (Figure 42A). After 3 days, microglia/macrophages were clearly present in the core of 

the infarct, as indicated by upregulation of Iba1 in comparison to earlier time points, the 

contralateral hemisphere and sham animals (Figure 42A,B, Figure 36B). Increased Iba1 

expression was still evident 35 days post-ischemia. A ramified morphology was observed for 

Iba1-positive cells in the contralateral striatum, sham infarct and some regions of the 

ipsilateral striatum (at early time points and/or distant from the infarct core), whereas Iba1-

positive microglia/macrophages within the L-NIO infarct had an amoeboid or phagocytic 

morphology (Figure 42C). 

In order to further investigate chronic inflammatory responses, the total area of Iba1 

immunoreactivity as a percentage of the area of the striatum was determined using semi-

quantitative analysis, from 3 to 35 days post-ischemia (Figure 43). Three days post-ischemia, 

5.9 ± 2.4% of the striatal area was covered by Iba1 immunoreactivity in L-NIO animals, a 

figure significantly greater than the 1.8 ± 0.6% observed in sham animals (p = 0.032). Even 

after 35 days, Iba1 immunoreactivity was still significantly elevated in L-NIO animals 

compare to sham, however there was no significant difference in Iba1 immunoreactivity 

between the time points investigated. Thus there is a distinct microglial/macrophage response 

specifically to L-NIO-induced ischemia that lasts at least 35 days following ischemia.  
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Figure 42. Images demonstrating the microglia/macrophage response to L-NIO-induced 
ischemia. A) Iba1 immunoreactivity is shown from 1.5 hours (h) to 35 days (d) post-ischemia. B) 
Comparison between sham and L-NIO infarcts 3 days post-ischemia, for both ipsilateral and 
contralateral striata. High-magnification images demonstrating ramified microglia (C, black 
arrowheads) and amoeboid (D, white arrowheads) or phagocytic (D, orange arrowheads) 
microglial/macrophages labelled with Iba1. Scale bar = 100µm. 
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Figure 43. Iba1 immunoreactivity following L-NIO-induced ischemia. 
Ischemia and sham animals can be distinguished by the level of Iba1 immunoreactivity in the striatum. 
Iba1 expression remains above sham levels even 35 days following ischemia. There is no significant 
difference over time (3-14 days: n=3-5; 35 days: n=8-10. *p < 0.05, **p < 0.01). 

 

5.4.8. Reactive	astrogliosis	

Reactive astrogliosis, that also accompanies the neuroinflammatory response, was 

investigated over time following L-NIO-induced ischemia. GFAP expression appeared to 

decrease in the core of the infarct between 6 and 24 hours following L-NIO-induced 

ischemia, while expression increased in the region surrounding the core from approximately 

24 hours, in L-NIO but not sham groups (Figure 36C, Figure 44A,B). Astrocytes in the 

contralateral hemisphere were found to be bushy and globe-shaped with fine processes 

(Figure 44B,C). However, astrocytic processes in the ipsilateral hemisphere, in addition to 

those close to the sham infarct, appeared to have undergone hypertrophy from 1.5 hours post-

ischemia (Figure 44A,D). The reduced core expression and upregulated peri-infarct 

expression of GFAP suggests that astrocytic death occurred in the heart of the infarct but 

surviving peri-infarct astrocytes responded to the injury. This is supported by the observed 

hypertrophy and polarisation of peri-infarct astrocytic processes towards the infarct core 

(Figure 44E), forming a border of extensively interwoven processes.  
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Figure 44. Images demonstrating the astroglial response to L-NIO-induced ischemia. A) GFAP 
immunoreactivity is shown from 1.5 hours (h) to 35 days (d) post-ischemia. Dotted lines show the 
GFAP devoid-core. B) Comparison between sham and L-NIO infarcts 3 days post-ischemia, for both 
ipsilateral and contralateral striata. Astrocytes had GFAP-labelled fine, bushy processes (globe-
shaped, C), hypertrophied processes (D) or hypertrophied processes polarised towards the infarct 
core (E). Arrowheads show examples. Scale bar = 100µm. 
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Semi-quantitative analysis of the astroglial response was performed from 3 to 35 days post-

ischemia to determine if it continued long-term. The total area of GFAP immunoreactivity in 

the striatum was expressed as a percentage of the total striatal area. Animals that had an 

ischemic infarct could always be distinguished from sham by the extent of GFAP 

immunoreactivity (Figure 45A). Furthermore, a significant change in the extent of GFAP 

immunoreactivity was seen over 3 to 35 days following L-NIO-induced ischemia (p = 0.004). 

Three days following ischemia, GFAP immunoreactivity covered 7.9 ± 2.5% of the area of 

the striatum, peaking after 7 days at 12.5 ± 3.5% and significantly decreasing to 6.8 ± 2.3% 

of the striatal area after 35 days. Therefore, the astroglial response to L-NIO-induced 

ischemia is elevated for 35 days, indicating a chronic response, but appears to be maximal 

one week following ischemia.  

The interesting observation that in L-NIO animals, GFAP borders a core region devoid of 

GFAP immunoreactivity, was further investigated by measuring the area of GFAP exclusion 

over time. Consistent with an evolving astroglial response, the area devoid of GFAP 

immunoreactivity was very large and distinct 3 days post-ischemia but appeared to decline in 

size over time until there was no longer an exclusion zone 35 days post-ischemia (p = 0.001, 

graph in Figure 45B; images in Figure 44A, Figure 36C). The variances were different 

between the time points (p = 0.000, Figure 45B), and at the early post-ischemic intervals 

there was variation in the size of the GFAP-devoid core, however it was conspicuously 

absent in all animals 35 days following ischemia and sham animals. It can be concluded that 

chronic reactive astrogliosis occurs in response to L-NIO-induced ischemia and the 

composition of the L-NIO infarct core evolves over time.  
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Figure 45. GFAP immunoreactivity following L-NIO-induced ischemia 
A) The area of GFAP immunoreactivity is always greater in L-NIO versus sham animals and this 
response peaks 7 days following ischemia. B) The core area devoid of GFAP declines in size over 
time (3-14 days: n=3-5; 35 days: n=8-10. *p < 0.05, **p < 0.01 two-tailed t-test. ##p < 0.01, Tukey HSD 
post-hoc analysis. p < 0.05, Games-Howell post-hoc analysis). 
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5.4.9. Functional	impairment	resulting	from	L‐NIO	infarct	

Pathological changes in response to L-NIO-induced ischemia have been identified both 

acutely and chronically in brain tissue. However for a model of stroke to be relevant to the 

clinical situation, it is imperative that a deficit in function is identified that can potentially be 

improved by experimental stroke therapies. After all, it is a patient’s hemi-paralysis or visual 

deficits, to name some examples, that impact on their day-to-day living. Behavioural 

outcomes are also a recommendation of the STAIR committee (Fisher et al., 2009). 

The identification of neuronal loss and chronic glial responses throughout much of the 

striatum following L-NIO-induced ischemia led us to hypothesise that there would be a 

functional deficit in this model. The significant role of the striatum in motor function 

suggests that any deficit from a striatal infarct is likely to have a motor component. 

Therefore, two different functional paradigms were used to evaluate motor performance in 

animals that had undergone L-NIO-induced ischemia, compared to sham animals and non-

surgery controls. 

5.4.9.1. Rotarod	test	

The rotarod test is used to identify whether animals have a motor impairment that affects 

their ability to continue running on a rotating wheel. Animals with hemi-paralysis, such as 

those with large MCAo infarcts, often show impairment with this test (Hicks et al., 2009). 

The animals are trained on a wheel rotating at a constant speed and the length of time they 

remain running on a wheel that is accelerating is timed in the testing phase.   

One animal was excluded from the rotarod test analysis based on the fact that the latency to 

fall off the rotarod was more than 2 standard deviations outside the mean on more than one 

occasion. 

No impairment was identified on the rotarod test for the L-NIO group compared to control 

groups (shams and no surgery animals) in this study (p = 0.781, Figure 46A). Because the L-

NIO infarct is restricted to the striatum and produces a much more focal infarct than is 

usually seen with MCAo, it is likely that it produces a more subtle deficit than the gross 

motor impairment or difficulties with coordination and balance required to record a 

functional difference on this test (Hicks et al., 2009). However, although there was no 

significant difference between the groups, there was a significant difference within the groups 

over time (p =0.033). The sham group appeared to decline in performance immediately post-  
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Figure 46. Rotarod analysis following L-NIO-induced ischemia. 
A) There were no significant differences over time between the treatment groups in the latency to fall 
from the accelerating rotarod. B) The no surgery control group did not change over time but sham 
animals performed worse immediately following surgery and animals that had undergone L-NIO-
induced ischemia appeared to decline in performance over time (n=8-9/group, *p < 0.05). 
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surgery, demonstrating a significant decrease from 88 ± 32s to fall off the accelerating 

rotarod at baseline to a latency of 45 ± 30s one week after surgery (Figure 46B). This is 

perhaps not surprising given these animals had undergone anaesthesia and brain injection one 

week prior to testing. They did not get any worse. Interestingly, the L-NIO group appeared to 

decline significantly in performance four weeks following ischemia, from a mean latency of 

81 ± 28s to 46 ± 26s, with a trend towards a reduction one week post-surgery. This suggests 

that there may be a long-term functional deficit that warrants further investigation on a more 

sensitive test because there was no overall difference between the treatment groups. Thus the 

more sensitive cylinder test may provide an alternative means of distinguishing between 

ischemic, sham and control groups for this type of infarct. 

5.4.9.2. Cylinder	test	

The cylinder test was performed to determine if there was a functional deficit associated with 

L-NIO-induced focal ischemia that resulted in a change in forelimb use in an exploratory 

environment. The animals were placed in a transparent Perspex cylinder through which their 

movements were recorded over 5 minutes with no contact from the experimenter. Three 

different weight-shifting movements were analysed including rearing, first wall contact for 

each rear and landing.  

Three animals had to be excluded from the cylinder test analyses on the basis of making 5 or 

less rears during the 5 minute interval in which their movements were recorded. This meant 

there were too few movements scored to be meaningful. The exclusions included one animal 

from each group so the lack of rearing behaviour did not appear to be related to treatment. 

A difference was found between the treatment groups over time in use of the unaffected, 

ipsilateral, right forelimb when all types of movements were combined (p = 0.037, Figure 

47A). Use of the unaffected, ipsilateral limb increased from a baseline value of 50.6 ± 11.7% 

to 64.6 ± 17.7% in the L-NIO group one-week post-surgery, significantly greater than the no 

surgery value of 40.6 ± 10.7% (p = 0.007), suggesting that the contralateral limb is affected 

by L-NIO-induced ischemia in such a way that rats are less inclined to use the forelimb when 

initiating weight-shifting movements. This difference was no longer present 4 weeks 

following surgery, suggesting that this was an acute deficit. 
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Figure 47. Ipsilateral forelimb use following L-NIO induced ischemia. 
The cylinder test was used to analyse use of the ipsilateral forelimb for total weight shifting 
movements (A), first wall contact (B), rearing (C) and landing (D) movements between treatment 
groups. Ipsilateral forelimb use for total movements increased temporarily one week post-surgery for 
the L-NIO group compared to no surgery control (A) and a sustained deficit was seen for wall contact 
alone in the L-NIO group at both one and four weeks compared to no surgery (B) (n=7-9, *p < 0.05, 
**p < 0.01). 
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However, a longer-lasting deficit was found when the forelimb used to first contact the wall 

upon rearing was analysed separately from rearing and landing movements (Figure 47B). 

There was a significant difference between treatment groups over time (p = 0.041) and 

ipsilateral forelimb use was found to increase in the L-NIO group from 49.7 ± 25.8% before 

surgery to 74.8 ± 25.4% one week post-surgery, significantly greater than the no surgery 

value of 34.3 ± 27.3% after one week. Ipsilateral forelimb use remained significantly elevated 

for at least 4 weeks post-L-NIO surgery compared to the no surgery control group, indicative 

of a more chronic functional deficit (Figure 47B).  

When rearing and landing movements were analysed individually, no differences were 

detected between treatment groups (Figure 47C, D). The landing movements were very 

difficult to score because often the animal’s head would obstruct the view of which paw was 

used to bear the weight, despite having multiple angles visible using mirrors. The low number 

of movements that were actually scored successfully may have contributed to the different 

shape of this graph compared to the other graphs. Schallert and colleagues also found that 

landing use asymmetry produced poorer results than wall movements following focal 

ischemia (Schallert et al., 2000). However it is interesting to note that while the slope of trend 

lines for the two controls graphs are positive, the L-NIO graph is negative, suggesting that the 

L-NIO group is using the ipsilateral paw less over time and the affected, contralateral limb 

more for landing movements. It is possible that this paw is touching down first but is not 

necessarily a directed, weight-shifting movement. 

These data indicate that there is a chronic functional deficit induced by L-NIO that is 

expressed as an increase in the use of the unaffected, ipsilateral forelimb. However, this is 

only revealed through specific types of weight-shifting movements. The sham group was not 

different to the L-NIO group on any measure and this may be because surgery alone induces 

a deficit. This certainly appeared to be the case one week post-surgery in the cylinder test. 
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5.5. Discussion	

The ischemic infarct generated by L-NIO injection and jugular vein occlusion was focal and 

consistently placed in the striatum, incorporating the nearby globus pallidus in 24% of 

infarcts. The infarct predominantly occurred in the lateral striatum, the same striatal region 

commonly lesioned in MCAo and ET-1 models (Figure 20)(Tamura et al., 1981; Windle et 

al., 2006). There was no cortical involvement apart from minor needle tract injury and no 

apparent involvement of regions other than the striatum and globus pallidus. As such, far less 

variation was demonstrated in the regions that could be differentially affected by ischemia in 

each animal than for the MCAo model, in which diverse regions such as the amygdala, 

hypothalamus, thalamus and various cortices were affected.  

Quantitative analysis of infarct volume was performed to characterise any changes over time. 

Three days following ischemia, infarct volume was 8.5 ± 5.3% of the volume of the 

contralateral striatum, significantly larger than the sham volume of 0.7 ± 0.3%. There was no 

significant variation in infarct volume over 35 days following ischemia and no evidence of 

swelling as a result of vasogenic edema. The absence of a quantitative change in infarct 

volume suggests that the majority of cell death contributing to the infarct volume has 

occurred by 3 days post-ischemia, though inflammation may contribute to ongoing tissue 

injury. The observed qualitative changes in the infarct over time likely occur as a result of 

tissue repair and remodelling processes such as phagocytosis. In support, tissue atrophy was 

observed long-term. If edema did occur 3 days post-ischemia in the L-NIO model, it was not 

great enough to produce measurable swelling. It is possible that edema did occur at an earlier 

time point such as 24 hours, that was not examined here, as edema following MCAo has been 

shown to peak from 24 hours to 3 days and resolve by 7 days post-ischemia (Lin et al., 1993; 

Rewell et al., 2013).  

A further objective was to characterise acute ischemic pathophysiology by investigating 

blood-brain barrier leakage and hypoxia. The blood-brain barrier appeared to become 

compromised between 1.5 hours and 6 hours following ischemia, as demonstrated by 

extensive extravasation of serum albumin from the vasculature into the brain parenchyma 6 

hours, but not 1.5 hours, post-ischemia. ET-1 induced focal ischemia in the striatum does not 

appear to result in blood-brain barrier disruption (Hughes et al., 2003); therefore the L-NIO 

model may be more clinically relevant. The observed disappearance of albumin from within 

blood vessels after 6 hours also suggests that reperfusion has occurred during this time period 
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in order for albumin to be rinsed out of the vasculature. The half-life of L-NIO has not been 

described in the literature but plasma half-life may be estimated at approximately 30 minutes 

from the reversible effects L-NIO has had on blood pressure following systemic 

administration (Oyama et al., 2010; Rees et al., 1990; Yemisci et al., 2009). Reperfusion 

would thus be expected to occur within hours of L-NIO intrastriatal injection, consistent with 

this result.  

Another acute event investigated following L-NIO injection was hypoxia. The transcription 

factor HIF-1α, that regulates cellular adaption to hypoxia (Lenihan & Taylor, 2013), was 

abundantly expressed in the ipsilateral striatum only after 24 hours following the induction of  

ischemia. HIF-1α appeared to only be expressed in neurons, but not all neurons expressed 

this transcription factor. Specific neuronal sub-types may be more resistant to ischemia, the 

hypoxic response may be delayed, neurons may be irreversibly injured and unable to adapt or 

they may already have died but still retain NeuN expression. The qualitative results obtained 

for blood brain barrier leakage and hypoxia at acute time points (1.5, 6 or 24 hours post-

ischemia) do need to be confirmed in larger animal cohorts. 

In order to determine whether neuronal degeneration continued long term, neurodegeneration 

was identified by staining for Fluoro-jade C. Fluoro-jade C was abundant within the infarct 

from 24 hours to at least 14 days following ischemia. From these results, it was not possible 

to determine the final fate of these labelled cells and whether they recovered or died. Nor 

could we establish whether further neurons began to degenerate as time progressed or if cells 

already degenerating as a result of the initial insult continued to express Fluoro-jade C over 

time. However, it does appear that neurodegeneration occurs long term following L-NIO-

induced ischemia. We further wished to determine which neuronal sub-types were 

specifically affected in this model and found that the vast majority of medium spiny neurons 

in the striatum have been lost by 7 days following ischemia, as has also been found following 

ET-1-induced striatal ischemia (Fuxe et al., 1992). Interneurons remain, but appear injured. 

These results are consistent with reports that striatal interneurons are more resistant to 

ischemia than striatal projection neurons but appear damaged from 1 to 15 days following 

MCAo and may undergo delayed cell death (Sakuma, Hyakawa, Kato, & Araki, 2008; 

Satoshi, Shinji, Kojiro, & Yukitaka, 1993). Therefore the cells that were positive for NeuN 

but negative for HIF-1α 24 hours post-ischemia were possibly interneurons. It will be 

important to conduct further studies of interneuron sub-type expression at a later time point to 

determine the final fate of these cells – do they recover or do they die?  
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We investigated the activation of glial cells, key mediators of neuroinflammation, and found 

that microglial/macrophage and astroglial responses to the ischemia were also chronic. 

Changes in the morphology and location of Iba1-positive microglia/macrophages were 

evident within hours of ischemia and Iba1 immunoreactivity was consistently elevated 

following L-NIO injection compared to sham surgery from 3 to at least 35 days following 

ischemia. These early changes in morphology and location and the increase in expression of 

Iba1 are consistent with previous reports of microglia being the most numerous immune cell 

type in the first 24 hours following MCAo in mice (Gelderblom et al., 2009) and responding 

to injury earlier than astrocytes (Sozmen et al., 2009). The inflammatory response thus 

clearly begins in the hours following L-NIO-induced ischemia and continues long-term. 

Unlike microglia/macrophages that were found in the core of the infarct, astrocytes appeared 

to border the infarct core in the ipsilateral striatum. GFAP-positive cells were lost in the core 

region from around 6 hours following ischemia, likely indicating acute death of GFAP-

positive astrocytes. However from approximately 24 hours, GFAP immunoreactivity 

increased in the peri-infarct region, beginning to form a border indicative of reactive gliosis 

that was obvious 3 days post-ischemia, and across much of the ipsilateral striatum. The 

astroglial border was so distinct that it may provide an alternative means of quantifying 

infarct volume 3 days post-ischemia. GFAP immunoreactivity was elevated for at least 35 

days following ischemia, peaking after 7 days. Endothelin-1 induced white matter stroke 

shows a very similar time course of astrocytic activation with GFAP intensity increasing 

from 3 days and peaking after 7 days (Sozmen et al., 2009). The astroglial response observed 

here is also consistent with results from Schroeter and colleagues, who observed formation of 

a distinct GFAP-positive ring around the infarct and also more remote increased GFAP 

immunoreactivity 3 days following photothrombotic focal ischemia, a response that began 

within the first 2 days and lasted for 10 weeks post-ischemia (Schroeter et al., 1995a). An 

astroglial border has also been observed in the striatum 7 days following ET-1-induced 

striatal ischemia (Fuxe et al., 1992). Chronic reactive astrogliosis has further been observed 

following rat MCAo, beginning in the days following ischemia, changing over time and 

resulting in glial scar formation from 15 days onwards (Clark et al., 1994).  

The core area bordered by astrocytes decreased in size until it was no longer present after 35 

days. It is not possible to say from these data whether this reduction in the core area is due to 

tissue loss, migration of astrocytes or proliferation of endogenous astrocytes. Recent research 

suggests that astrocytes may not migrate in response to injury but proliferate and relocate 
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their processes to form glial borders (Bardehle et al., 2013; Wanner et al., 2013). This was  

investigated by in vivo two-photon laser scanning microscopy through an implanted cranial 

window in the cortex (Bardehle et al., 2013), but unfortunately the striatum is too deep for 

this technique. Overall, these results demonstrate the presence of chronic 

microglia/macrophage and astrocytic responses to L-NIO-induce ischemia that vary in space 

and time. 

It is necessary that a model of focal ischemia recapitulates the ischemic pathology found in 

humans, including energy failure, blood brain barrier dysfunction, hypoxia, neuronal loss and 

chronic inflammation. However, for clinical translation, it is also important that a functional 

deficit occurs that can be measured and improved with trial drug therapies. The final 

objective of this chapter was to characterise functional impairment over time following L-

NIO-induced focal ischemia in order to establish clinical relevance. Focal ischemia induced 

by L-NIO injection and jugular vein ligation did appear to induce a subtle but chronic deficit 

in the use of the affected forepaw in the exploratory environment of the cylinder test. The 

unaffected, ipsilateral limb was more commonly used for first wall contact in animals that 

had experienced L-NIO ischemia compared to non-surgery controls both one week and four 

weeks following induction of ischemia. The L-NIO results were not significantly different 

from sham animals but this may be the result of being impaired simply due to undergoing 

stereotaxic surgery and anaesthesia. Supporting this, the performance of sham animals on the 

rotarod test appeared to decline one week following surgery. The rotarod test did not 

highlight any functional differences between the treatment groups. In hindsight, with 

knowledge of the focal nature of the L-NIO infarct, the rotarod test that is designed for 

identifying gross motor impairments is therefore not the most suitable functional test.  
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5.6. Summary	

The overall objective of this chapter was to characterise the novel L-NIO model of rat striatal 

ischemia in terms of the histological and functional outcomes over time. The focal L-NIO 

infarct was demonstrated to be 8.5 ± 5.3% of the volume of the contralateral striatum 3 days 

post-ischemia and was consistently located in the striatum. No brain swelling was observed, 

but significant ipsilateral striatal atrophy was observed 35 days following ischemia. Our 

hypothesis that L-NIO-induced ischemia would exhibit many of the characteristics seen in 

other rodent models of stroke, including blood brain barrier dysfunction, hypoxia, ongoing 

neurodegeneration, chronic microglial activation and reactive astrogliosis and a long-term 

functional deficit, appears to be supported. There was evidence of blood-brain barrier 

dysfunction between 1.5 hours and 6 hours following ischemia, neuronal hypoxia 24 hours 

post-ischemia, neurodegeneration that continued for at least 14 days and chronic 

inflammation, demonstrated by microglia/macrophage and astrocytic responses to the L-NIO 

infarct. L-NIO-induced ischemia resulted in a subtle, chronic deficit in forelimb use using the 

cylinder test. The L-NIO model has now been shown to exhibit a range of characteristics 

indicative of ischemic models and it remains to determine its suitability for testing 

experimental compounds. 
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Chapter 6. Potential	for	Neuroprotection	in	the	L‐NIO	Model	

6.1. Introduction	

A large proportion of the stroke literature concentrates on therapeutic approaches to promote 

neuroprotection following ischemic stroke. If neuroprotection were possible, the initial brain 

damage following stroke would be reduced and patients would have a greater chance of 

recovery because of reduced neuronal loss. As it is such a large, active area of research, it is 

important that animal models of stroke are able to model neuroprotection in order to be useful 

in preclinical research. Thus far, it is unknown if neuronal loss following L-NIO-induced 

striatal ischemia is able to be reduced and if neuroprotection is possible in this novel model. 

MK801 is an NMDA receptor antagonist that has been used to demonstrate neuroprotection 

both with pre- and post-ischemic systemic administration in a variety of studies using MCAo 

models (Bertorelli, Adami, Di Santo, & Ghezzi, 1998; Dirnagl, Tanabe, & Pulsinelli, 1990; 

Ma, Endres, & Moskowitz, 1998; Park, Nehls, Graham, Teasdale, & McCulloch, 1988; 

Sharkey & Butcher, 1995). Though NMDA receptor antagonists have failed to progress 

through clinical trials (Ikonomidou & Turski, 2002), MK801 can still be used in an animal 

model to provide proof-of-principle that neuroprotection is possible. Furthermore, no 

neuroprotective agents have been successful in clinical trials (O'Collins et al., 2006). Because 

it is an antagonist of NMDA receptors, neuroprotection is possible where neuronal loss 

occurs as a result of excitotoxicity, certainly the case in ischemic stroke (Dirnagl et al., 1999). 

Thus MK801 was used in this study not as a potential therapeutic strategy but as a means to 

demonstrate whether neuroprotection is possible in this model and to confirm that neuronal 

loss does occur through excitotoxicity. 

If neuroprotection is possible with post-ischemic administration of MK801, this would 

indicate that there is an area of potentially salvageable tissue following L-NIO-induced 

ischemia, in line with other ischemic models demonstrating delayed neuronal loss. In 

addition, the timing of successful neuroprotection would both give some indication of the 

timeline of reperfusion in the L-NIO model, given reperfusion must occur for the tissue to be 

protected from injury, and provide a timeline of when excitotoxic processes are active 

following ischemia. 
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MK801 has been shown to be neuroprotective when administered prior to a quinolinic acid 

lesion in the quinolinic acid (QA) model of Huntington’s disease (Butcher, Henshall, 

Teramura, Iwasaki, & Sharkey, 1997). QA injection produces an excitotoxic infarct, reduced 

by antagonism of NMDA receptors. The QA model was used as a positive control in this 

chapter to confirm that MK801 pre-treatment could be neuroprotective in an excitotoxic 

model under our experimental conditions. MK801 was administered prior to L-NIO-induced 

ischemia to compare to the QA model. However, for clinical relevance it is important that 

neuroprotection is possible with post-ischemic administration of a neuroprotective agent. 

Thus MK801 was also administered 10 minutes following L-NIO injection and one hour 

following L-NIO injection to determine whether delayed neuroprotection was possible. 

6.2. Hypothesis	and	objectives	

The hypothesis of this study was that administration of MK801 both prior to and following L-

NIO-induced ischemia would lead to neuroprotection, as demonstrated in MCAo models in 

the literature. 

The specific objectives were: 

1. Confirm that pre-treatment with MK801 leads to a reduction in the volume of a 

quinolinic acid lesion as per the literature 

2. Determine if pre-treatment with MK801 leads to a reduction in infarct volume 

following L-NIO-induced ischemia 

3. Determine if immediate and more delayed post-treatment with MK801 leads to a 

reduction in infarct volume following L-NIO-induced ischemia 
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6.3. Methods	

6.3.1. L‐NIO	surgery	

L-NIO surgery was performed as described previously with the same exclusion criteria 

(Chapter 4, Table 7). 

6.3.2. Quinolinic	acid	model		

The quinolinic acid model has been described previously (Tattersfield et al., 2004). QA (2,3-

Pyridinedicarboxylic acid) was obtained from Sigma-Aldrich (P63204). On the day of 

surgery, 50nM QA was prepared in sterile 0.25M NaOH and the pH was adjusted to 7.4. The 

QA solution was stored at 4°C until used. 

Anaesthesia was induced using isoflurane using the same conditions under which L-NIO 

surgery was performed. Animals were placed immediately in a stereotaxic frame and body 

temperature was maintained at 37°C with a rectal probe connected to a homeothermic 

feedback system (50-7221F, Harvard Apparatus, Holliston, MA, U.S.A.). The head was 

shaved and Marcain (0.8mg/kg) was injected either side of the incision site for analgesia. The 

skin was sterilised with 70% isopropanol and an incision was made in the scalp. The skin was 

retracted and Bregma was located. A hole was drilled through the skull at +0.7mm in the 

anterior-posterior direction and -2.5mm in the medial-lateral direction relative to Bregma. A 

5µl syringe (87943, Hamilton, Reno, NV, U.S.A.) with 32 gauge needle (7803-04, Hamilton) 

was filled with QA solution and lowered at a rate of 2mm/min to a depth of 5.0mm below 

dura. Following a pause of 2 minutes, QA solution (400nl) was infused at a rate of 100nl/min. 

After waiting 5 minutes to reduce backflow, the syringe was withdrawn at the same rate and 

the incision was sutured closed.  

Topical analgesic was applied and the animals were placed in an enclosed, humidified 

chamber at 25°C until they recovered from anaesthesia. They were given sterile saline 

subcutaneously following surgery for fluid replacement. Soaked food pellets were scattered 

around the cage to encourage eating. Animals were monitored daily for 3 days following 

surgery.  
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6.3.3. MK801	injections	

(+)-MK801 hydrogen maleate powder was obtained from Sigma-Aldrich (M107). 0.9% NaCl 

was prepared from autoclaved, distilled water. On the day of injection, MK801 was dissolved 

in saline at a concentration of 1mg/ml, filter sterilised and administered via intraperitoneal 

injection at a dose of 3mg/kg. The time of administration was determined to be 30 minutes 

prior to the commencement of QA or L-NIO injection for the pre-treatment paradigm or 10 

minutes or 1 hour following the end of L-NIO injection for the post-treatment paradigm. 

Treatment groups are summarised in Table 10. 

Table 10. Treatment groups for MK801 injections. 

Type of surgery Time of MK801 injection MK801 or vehicle Number of 
animals 

QA 

 

Pre-surgery (30 minutes) MK801 

Vehicle 

3 

3 

L-NIO Pre-surgery (30 minutes) MK801 

Vehicle 

3 

3 

Post-surgery (10 minutes) 

Post-surgery (1 hour) 

Post-surgery 

MK801 

MK801 

Vehicle 

5 

3 

3 

None n/a MK801 3 

 

6.3.4. Tissue	processing,	immunohistochemistry	and	infarct	volume	

Animals were culled 3 days following surgery. This is a long survival time compared to other 

studies using MK801 in the literature (Bertorelli et al., 1998; Butcher et al., 1997; Park et al., 

1988), however a longer survival time provides the opportunity to confirm that 

neuroprotection has in fact occurred as compared to simply delaying neuronal death and not 

preventing its occurrence at all (Park et al., 1988). Tissue was processed as described in 

General Methods. 

A reduction in infarct volume was the outcome measured to determine if neuroprotection had 

occurred. This was done using NeuN immunohistochemistry and infarct volume 

quantification as described for the L-NIO infarct in Chapter 5. 
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6.4. Results	

6.4.1. Observations	

All animals that received MK801 injections demonstrated severe ataxia 4 hours following 

treatment, as has been described previously (T. Gerriets et al., 2003). In the animals that did 

not undergo any surgery, ataxia had an onset of 10-15 minutes post-injection. In animals that 

were injected prior to or 10 minutes following surgery, they did not obviously appear to 

recover from anaesthesia and instead finally recovered normal function 4 hours later 

following surgery. They barely moved during this period of ataxia and were placed inside 

humidified chamber warmed to 25°C until they recovered. Upon recovery, they were able to 

eat and drink as usual and they performed normally on welfare tests the following day. 

Therefore, it was possible to confirm that all animals had been successfully injected with 

MK801 as they all exhibited ataxia following injection. No animals were excluded from the 

analysis based on L-NIO exclusion criteria. 

6.4.2. MK801	pre‐treatment	

Neuroprotection has been shown previously in the literature when MK801 was administered 

prior to both ischemia induced by middle cerebral artery occlusion (MCAo) and quinolinic 

acid lesions (Butcher et al., 1997). The main objectives for the pre-treatment study were 

therefore to confirm this finding in the QA model under our experimental conditions and then 

determine if this was also true for L-NIO-induced ischemia. MK801 was administered 30 

minutes prior to a QA lesion in this study as a positive control. 

Following pre-treatment with MK801, the volume of the QA lesion was only 0.2 ± 0.1% of 

the volume of the contralateral striatum compared to the QA lesion volume of 49.9 ± 23.7% 

in vehicle-treated animals (Figure 48A). This was a difference in infarct volume of over 200-

fold but this difference was not statistically significant (p = 0.068).  However, the change in 

tissue volume did significantly decrease from a positive value of 6.0 ± 0.6% in vehicle-

treated animals to -0.9 ± 2.0% in MK801-treated animals, indicating that the tissue swelling 

observed following vehicle treatment was significantly reduced following administration of 

MK801 (p = 0.005; Figure 48C). 

In contrast, in animals subjected to L-NIO-induced ischemia, there were no significant 

differences between MK801-treated, vehicle-treated, untreated or sham animals in infarct  
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Figure 48. Infarct volume and tissue volume change following pre-treatment with MK801.  
Animals received MK801 or vehicle intraperitoneal injections 30 minutes before injection of QA (A, C) 
or L-NIO (B, D). Infarct volume (A,B) and striatal tissue volume change (C,D) were quantified 3 days 
post-surgery and are expressed as a percentage of the volume of the contralateral striatum (n=3-
5/group; **p < 0.01). 
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volume (p = 0.520) or the change in tissue volume (p = 0.061; Figure 48B,D). The animals 

that had L-NIO infarcts did, however, all have positive values for tissue volume change 

suggestive of tissue swelling, in contrast to sham animals. 

In summary, there was evidence of a difference in infarct volume and a significant reduction 

in striatal tissue swelling following MK801 pre-treatment in QA-lesioned animals but not 

animals that had undergone L-NIO-induced ischemia. Therefore the findings in the literature 

regarding neuroprotection in QA animals with MK801 pre-treatment (Butcher et al., 1997) 

appear to be confirmed. However, pre-treatment may not be a valid strategy to elicit 

neuroprotection in the L-NIO model. Thus it was important to investigate whether post-

ischemic treatment with MK801, a more clinically relevant time for therapy, could result in 

neuroprotection. 

6.4.3. MK801	post‐treatment	

Post-treatment studies were performed in animals that had undergone L-NIO induced 

ischemia under exactly the same conditions as for pre-treatment studies, except for the timing 

of MK801 administration. Ten minutes was used to avoid too much interaction of the 

recently injected L-NIO solution with MK801 and allow ischemia to be initiated. One hour 

was chosen as a time point where ischemic pathophysiological processes would be well 

underway, and was also a time where studies using the MCAo model have shown 

neuroprotection (Hatfield, Gill, & Brazell, 1992). 

A significant difference was found in infarct volume between the treatment groups (p = 

0.002). Treatment with MK801 10 minutes following induction of L-NIO ischemia increased 

infarct volume from 8.5 ± 5.3% of the contralateral striatum in no-treatment control animals 

to 31.5 ± 14.4% in MK801 animals (Figure 49). Furthermore, treatment with MK801 one 

hour following ischemia significantly decreased infarct volume from 31.5 ± 14.4% to 1.6 ± 

1.9%. This was close to a twenty-fold difference reduction in infarct volume when treatment 

of MK801 was delayed until one hour following ischemia. The volume after one hour post-

treatment was closer to the sham infarct volume than the no-treatment control volume, 

suggesting that neuroprotection had occurred, although this difference was not significant. 

The infarcts produced by one hour post-treatment did not have the appearance of the standard 

L-NIO infarct and instead appeared similar to sham infarcts (Figure 50). 
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Figure 49. L-NIO infarct volume and tissue volume change following post-treatment with 
MK801. 
Animals received MK801 or vehicle intraperitoneal injections at 10 minutes or 1 hour following L-NIO-
induced ischemia. Infarct volume (A) and striatal tissue volume change (B) were quantified 3 days 
post-surgery and are expressed as a percentage of the volume of the contralateral striatum (n=3-
5/group; *p < 0.05, **p < 0.01). 

In
fa

rc
t 

v
o

lu
m

e 
(%

)

Sham

L-N
IO

 o
nly

L-N
IO

 +
 V

eh
ic

le

L-N
IO

 +
 M

K80
1 

10
 m

in
 

L-N
IO

 +
 M

K80
1 

1h
 

0

10

20

30

40

50

**
**

*

C
h

an
g

e
 in

 t
is

s
u

e 
vo

lu
m

e
 (

%
)

Sham

L-N
IO

 o
nly

L-N
IO

 +
 V

eh
ic

le

L-N
IO

 +
 M

K80
1 

10
 m

in
 

L-N
IO

 +
 M

K80
1 

1h
 

-6

-4

-2

0

2

4

6

8

10
**

*

A

B



Chapter 6 – Potential for Neuroprotection in the L-NIO model 
 

- 160 - 

 

Figure 50. Images demonstrating L-NIO infarct volume with MK801 post-treatment. The infarct 
(outlined in white) is shown in representative sham animals and animals that received no treatment, 
vehicle only, or MK801 10 minutes (min) or 1 hour (h) post-ischemia. Scale bar = 1mm. 
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There was a corresponding increase in ipsilateral tissue volume with the increase in infarct 

volume in the ten minute MK801 post-treatment group that was significantly different to 

animals that received no treatment (p = 0.004). This was interesting because ipsilateral 

swelling indicative of edema was not seen in Chapter 5 when the L-NIO infarct was 

characterised. This suggests that if the original L-NIO infarct had been larger, it may also 

have generated tissue swelling edema. 

6.5. Discussion	

The hypothesis of this study was that administration of MK801 both prior to and following L-

NIO-induced ischemia would lead to neuroprotection, as demonstrated in MCAo models in 

the literature. Our hypothesis was not entirely correct. Whilst MK801 pre-treatment protected 

against tissue injury in the quinolinic acid lesion, as shown in the literature (Butcher et al., 

1997), there was no evidence of neuroprotection with MK801 pre-treatment for the L-NIO-

induced infarct.  

Not all studies that have pre-treated animals with MK801 before MCAo have shown 

significant neuroprotection (Dirnagl et al., 1990). Therefore, variation between models and 

experimental parameters (including anaesthetic regime and whether animals are awake or 

anaesthetised) may make a difference to whether a neuroprotective effect is discovered. 

However, the fact that our positive control QA model was successful indicates that it is not a 

problem with our experimental procedures but it is the L-NIO model in particular in which 

pre-treatment is not successful. QA causes cell death acutely via excitotoxicity. MK801 has a 

half-life following 3mk/kg intraperitoneal injection of 1.6 hours (Hatfield et al., 1992), 

therefore excitotoxicity must occur soon after injection of QA for it to be prevented using 30 

minute MK801 pre-treatment. The differing results between models suggests that 

excitotoxicity occurs later in the L-NIO model and this is not unexpected given that ischemia 

has to first be induced via NOS inhibition and vasoconstriction using L-NIO. Given that pre-

treatment of a patient before they suffer an ischemic stroke is unlikely to ever be an effective 

clinical treatment, this study was useful for validating our MK801 administration paradigm 

and achieving the first two objectives of this chapter but success with a post-treatment 

paradigm would make the L-NIO model more useful. 

The third and final objective of this chapter was to determine if immediate or more delayed 

post-treatment with MK801 led to a reduction in infarct volume following L-NIO-induced 
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ischemia. We found that 10 minute post-treatment with MK801 significantly increased the L-

NIO infarct to three times the no treatment infarct volume and was associated with the 

presence of edema. This association is not unexpected given the strong positive correlation 

between edema and infarct volume in the MCAo procedure (Figure 24). The lack of edema 

found previously during L-NIO model characterisation (Chapter 5) is therefore likely to be 

because the ischemic infarct was too small. Importantly, treatment with MK801 one hour 

following L-NIO-induced ischemia significantly reduced infarct volume to 20 times less than 

the 10 minute post-treatment paradigm, a volume much closer to sham levels than to the no 

treatment volume. Moreover, NeuN immunoreactivity was only reduced in a very small area 

of the striatum – these infarcts also looked like sham infarcts. This evidence is suggestive of a 

neuroprotective effect with delayed MK801 administration.  

But why does treatment with MK801 10 minutes following L-NIO-induced ischemia produce 

such a large increase in infarct volume when delayed treatment appears neuroprotective? The 

increase in infarct volume with early treatment may be due to an interaction of MK801 with 

L-NIO itself, the induction of ischemia by inhibition of NOS and vasoconstriction, or with 

events immediately following the initiation of ischemia. There may also have been 

differences due to the animals in the 10 minute paradigm still being partially anaesthetised 

before administration of MK801, whereas one hour later the animals received injections 

when they were wide awake. MK801 has been shown to have different effects depending on 

whether animals are anaesthetised or not; it may cause hypotension in conscious animals but 

hypertension in anaesthetised animals (Park et al., 1988). The exact reason cannot be 

determined by these studies. 

It is interesting that the vehicle treated animals that received saline instead of MK801 had a 

mean infarct volume almost double the infarct in animals that received no treatment. This 

difference was not significant. It is unlikely than an intraperitoneal injection of saline would 

have any effect on ischemic processes occurring immediately at the start of ischemia, but it is 

possible that there is an effect on later inflammatory process that contribute to the final extent 

of the ischemic infarct. What is clear however is that MK801 delivered ten minutes following 

ischemia does not have a neuroprotective effect on the ischemic infarct. The results suggest 

that post-treatment with MK801 one hour following ischemia has a significantly different 

outcome and may indeed be neuroprotective. These pilot studies warrant a larger scale study 

at later time points following L-NIO-induced ischemia to confirm that neuroprotection can 

occur and how late MK801 can be administered for this to be possible.  
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Studies using MCAo models have typically found that neuroprotection declines over time but 

protection has been shown with MK801 as late as one hour following permanent MCAo 

(Hatfield et al., 1992). Therefore, being able to induce neuroprotection pharmacologically 

one hour post-ischemia would make the L-NIO model equally useful in testing putative 

neuroprotective compounds for ischemic stroke. MK801 has been used previously to validate 

the endothelin-1 model of MCAo as a model that can be used in investigating neuroprotective 

potential of pharmacological agents (Sharkey & Butcher, 1995). With the evidence presented 

here of the potential neuroprotection generated when MK801 is administered one hour 

following ischemia, we believe the same is now true for the L-NIO model of focal ischemia. 

The neuroprotective potential of MK801 in this model also allows other characteristics of the 

model to be identified. For MK801 to be able to be delivered successfully to the ischemic 

tissue and have an effect, 1) the tissue must be potentially salvageable and 2) some degree of 

reperfusion must have occurred for MK801 to have reached the ischemic brain parenchyma 

and for the tissue to have recovered normal function. The tissue rescued was the tissue that 

would normally be lesioned following L-NIO-induced focal ischemia but is not part of the 

infarct in the treated animals (Figure 50). Therefore, a large proportion of the infarct can 

potentially be rescued from ischemic injury, which is useful for studying the protective effect 

of other compounds. The 1.6 hour half-life of MK801 indicates that tissue can potentially be 

protected for some hours. Reperfusion probably does not occur instantly – vasoconstriction 

by inhibition of NOS using L-NIO may not be uniform in time and space and may not reverse 

evenly. Moreover, aggregation of platelets, blood cells and inflammatory cells might occur 

during vasoconstriction that does not resolve immediately and may block some vessels and 

not others. These findings suggest that reperfusion occurs within hours of the ischemic insult. 

Investigating the delayed administration of MK801 following L-NIO-induced ischemia has 

not only provided evidence toward a neuroprotective effect in this model and therefore its 

usefulness in testing potential neuroprotective compounds, but has also suggested that 

reperfusion begins within hours of the ischemic event. In addition to MCAo models of 

ischemic stroke, the L-NIO model of focal ischemia therefore appears useful for testing 

putative neuroprotective strategies. 
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6.6. Summary 

This chapter investigated the use of MK801 as a neuroprotective agent in order to assess the 

ability of the L-NIO model to be used in preclinical studies of neuroprotection for ischemic 

stroke. MK801 pre-treatment successfully induced neuroprotection in the quinolinic acid 

lesion model used as a positive control, but did not produce neuroprotection following L-

NIO-induced ischemia. Excitotoxicity is likely delayed following ischemia compared to an 

acute acid lesion. Delayed post-treatment with MK801 one hour following the induction of L-

NIO ischemia did however demonstrate evidence of neuroprotection, compared to a 

significant increase in infarct volume seen following ten minute post-treatment. Reperfusion 

is likely to begin within hours of the induction of ischemia in order for MK801 to be able to 

successfully rescue ischemic tissue from injury. The major finding of this chapter is that the 

L-NIO infarct appears able to undergo neuroprotection and thus the L-NIO model is likely to 

be useful for testing neuroprotective compounds for ischemic stroke. 
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Chapter 7. Therapeutic	Potential	of	Cx43	Mimetic	Peptide	Delivery	

following	Ischemic	Stroke	

7.1. Introduction	

Cx43 hemichannel opening following ischemia may play a role in initiating and contributing 

to multiple aspects of ischemic pathophysiology, including bystander cell death, 

inflammation, dysfunction of far-reaching astrocytic networks, secondary energy failure and 

cell death, further promoting inflammation and expansion of the ischemic infarct (Figure 13) 

(Davidson, Green, Bennet, et al., 2013). In support, the strategy of blocking Connexin43 

hemichannels using mimetic peptide technology has had successful outcomes in multiple 

animal models with an inflammatory component. These include models of epilepsy (Yoon et 

al., 2010), spinal cord injury (O'Carroll et al., 2008; O'Carroll, Gorrie, et al., 2013), optic 

nerve ischemia (Danesh-Meyer et al., 2012) and perinatal hypoxia-ischemia (Davidson, 

Green, Nicholson, O'Carroll, et al., 2012). However, this is the first time that the Cx43 

mimetic peptide known as peptide 5 (O'Carroll et al., 2008) has been used in a rat model of 

adult brain ischemia.  

The evidence that neuroprotection may be possible in the L-NIO model from post-ischemic 

administration of MK801 (Chapter 6) suggests that it may also be possible to protect the 

infarct with other compounds. However, because patients do not often arrive at the clinic 

quickly enough following ischemic stroke to undergo the pre-requisite neuroimaging required 

for acute drug administration, our initial interest was to investigate delayed administration of 

Cx43 mimetic peptide at the more clinically relevant time point of 3 days post-ischemia. 

In the L-NIO model of stroke, GFAP was maximal 7 days following stroke (Figure 45). 

GFAP is expressed by astrocytes and this increase in GFAP immunoreactivity is likely to be 

due to either astrocytic proliferation or upregulation of GFAP by individual astrocytes. Either 

way, since astrocytes are the predominant cell type in the brain that express Cx43, we 

hypothesised that Cx43 expression would also be increased. When Cx43 expression 

increases, there are likely to be more unopposed hemichannels in the cell membrane, as part 

of the process of forming functional gap junction channels. The contribution of Cx43 

hemichannels to exacerbation of inflammation and ischemic pathophysiology is likely to be 

large during this increase. Treatment with a Cx43 mimetic peptide 3 days post-ischemia may 
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thus result in significant blocking of Cx43 hemichannels and reduction of inflammation. In a 

mouse model of MCAo, an increase in Cx43 mRNA expression was seen 3 days post-

ischemia (Van Slooten et al, unpublished results). However, this needed to be established in 

the L-NIO model. Thus Cx43 mRNA expression was investigated 3 days following ischemia 

in rats using quantitative real-time PCR. Cx43 protein expression was investigated from 1.5 

hours to 7 days following L-NIO-induced ischemia using immunohistochemistry. 

Once Cx43 expression had been investigated, it was important to determine the optimal 

delivery method for the Cx43 mimetic peptide 3 days post-ischemia. We compared prolonged 

delivery into the brain by osmotic pump to direct injection into the brain, in addition to the 

optimal site for delivery; the ventricle or striatum. We further performed proof-of-principle 

pilot studies with Cx43 mimetic peptide delivery immediately following L-NIO-induced 

ischemia, to determine if treatment before inflammation began would improve tissue 

outcomes. Two different vehicle solutions and two doses of Cx43 mimetic peptide were 

investigated using the optimal delivery parameters. Finally, pilot investigations into systemic 

delivery were performed at acute time points following focal ischemia. 

7.2. Hypothesis	and	objectives	

The overall hypothesis for this chapter was that delivery of a Cx43 mimetic peptide would 

improve tissue outcomes following focal ischemia induced by L-NIO. To address this 

hypothesis, we had the following objectives: 

1. Investigate Cx43 mRNA and protein expression following focal ischemia 

2. Compare and contrast delivery of a Cx43 mimetic peptide following ischemia via 

mini-osmotic pump into the lateral ventricle or striatum and direct intrastriatal 

injection 

3. Determine the tissue outcomes of Cx43 mimetic peptide delivery 3 days following 

focal ischemia 

4. Determine the tissue outcomes of Cx43 mimetic peptide delivery immediately 

following focal ischemia 

5. Compare the effects of two different vehicle solutions for mimetic peptide delivery 

6. Investigate systemic delivery of Cx43 mimetic peptide at acute time points following 

focal ischemia 	
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7.3. Methods	

7.3.1. Cx43	expression	

7.3.1.1. Cx43	mRNA	expression	via	quantitative	real‐time	PCR	

In order to investigate Cx43 mRNA expression whilst GFAP immunoreactivity was 

increasing, L-NIO focal ischemia was induced in Sprague Dawley rats as described 

previously (Chapter 4) and animals were culled 3 days following induction of ischemia. 

Treatment groups consisted of control animals that had not undergone any surgical 

procedures (n=6), sham animals (n=4) and animals that had undergone L-NIO-induced focal 

ischemia (n=5). mRNA expression analysis was performed via quantitative PCR and protein 

expression was analysed through fluorescence immunohistochemistry. 

Tissue	collection	

For mRNA analysis, animals were not perfused. Instead, rats were terminally anaesthetised 

with an overdose of sodium pentobarbitone (60mg/ml) and decapitated. Brains were 

immediately removed and the lesioned right striatum was dissected on ice. Striata were 

placed into labelled tubes and snap-frozen in liquid nitrogen for tissue preservation. Tissue 

was stored long-term at -80°C. 

RNA	extraction	

Tissue was homogenised using a Bullet Blender® 5 (Next Advance, USA) and total RNA was 

extracted with an RNeasy mini kit (74104, Qiagen, Venlo, Netherlands). The concentration of 

RNA was determined using a Nanodrop (Thermo Fisher Scientific Inc., Waltham, MA, 

U.S.A.) and the RNA quality was confirmed by 260/280 and 260/230 absorbance ratios.  

cDNA	synthesis	

DNA contamination of the RNA samples was minimised by treating each sample with 

amplification grade DNase I (18068-015, Life Technologies, Carlsbad, CA, U.S.A.). First 

strand cDNA synthesis was performed using SuperScript® reverse transcriptase II (18064-

014, Life Technologies) and Oligo(dT)12-18 primers (18418-012, Life Technologies) with 

200ng of RNA. Each sample was prepared with a corresponding control negative for 

SuperScript® reverse transcriptase II. RNase H (18021-071, Life Technologies) was then 

added to the samples to remove complementary RNA. 
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Normalisation	using	geNorm™	

Selection of the most stable house-keeping genes for normalisation across both lesioned 

tissue and control tissue cDNA samples was achieved using the 12 gene geNorm™ 

Housekeeping Gene Selection Kit (Primer Design Ltd, Southampton, UK).  

RT‐PCR		

A standard reverse transcriptase polymerase chain reaction (RT-PCR) reaction was first 

performed to confirm that primers for 11 house-keeping genes provided in the geNorm™ rat 

Housekeeping Gene Selection Kit (Primer Design Ltd.) and Cx43 produced single amplicons 

with the correct number of base pairs. Primers for 18s were not included because 18S rRNA 

does not contain a poly(A)-tail that is needed for binding of Oligo(dT) primers. 

Primers for the rat housekeeping genes beta actin (Actb), ATP synthase, H+ transporting, 

mitochondrial F1 complex, beta polypeptide (Atp5b), beta-2 microglobulin  (B2m), calnexin 

(Canx), cytochrome c-1  (Cyc1), glyceraldehyde-3-phosphate dehydrogenase  (Gapd), malate 

dehydrogenase 1, NAD (Mdh1), ribosomal protein L13  (rpl13), topoisomerase (DNA) I 

(Top1), ubiquitin C (Ubc), and tyrosine 3-monooxygenase/tryptophan 5-monooxygenase 

activation protein, zeta  (Ywhaz) were reconstituted in PCR grade water and diluted 1:10 to 

form working stocks. SYBR Green qPCR primer sequences for rat Cx43 were obtained from 

a study by Baptista (Baptista et al., 2006) and were intron spanning, with a product size of 

144 base pairs: 5’-GATTGAAGAGCACGGCAAGG-3’ and 3’-

GTGTAGACCGCGCTCAAG-5’. 

The RT-PCR reaction was prepared with the DNA polymerase Platinum® Taq (10966-018, 

Life Technologies) and accompanying master mix components to produce a total reaction 

volume of 25 μl. Forwards and reverse primers for Cx43 and the house-keeping genes were 

added at a final concentration of 0.2 µM. A Px2 Thermal Cycler (Thermo Fisher Scientific 

Inc.) was used to perform the RT-PCR reactions. 

Gel	electrophoresis	

An agarose gel (2%) containing ethidium bromide (1:40 000) was prepared for 

electrophoretic separation of the RT-PCR products. The gel was submerged in 1x TAE buffer 

(Appendix A) containing 2 µl of ethidium bromide and 15 µl of each RT-PCR reaction was 

combined with 2 µl of BlueJuice™ gel loading buffer  (10816-015, Life Technologies) and 

added to wells in the gel. A 1Kb Plus DNA ladder (3 µl; 10787-018, Life Technologies) was 
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loaded into a separate well to provide a standard for estimating the size of each amplicon. 

120V was applied to the gel for one hour, after which the gel was exposed to UV light to 

obtain a photo. Single amplicons between approximately 100 and 200 base pairs were 

observed for all the genes tested except Cyc1, for which no product was observed. 

Real‐time	quantitative	PCR	to	determine	the	optimal	genes	for	normalisation		

It is important to establish which internal control or house-keeping genes are most stable 

across a particular set of samples and the use of more than one control gene increases the 

reliability of normalisation (Vandesompele et al., 2002). Therefore, one cDNA sample of 

striatal tissue from each group (non-surgery control, sham and L-NIO) was used in a real-

time quantitative PCR (qPCR) reaction to determine the most stable house-keeping gene 

combination for normalization. An EXPRESS SYBR® GreenER™ qPCR SuperMix universal 

kit (11794-200, Life Technologies) was used to perform qPCR. Primers for the ten 

housekeeping genes that were amplified correctly during RT-PCR (final concentration 200 

nM) were added to the EXPRESS SYBR® GreenER™ qPCR Supermix containing pre-mixed 

ROX reference dye (5µl) and PCR grade water (to 8 µl). This master mix was loaded into a 

384 well qPCR plate. Each cDNA sample, diluted in PCR grade water to a concentration of 

0.5ng/µl (2 μl), was loaded in triplicate for each primer set. No template controls, in which 

the cDNA was omitted, were included for each primer set. The plate was loaded into a 

7900HT Fast Real-time PCR System (Applied Biosystems, Foster City, CA, U.S.A.) and a 

dissociation stage was added to obtain dissociation curves. SDS software (Applied 

Biosystems) was used to obtain the cycle threshold (Ct) values for each well and to average 

the Ct values across the triplicates. The mean Ct value for each triplicate was converted into a 

delta Ct value by subtracting the highest Ct value for each gene from every other Ct value for 

that gene. The equation 2(-delta Ct) was then applied to these data and the geNorm™ applet was 

run using the resulting values. The output generated by geNorm™ indicated the most stable 

house-keeping genes across the cDNA samples and the optimal number to use for 

normalization. 

Real	time	quantitative	PCR	to	investigate	Cx43	mRNA	expression	

Following the process described by Vandesompele and colleagues (Vandesompele et al., 

2002), the three most stable housekeeping genes were used to normalise the relative 

expression levels of Cx43 mRNA in the control, sham and lesioned striatal cDNA samples 

collected 3 days post-ischemia using qPCR. The qPCR reaction was performed as described 
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above, with the inclusion of reverse transcriptase negative controls for each sample, in 

addition to no template controls. Each cDNA sample was loaded in triplicate with primers for 

all three house-keeping gene primers in addition to Cx43. The mean Ct value for each 

triplicate was converted into a delta Ct value by subtracting the lowest Ct value for each gene 

from every other Ct value for that gene. The equation 2(-delta Ct) was then applied to these 

data and the geNorm™ applet was used to calculate a normalisation factor for each sample 

from the transformed house-keeping gene values. The 2(-delta Ct) values for Cx43 mRNA 

were subsequently divided by the normalisation factor in order to obtain Cx43 mRNA 

expression levels relative to the house-keeping genes. The mean normalised value for each 

treatment group was then calculated and divided by the mean normalized value of the control 

group to produce the fold-change in Cx43 mRNA expression relative to the control group. 

7.3.1.2. Cx43	expression	via	immunohistochemistry	

Cx43 protein expression was investigated within the desired clinical window using 

fluorescence immunohistochemistry for Cx43 from 1.5 hours to 3 days following L-NIO-

induced focal ischemia (n=1-5/group). Tissue processing and fluorescence 

immunohistochemistry for Cx43 are described in General Methods. Immunohistochemistry 

was performed using antibodies against Cx43 (C6219, Sigma-Aldrich, St. Louis, MO, 

U.S.A.) combined with GFAP (C9205, Sigma-Aldrich) or laminin (MAB19,20, Merck 

Millipore, Billerica, MA, U.S.A.) to identify the distribution and cellular expression of Cx43 

(see Appendix B for all antibody details). Results were qualitative observations. 

7.3.2. Cx43	mimetic	peptide	delivery	

Multiple methods and locations for delivery of the Cx43 mimetic peptide following L-NIO-

induced ischemia were examined. These included direct delivery into the brain using an 

osmotic mini-pump into either the striatum itself or into the lateral ventricle or direct 

intrastriatal injection. Artificial cerebral spinal fluid (aCSF) and PBS were both investigated 

as vehicle solutions and two doses of Cx43 mimetic were used. Systemic administration via 

the intraperitoneal route was also investigated. L-NIO surgery was performed as described 

previously (Chapter 4). 

7.3.2.1. Preparation	of	Cx43	mimetic	peptide	

The Cx43 mimetic peptide used in these studies, also known as peptide 5, is one out of 11 

peptides designed to correspond to one of the extracellular loops of Cx43 (O'Carroll et al., 
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2008). The amino acid sequence of the Cx43 mimetic peptide is VDCFLSRPTEKT, with a 

molecular weight of 1396 g/mol and purity of 65%, purified by high-performance liquid 

chromatography (Auspep Pty Ltd, Melbourne, Australia). The peptide was supplied in 

powder form and reconstituted in sterile 0.9% NaCl to form stock solutions of 1 or 10mM, 

stored in single-use aliquots at -20°C. Aliquots were thawed and diluted in vehicle solution 

on the day of injection. The sequence of the scrambled control peptide was 

RFKPSLCTTDEV. 

7.3.2.2. Preparation	of	osmotic	pumps	

Osmotic pumps with a flow rate of 8.0µl/h for 24 hours (Model 2001D, Alzet®, Cupertino, 

CA, U.S.A.) were used in combination with a brain infusion kit (brain infusion kit 2, Alzet®) 

to deliver the Cx43 mimetic peptide directly into the brain. These same pumps have been 

used previously to successfully deliver Cx43 mimetic peptide following spinal cord injury 

(O'Carroll, Gorrie, et al., 2013) and mouse MCAo (Van Slooten et al., unpublished results). 

Artificial cerebral spinal fluid (aCSF; Appendix A) was used as the vehicle solution, as 

recommended for brain infusion by the website of the manufacturer (Alzet®).  

When Cx43 mimetic peptide was infused into the striatum via a mini-osmotic pump in a 

previous pilot study following MCAo in the mouse, a dose of 10µmol/(kg of brain 

weight)/24h was found to significantly reduce striatal atrophy (Van Slooten et al., 

unpublished results). Reduced inflammation, increased neuronal survival and improved 

functional recovery were observed after 24 hour infusion of the mimetic peptide, beginning 

one hour following spinal cord injury, with a dose of 20µmol/kg administered to the surface 

of the spinal cord (O'Carroll, Gorrie, et al., 2013). Following peri-natal hypoxia-ischemia in 

the sheep, positive outcomes have been demonstrated with an infusion of 50µmol/(kg of 

brain weight)/h of Cx43 mimetic peptide for one hour followed by 50µmol/(kg of brain 

weight)/24h into the lateral ventricle but adverse outcomes with a higher dose of 50µmol/(kg 

of brain weight)/h for 25 hours (Davidson, Green, Nicholson, Bennet, et al., 2012). The 

higher dose may have uncoupled Cx43 gap junctions instead of only blocking Cx43 

hemichannels (Davidson, Green, Nicholson, Bennet, et al., 2012). As the current study 

required injection into solid tissue, the lower 10µmol/(kg of brain weight)/24h dose that was 

successful for solid tissue infusion (compared to higher doses for surface application or 

intraventricular delivery) was used, a dose that is not likely to uncouple gap junctions. The 

brain weight of a male rat of 300g was estimated at 2g (Bailey, Zidell, & Perry, 2004) and 
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later measured to be approximately 1.8g, therefore the rounded figure of 2g was used to 

convert the dose of 10µmol/(kg of brain weight) into an amount of peptide per animal 

(0.02µmol). The final concentration of the solution used to fill the pump was based on 

delivery of 0.02 µmol of peptide in the actual measured volume of the particular lot number 

over 24 hours (approximately 230 µl). For experiments in which the cannula insertion 

location was to be determined, Evans blue (E2129, Sigma-Aldrich) 10% stock solution was 

sterile filtered through a 0.2µm membrane and added to the pump at a final dye concentration 

of 0.01%. 

Osmotic pumps were prepared in a sterile hood on the morning of surgery to allow 3 hours 

for priming. Catheter tubing was cut to 5cm and used to connect the flow moderator to the 

brain infusion cannula. A syringe filled with diluted peptide solution was connected to the 

provided needle and inserted into the osmotic pump that was filled to overflowing. The flow 

moderator was connected to the osmotic pump and the assembly was placed inside a sterile 

beaker filled with sterile saline at 37⁰C for priming.  

7.3.2.3. Osmotic mini-pump insertion 

Anaesthesia was induced with isoflurane in rats that had undergone L-NIO-induced ischemia 

three days prior. Stereotaxic surgery was performed as described for the injection of L-NIO. 

The brain infusion cannula was inserted gently into the brain tissue through holes drilled at 

specific coordinates for intraventricular or striatal infusion (Table 11). Pumps were inserted 

at two intracerebroventricular locations containing vehicle solution and dye to confirm 

correct placement, with 0.5mm thick spacers used to reach the required dorsal-ventral depth. 

For striatal infusion, the cannula was inserted into the second hole that had been drilled for L-

NIO infusion, with no spacers. Vehicle solution was further infused into non-surgery control 

animals to determine if pump insertion and vehicle infusion created an infarct irrespective of 

L-NIO-induced focal ischemia. Where necessary, the cannula was secured to the spacers and 

the top of the skull with super glue (UHU, Bühl, Germany). Surgical scissors were used to 

create a subcutaneous pocket on the back of each animal into which the osmotic pump, 

connected to the implanted cannula, was inserted. The skin was sutured closed above the 

pump and brain infusion cannula. The pump was left in position until the animal was culled 7 

days post-ischemia with an overdose of sodium pentobarbitone and tissue was processed for 

immunohistochemistry as described in General Methods.  
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Table 11. Animal numbers for osmotic mini-pump studies  

Site of pump 
insertion 

Surgery Coordinates (mm relative 
to Bregma and dura) 

Solution infused Number of 
animals 

Lateral ventricle L-NIO -0.4 AP, -1.3 ML, -3.5 DV aCSF vehicle + dye 3 

-0.4 AP, -1.3 ML, -4.0 DV aCSF vehicle + dye 3 

No surgery 
control 

-0.4 AP, -1.3 ML, -4.0 DV aCSF vehicle only 2 

Striatum 

 

L-NIO 

 

 

+0.5 AP, -3.2 ML, -5.0 DV Cx43 peptide 

Scrambled peptide 

aCSF vehicle only 

4 

4 

4 

No surgery 
control 

+0.5 AP, -3.2 ML, -5.0 DV aCSF vehicle only 2 

(AP is anterior-posterior, ML is medial-lateral, DV is dorsal ventral and aCSF is artificial spinal fluid) 

7.3.2.4. Intrastriatal	injection	

Following the deaths and large infarcts in animals that had received osmotic pumps, 

prolonged intrastriatal injections were performed 3 days following ischemia and then 

immediately following ischemia (Table 12). Injections three days post-ischemia required a 

second surgery, whereas immediate post-ischemic injections were performed whilst the 

animal was still anaesthetised following L-NIO surgery.  

The Cx43 mimetic peptide dose per brain weight was converted into the more standard dose 

per body weight based on a brain volume of 2g, therefore 10µmol/(kg of brain weight) was 

estimated to be equivalent to 0.06µmol/(kg of body weight). The peptide dose of 

0.06µmol/kg was delivered in a volume of 16.67µl/kg. For injections immediately following 

ischemia, a second dose of ten-fold lower dose (0.006µmol/kg) was also investigated and was 

delivered in a smaller volume (3.33µl/kg) to try to minimise the total delivery volume in 

animals that had just received L-NIO injections. A 10 µl syringe (1701RN, Hamilton, Reno, 

NV, U.S.A.) connected to a removable 32 gauge needle (7803-04, Hamilton) was used for 

intrastriatal injections at a rate of 500nl/min, with stereotaxic surgery being performed as for 

L-NIO injections under isoflurane anaesthesia. Half of the total injection volume was 

delivered at two injection sites medial to the L-NIO coordinates, in order to target the peri-

infarct region that is important in post-stroke plasticity and recovery (Carmichael et al., 2001; 

Clarkson et al., 2010). The coordinates were +1.0 AP, -2.5 ML, -5.0 DV and +0.5 AP, -2.5 

ML, -5.0 DV. 
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Animals that received injections 3 days following ischemia were culled 7 days post-ischemia 

and animals that received immediate post-ischemic injections were culled 3 days following 

ischemia with an overdose of sodium pentobarbitone. Tissue was processed for 

immunohistochemistry as described in General Methods and Chapter 5. Antibodies are listed 

in Appendix B. 

Table 12. Animal numbers for intrastriatal injection studies. 

Time post-
ischemia 

Surgery Vehicle 
solution 

Solution injected Volume  Number of 
animals 

Non-surgery 
controls 

- aCSF Cx43 peptide (0.06µmol/kg) 16.67µl/kg 2 

aCSF Vehicle only 16.67µl/kg 2 

3 days 

 

L-NIO 

 

 

aCSF 

aCSF 

- 

Cx43 peptide (0.06µmol/kg) 

Vehicle only 

No injection 

16.67µl/kg 

16.67µl/kg 

- 

3 

3 

5 

Sham - No injection - 3 

Immediately L-NIO aCSF 

aCSF 

aCSF 

aCSF 

Cx43 peptide (0.06µmol/kg) 

Vehicle only  

Cx43 peptide (0.006µmol/kg) 

Vehicle only 

16.67µl/kg 

16.67µl/kg 

3.33µl/kg 

3.33µl/kg 

5 

5 

5 

3 

PBS 

PBS 

PBS 

Cx43 peptide (0.06µmol/kg) 

Cx43 peptide (0.006µmol/kg) 

Vehicle only 

16.67µl/kg 

16.67µl/kg 

16.67µl/kg 

5 

5 

5 

- No injection - 5 

Sham - aCSF vehicle only - 3 

 

7.3.2.5. Delivery	vehicle	for	intrastriatal	injections	

Due to unfavourable outcomes following osmotic pump infusion, the recipe for aCSF for 

intrastriatal injection was altered to the one recommended for solid tissue perfusion by the 

pump manufacturer that did not contain BSA (bovine serum albumin) (Appendix A). 

Albumin may induce inflammation and glial proliferation (Nadal, Fuentes, Pastor, & 

McNaughton, 1995), thus BSA may not be suitable to use in a solution directly infused into 

brain tissue. Sterile PBS was used as an alternative vehicle solution (Appendix A). 
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7.3.2.6. Systemic	administration		

For systemic administration of the Cx43 mimetic peptide, the peptide was diluted in saline 

from a stock solution and sterile-filtered. Intraperitoneal injections were performed using a 

peptide dose of 6.67µmol/kg and injection volume of 2000µmol/L, based on the systemic 

injections of Cx43 mimetic peptide used successfully by Danesh-Meyer and colleagues for 

retinal ischemia-reperfusion (Danesh-Meyer et al., 2012). Animals were injected with Cx43 

mimetic peptide 1.5, 6 and 24 hours following induction of L-NIO ischemia (n=3/group), in 

addition to animals that received L-NIO surgery but no injection (n=5) and sham animals 

(n=3). 
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7.4. Results	

7.4.1. Cx43	mRNA	expression	following	L‐NIO‐induced	ischemia	

Blocking Cx43 hemichannels in the hours following a brain insult has been successful in 

various models that have an inflammatory component (Danesh-Meyer et al., 2012; Davidson, 

Green, Nicholson, O'Carroll, et al., 2012). However the need for relevance to human clinical 

stroke has increased our desired time for treatment administration to 3 days post-ischemia. 

Moreover, Cx43 is the major gap junction protein in astrocytes and the increase in GFAP 

over the week following ischemia suggests that Cx43 may increase as well. The process of 

blocking gap junction channel function is thought to interrupt the inflammatory processes in 

the short term to reduce chronic inflammation and ongoing injury long term (C. R. Green & 

Nicholson, 2008), thus we did not want to consider later time points. 

Therefore, the first objective was to investigate Cx43 mRNA expression 3 days following 

LNIO-induced ischemia. We used the procedure described by Vandesompele and colleagues 

to accurately select the optimal housekeeping gene combination out of eleven candidates 

(geNorm™ rat Housekeeping Gene Selection Kit) for accurate normalisation of mRNA 

expression data produced by qPCR (Vandesompele et al., 2002). It was firstly confirmed that 

a single amplicon of the correct size was produced using standard RT-PCR with the qPCR 

primers for each housekeeping gene, in addition to Cx43. Then qPCR was performed to 

determine the optimal housekeeping genes for normalisation. The geNorm™ automated 

analysis of transformed qPCR data demonstrated that the Actb and Ywhaz genes had the 

greatest stability of expression across the samples, as indicated by the lowest expression 

stability value, followed by B2m and Top1 (Figure 51). A second graph generated by the 

geNorm™ applet demonstrates the effect on expression stability by stepwise inclusion of 

additional housekeeping genes in decreasing order of stability (Figure 52). A value below 

0.15 is considered sufficient for accurate normalisation (Vandesompele et al., 2002) and 

lower values represent greater reliability. All the values here are far below this cut-off and do 

not vary greatly with the inclusion of additional genes, indicating that use of only the 

minimum two house-keeping genes is likely to be necessary. However, it is generally 

recommended to use three housekeeping genes for normalisation (Vandesompele et al., 2002) 

and thus the three most stable genes were chosen for subsequent analyses: Actb, Ywhaz and 

B2m.  
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Figure 51. Expression stability of housekeeping genes following qPCR. 
The housekeeping genes were provided in the geNorm™ rat Housekeeping Gene Selection Kit and 
primers for all ten genes were trialled on striatal tissue from control, sham and L-NIO animals. The 
geNorm™ applet automatically calculated the expression stability for each gene. 

 

 

Figure 52. Optimal number of housekeeping genes for normalisation. 
This geNorm™ output demonstrates the effect on normalisation with each addition of the next ranked 
housekeeping gene (pairwise variation). For example, the V2/3 value indicates the effect of including 
a third gene on normalisation compared to only two genes. 

   

A
ve

ra
g

e
 e

x
p

re
s

si
o

n
 s

ta
b

il
it

y

CANX

ATP5B

RPL13
UBC

M
DH1

GAPD
TOP1

B2M
ACTB

 Y
W

HAZ

0.0

0.2

0.4

0.6

Increasing gene stability

V2/3 V3/4 V4/5 V5/6 V6/7 V7/8 V8/9 V9/10
0.00

0.05

0.10

0.15



Chapter 7 – Therapeutic Potential of Cx43 Mimetic Peptide Delivery following Ischemic Stroke 

- 178 - 
 

These three genes were therefore used for normalisation in the following qPCR reaction to 

determine the difference between control, sham and L-NIO groups in Cx43 mRNA 

expression 3 days post-surgery. Figure 53 shows there were no significant differences 

between Cx43 mRNA expression the ipsilateral striatum in animals that had undergone L-

NIO surgery, sham surgery or no surgery at all. Thus L-NIO-induced ischemia does not 

appear to impact total Cx43 mRNA expression in the affected striatum. However, this does 

not rule out the possibility that there are changes in Cx43 expression that are region specific. 

It is possible that the effect of including the whole striatum when the infarct is just a portion 

of it may have diluted any changes that occurred or that changes are occurring in the peri-

infarct region that are overshadowed by large changes in Cx43 expression in the severely 

damaged core. 

 

Figure 53. Cx43 mRNA expression in ipsilateral striatum 3 days post-surgery. 
Cx43 mRNA expression in the sham and L-NIO groups is presented relative to the expression in non-
surgery control animals (n=4-6/group). Data have been normalised to the expression of the house-
keeping genes Actb, Ywhaz and B2m. 
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7.4.2. Cx43	protein	expression	following	L‐NIO‐induced	ischemia	

It is also possible that there were changes in Cx43 protein expression, location or cell-type 

specificity that were not able to be identified by measuring the total level of mRNA. 

Therefore, fluorescence immunohistochemistry was performed to detect expression of Cx43 

protein in the ipsilateral striatum following L-NIO-induced focal ischemia. From 3 to 7 days 

post-ischemia, robust Cx43 expression was observed in the peri-infarct region where GFAP 

immunoreactivity had also increased, but not in the core area devoid of GFAP (Figure 54). 

Examination of earlier time points demonstrated that Cx43 was strongly expressed 1.5 hours 

following ischemia in the peri-infarct region and again 3 days following ischemia, though a 

slight reduction in expression may have occurred between these time points to levels closer to 

contralateral striata and sham infarcts (Figure 55). Cx43 expression was further co-localised 

with GFAP expression in the parenchyma and surrounding blood vessels (Figure 56) but not 

laminin, though it was found in close proximity to laminin that is expressed in the basal 

lamina of blood vessels (Figure 57). These results suggest that Cx43 protein is strongly 

expressed in astrocytes and particularly on the endfeet of astrocytes that surround and closely 

appose blood vessels in the brain. However, Cx43 does not appear to be expressed by 

endothelial cells. The cellular expression of Cx43 did not appear to be different between the 

ipsilateral and contralateral striata, or between animals that had undergone L-NIO versus 

sham surgery. In summary, following L-NIO-induced ischemia, robust expression of Cx43 

protein was observed in the peri-infarct region, whereas Cx43 expression decreased in the 

infarct core, coincident with similar changes in GFAP expression. The cellular localisation of 

Cx43 did not appear to change following ischemia. 
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Figure 54. Distribution of Cx43 expression following L-NIO-induced ischemia.  
Cx43 immunoreactivity (green) is predominantly located within the peri-infarct zone of increased 
GFAP immunoreactivity surrounding the infarct (red) and is reduced inside the infarct core, both 3 
days and 7 days post-ischemia, the time of peak GFAP expression. The GFAP-devoid core is outlined 
in white. ST is the striatum, LV is the lateral ventricle. Scale bar = 1000µm. 
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Figure 55. Cx43 expression over time following L-NIO-induced focal ischemia. Cx43 expression 
is demonstrated in the ipsilateral striatum from 1.5 hours (h) to 3 days (d) post-ischemia. The sham 
infarct and contralateral hemisphere are also shown 3 days post-ischemia for comparison. Scale bar 
= 200µm. 
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Figure 56. Co-expression of Cx43 and GFAP. One blood vessel can be identified in each column 
by the extensive network of astrocytic processes (GFAP, red) that surround it. Strong Cx43 
expression (green) is clearly associated with GFAP expression (red) in the astrocytic processes that 
surround blood vessels (white arrowheads) both 3 days and 7 days post-ischemia. This is also seen 
in the contralateral striatum, although reduced GFAP expression is apparent. Cx43 further appears to 
be expressed on astrocytes that do not have a perivascular location. Scale bar = 100µm.     
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Figure 57. Expression of Cx43 and laminin. Immunohistochemistry for Cx43 (green) and laminin 
(red), combined with DAPI nuclear staining (cyan), did not result in any evidence of co-labelling. 
However, Cx43 expression was detected in very close proximity to laminin expression in blood 
vessels. Two blood vessels of different sizes are shown in the first 24 hours post-ischemia, but the 
same observations were made in sham animals and in the contralateral striatum. Scale bar = 50 µm. 



Chapter 7 – Therapeutic Potential of Cx43 Mimetic Peptide Delivery following Ischemic Stroke 

- 184 - 
 

7.4.3. Cx43	mimetic	peptide	delivery	via	osmotic	mini‐pump	

The robust expression of Cx43 protein observed in the peri-infarct region within hours to 

days following L-NIO-induced focal ischemia supported the use of a mimetic peptide to 

acutely modulate Cx43 activity post-ischemia. Direct delivery of the Cx43 mimetic peptide 

into the brain was selected as the method of delivery because this would ensure a greater 

likelihood of the peptide reaching the L-NIO striatal infarct without having to navigate the 

blood brain barrier or diffuse through large distances in the tissue.  

Osmotic mini-pumps have long been used in our laboratory to deliver drugs directly into the 

rodent brain over a 24 hour period. This long infusion provides the option of drug delivery 

when the animal is awake after surgery and enables the drug to be delivered without human 

intervention over a longer time period. Furthermore, osmotic mini-pumps have been used 

previously to successfully deliver Cx43 mimetic peptide following spinal cord injury 

(O'Carroll, Gorrie, et al., 2013) and mouse MCAo (Van Slooten et al., unpublished results). 

Osmotic pump delivery was therefore considered a desirable method by which to administer 

the Cx43 mimetic peptide, where acute drug delivery in the hours to days following ischemic 

stroke was hypothesised to be necessary to interrupt the inflammatory response after ischemia 

and modulate the L-NIO infarct. No animals had to be excluded from the studies in this 

chapter. 

7.4.3.1. Intracerebroventricular	delivery	

In sheep neonatal hypoxia-ischemia, the Cx43 mimetic peptide was delivered into the lateral 

ventricle and improved outcomes, including EEG power, seizure activity and cell survival 

(Davidson, Green, Nicholson, O'Carroll, et al., 2012). Therefore, we first investigated the 

feasibility of placing the cannula into the lateral ventricle of the rat in the hemisphere 

ipsilateral to the ischemic infarct. Osmotic pumps were filled with aCSF vehicle solution and 

blue dye and implanted into the brain three days following L-NIO-induced ischemia. The first 

set of coordinates (DV depth 3.5mm, Table 11) was found to position the cannula too high 

and the solution was injected into the corpus callosum and cortex (results not shown). 

Although the solution did reach the infarct as evidenced by blue dye filling the infarct, it is 

not desirable to involve the corpus callosum that is not a target for the peptide. A second set 

of coordinates was then used (DV depth 4.0mm). Although the cannula should now have 

been at the correct depth, variation was seen in the location of the cannula and it either did 

not reach the ventricle or was too far posterior and injected dye into the hippocampus that is 
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also not the desired target. This was in contrast to two animals that had not undergone L-NIO 

surgery but had pumps inserted at the lower ventricle coordinates. In both animals, the 

cannula reached the ventricle and the target anterior-posterior coordinates. 

These results suggest that despite using the same coordinates, the cannula was positioned 

correctly only in animals that had not undergone an L-NIO infarct. In the L-NIO groups, the 

location was variable. Therefore, the infarct may be influencing the brain tissue in such a way 

by either swelling or shrinkage that ventricle coordinates are no longer reliable. Thus 

ventricular placement of the cannula does not appear to be the best method for drug delivery 

in the L-NIO model 3 days post-ischemia. 

7.4.3.2. Intrastriatal	delivery	

An alternative placement of the cannula directly into the striatum was investigated. The size 

and shape of the striatum make it is less likely that a slight variation in coordinates will result 

in the cannula entering non-target regions, compared to the ventricle. Cx43 mimetic peptide, 

scrambled peptide or aCSF vehicle solution (n=4/group) was infused into the striatum via 

osmotic mini-pump three days following L-NIO-induced ischemia. Vehicle solution alone 

was also infused into non-surgery control animals that had not undergone L-NIO-induced 

ischemia (n=2). 

However, two to three days following pump insertion, two out of the four animals in each of 

the Cx43 mimetic peptide and scrambled peptide groups had to be euthanised under welfare 

criteria or were found dead, despite performing well on welfare checks the previous day. The 

criteria included convulsions or hemi-paralysis that prevented the animal from eating, never 

before seen with the L-NIO infarct. 

The remaining animals were culled seven days post-ischemia and the infarcts were analysed 

qualitatively as there were now less than three animals remaining in the peptide groups. In all 

animals that had a cannula implanted into the striatum, there was a large hole where the tissue 

was actually missing in the area of cannula insertion (Figure 58A). This was surrounded by a 

region of reduced NeuN immunoreactivity, in addition to increased Iba1 and GFAP 

immunoreactivity, and was irrespective of treatment group. 
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Figure 58. Infarcts resulting from osmotic pump infusion and direct injection of peptide or 
vehicle. A) Severe damage extending from the cortex through the subcortical white matter and into 
the striatum was observed following osmotic pump infusion, irrespective of whether Cx43 mimetic 
peptide, scrambled peptide or vehicle solution only was infused. The injured region was determined 
by reduced NeuN immunoreactivity (black dotted line). Similar damage was observed following 
vehicle infusion via osmotic pump into animals that had not previously undergone L-NIO surgery. B) 
Minimal loss of NeuN immunoreactivity was observed following direct injection of Cx43 mimetic 
peptide or vehicle only into control animals. CX is the cortex, ST is the striatum. Scale bar = 200µm. 
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Therefore it appears that either the cannula itself, the volume of solution injected or the type 

of vehicle solution injected into the striatum over a 24 hour period extensively damaged the 

brain tissue, irrespective of whether there was also an L-NIO infarct. To rule out the 

possibility that the vehicle solution itself was damaging in normal animals, Cx43 peptide and 

the aCSF vehicle alone were injected directly into the striatum of animals that had not 

undergone L-NIO surgery. There was a very small area of neuronal loss in these normal 

control animals, similar to that seen in sham surgery animals, that was comparable in animals 

that received peptide and vehicle (Figure 58B). There was also increased GFAP staining 

surrounding this small infarct as is to be expected with a needle tract injury and injection of 

any solution. However there was no major damage and the infarct seen was extremely minor 

compared to the infarct following cannula insertion and 24 hour infusion (Figure 58A). Thus 

the composition of the vehicle solution itself did not appear to be the reason why even normal 

control animals that have not undergone surgery had large infarcts following pump delivery 

of aCSF vehicle solution. Given that animals that had not undergone L-NIO-induced 

ischemia but received peptide infusion had little injury, and that animals that received the 

Cx43 mimetic peptide, scrambled peptide or vehicle solution only all had similar infarcts, the 

peptide also appears unlikely to cause injury on its own. Therefore, the death or severe 

striatal injury observed across all treatment groups is more likely to be related to the volume 

injected over 24 hours or the cannula size, rather than related to the peptide or vehicle 

solutions. The brain tissue from animals that died or were culled prematurely was not able to 

be analysed so it is not possible to say with certainty that they had larger infarcts than the 

surviving animals, however it is likely. The infarct may also have extended into more critical 

regions.  

The results from animals that had infusion cannulas inserted directly into the striatum 

demonstrate that 24 hour infusion using these osmotic pumps is not a suitable method of 

peptide delivery. Extensive damage was observed even in animals that had not undergone L-

NIO-induced ischemia, likely the result of either the volume injected or the physical size of 

the cannula. Because intracerebroventricular placement of the cannula was also not suitable, 

we next proceeded to investigate direct striatal injection of the Cx43 mimetic peptide. 
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7.4.4. Direct	striatal	injection	of	Cx43	mimetic	peptide	

7.4.4.1. Injection	3	days	post‐ischemia	

The previous section demonstrated that Cx43 peptide created a small infarct no bigger than 

that caused by vehicle solution only when injected directly into the striatum of normal 

animals that have not undergone L-NIO surgery (Figure 58B). Therefore, we proceeded with 

direct injections of Cx43 mimetic peptide into the striatum of animals three days following L-

NIO-induced ischemia. 

While there was a significant difference overall in infarct volume between animals that 

received Cx43 peptide, vehicle only, no injections or sham surgery (one-way ANOVA, p = 

0.030), the variances between the groups were also different (p = 0.023) resulting in no 

significant differences in the post-hoc Games-Howell analysis. Thus it cannot be said that 

Cx43 mimetic peptide delivery 3 days post-ischemia altered infarct volume measured 7 days 

following L-NIO-induced ischemia. However, the higher volume of 24.3 ± 12.0% in peptide-

treated animals compared to 7.9 ± 8.6% in vehicle-treated animals suggests that Cx43 

mimetic peptide does not make the infarct smaller (Figure 59A). The change in tissue volume 

was not significantly different between groups but all values were negative 7 days post-

ischemia (Figure 59B) that implies tissue loss.  

Taken together, these data do not indicate that delayed delivery of Cx43 mimetic peptide 

following focal ischemia is beneficial, if anything, the results appear to be worse. Therefore, 

it was decided that the 3 day time point for delivery was not a therapeutic strategy to pursue 

and instead we looked at early time points to perform proof-of principle studies, knowing that 

the Cx43 mimetic peptide had been successful at acute time points in other models (Danesh-

Meyer et al., 2012; Davidson, Green, Nicholson, O'Carroll, et al., 2012) and that 

neuroprotection can occur post-ischemia with MK801 in this model (Chapter 6). 
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Figure 59. L-NIO infarct volume and tissue volume change following 3 day post-ischemia 
striatal injection of Cx43 mimetic peptide. 
Infarct volume (A) and striatal tissue volume change (B) were quantified 7 days post-ischemia for 
animals that received 0.06 µmol/kg peptide injections compared to aCSF vehicle only, no injection 
and sham animals (n=3-5/group). Infarct volume is expressed as a percentage of the volume of the 
contralateral striatum and the change in tissue volume is the difference between the ipsilateral and 
contralateral striatal volumes expressed as a percentage of the contralateral striatum. Negative 
values represent tissue loss in the ipsilateral striatum. 

7.4.4.2. Injection	immediately	following	ischemia	

Cx43 mimetic peptide striatal injections could only be performed whilst animals were 

anaesthetised. In order to perform injections within a day of ischemia, animals had to remain 

anaesthetised from L-NIO surgery to avoid subjecting them to anaesthesia twice in such a 

short time. Therefore, the peptide was injected into the striatum immediately following L-

NIO injection and animals were culled 3 days later. The peptide coordinates were medial to 

the L-NIO coordinates so that the peri-infarct region could be specifically targeted, as this is 

the region important in post-stroke plasticity and recovery (Carmichael et al., 2001; Clarkson 

et al., 2010) that could potentially undergo neuroprotection. 

aCSF	vehicle	solution	

Two different doses of Cx43 mimetic peptide were trialled. The highest dose of Cx43 

mimetic peptide (0.06µmol/kg) was tested first in 16.67µl/kg aCSF vehicle. However, 

concerns were raised about the large volume being injected in addition to the L-NIO 
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injections and thus the volume was reduced for the ten-fold lower dose (0.006µmol/kg at 

3.33µl/kg). Each peptide dose therefore has an associated vehicle group with the same 

injection volume. 

Interestingly, the infarct volume in vehicle-treated animals from the 0.006µmol/kg Cx43 

peptide study was significantly greater than all other groups (one-way ANOVA, p = 0.001; 

Figure 60A). Vehicle-treated animals had an infarct volume of 45.0 ± 18.2% compared to 

animals that had an L-NIO infarct but no injection with an infarct volume of 8.5 ± 5.3%, a 

more than five-fold increase. This indicates that injection of the vehicle aCSF (3.33 µl/kg) 

following L-NIO injection enlarges the L-NIO infarct. However, there is a significant 

decrease with peptide compared to vehicle treatment to 18.0 ± 11.0%, a value no longer 

significantly different to non-injected L-NIO animals. This suggests that the Cx43 mimetic 

peptide provides some protection against the vehicle-induced increase in infarct volume. 

The vehicle-treated group also had the largest infarct volume for the higher dose cohort 

(Figure 60B). However in this instance, the vehicle group was only significantly different 

from sham animals (one-way ANOVA, p = 0.030). Therefore there is no evidence that 

vehicle or 0.06µmol/kg Cx43 peptide injections of 16.67µl/kg affect the L-NIO infarct 

volume. The change in tissue volume 3 days post-ischemia was not significantly different 

between any treatment groups at either dose (Figure 60C, D), though positive values suggest 

that edema and swelling may have occurred at this time point.  

In order to determine the effect of the Cx43 mimetic peptide on the inflammatory 

environment 3 days following peptide injection, microglia/macrophage and astrocytic 

responses were investigated by immunohistochemistry for Iba1 and GFAP respectively. The 

percentage area of Iba1 immunoreactivity in the striatum for all animals that underwent L-

NIO-induced focal ischemia was consistently different to sham in both the 0.006µmol/kg 

(one-way ANOVA, p = 0.010) and 0.06µmol/kg Cx43 mimetic peptide studies (p = 0.000, 

Figure 61A, B,). Cx43 mimetic peptide delivery of 0.06µmol/kg appeared to increase the area 

of Iba1 immunoreactivity in comparison to animals that had no injection but not compared to 

animals that received aCSF vehicle only (Figure 61B). No other significant differences were 

found. 
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Figure 60. L-NIO infarct volume and change in tissue volume following immediate post-
ischemia striatal injection of Cx43 mimetic peptide in aCSF vehicle. 
Cx43 mimetic peptide was delivered into the striatum immediately following L-NIO injection at two 
doses: 0.006 µmol/kg in a volume of 3.33 µl/kg (A,C) and 0.06 µmol/kg in a volume of 16.67 µl/kg 
(B,D). Infarct volume (A,B) and the change in tissue volume (C,D) were measured 3 days post-
ischemia in animals that received peptide, vehicle only or no injection and sham animals (n=3-
5/group; */#p < 0.05, **/##p < 0.01, *relative to sham).  
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Figure 61. Iba1 and GFAP immunoreactivity following immediate post-ischemia striatal 
injection of Cx43 mimetic peptide in aCSF vehicle. 
Cx43 mimetic peptide was delivered at 0.006 µmol/kg in a volume of 3.33 µl/kg (A,C,E) and 0.06 
µmol/kg in a volume of 16.67 µl/kg (B,D,E). The area of Iba1 immunoreactivity (A,B) area of GFAP 
immunoreactivity (C,D) and core area devoid of GFAP immunoreactivity (E,F) are all expressed as a 
percentage of the area of the striatum and were measured 3 days post-ischemia in animals that 
received peptide, vehicle only or no injection and sham animals (n = 3-5/group; */#p < 0.05, **/##p < 
0.01, *relative to sham).  
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The results for the percentage area of GFAP immunoreactivity were similar to Iba1, with 

most groups that underwent L-NIO-induced focal ischemia being significantly different to 

sham for both the 0.006µmol/kg (one-way ANOVA, p = 0.007) and 0.06µmol/kg Cx43 

mimetic peptide studies (p = 0.002, Figure 61C, D). Neither Cx43 peptide nor aCSF vehicle 

injections appeared to alter the percentage area of GFAP in the striatum of animals that had 

undergone L-NIO-induced ischemia but did not receive injections. 

However, quantifying the core area in the striatum that was devoid of GFAP 

immunoreactivity supported the infarct volume results indicating that injecting aCSF vehicle 

alone enhanced the ischemic infarct. Injection of aCSF vehicle at a volume of 3.33 µl/kg 

more than doubled the area of the GFAP-devoid core from 18.8 ± 13.0% to 49.3 ± 5.5%, 

compared to animals that underwent L-NIO-induced focal ischemia but received no peptide 

or vehicle injection (one-way ANOVA, p = 0.005, Figure 61E). The animals that received 

higher dose and larger volume injections of either Cx43 mimetic peptide or aCSF vehicle had 

larger cores areas devoid of GFAP immunoreactivity compared to sham animals but not 

compared to animals that received no injections (one-way ANOVA p = 0.016, Figure 61F). 

The increase in infarct volume and the area of the GFAP-devoid core with low volume aCSF 

vehicle injection was unexpected considering that there was no qualitative difference when 

Cx43 mimetic peptide or aCSF vehicle were injected into the striatum of control animals that 

had not undergone L-NIO surgery (Figure 58B). Therefore, there must be some aspect of the 

evolving ischemic environment that is incompatible with aCSF solution, leading to 

exacerbation of the infarct. Moreover, the low dose Cx43 mimetic peptide injection 

(0.006µmol/kg) appeared to return the infarct volume to no-injection levels, suggesting that 

the peptide modulated the vehicle-induced infarct exacerbation. This result justified further 

investigation into Cx43 mimetic peptide delivery as a therapeutic strategy but with a new 

vehicle solution. To be a good vehicle, the solution should have no impact itself on the 

ischemic environment so that any change can be attributed to peptide action. aCSF had been 

chosen as the vehicle because it was recommended on the website of the osmotic mini-pump 

manufacturers (Alzet®) as the solution of choice for solid tissue infusion. As a consequence 

of the unfavourable results using aCSF as a vehicle, we decided to try the PBS vehicle more 

commonly used in our laboratory for a comparison. 
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PBS	vehicle	solution	

Direct striatal injections using the PBS vehicle were made using the larger volume of 

16.67µl/kg, as this volume of aCSF would potentially allow greater distribution of the peptide 

and appeared to have less impact on infarct volume than the smaller volume of 3.33 µl/kg 

(Figure 60A,B). The two doses of Cx43 mimetic peptide used previously, 0.06 and 

0.006µmol/kg, were both administered in PBS at a volume of 16.67µl/kg and thus only one 

vehicle group was required.  

Cx43 mimetic peptide was injected directly into the striatum immediately following L-NIO-

induced ischemia and animals were culled 3 days later. The two doses of peptide were 

compared to PBS vehicle injection only, no injection and sham animals. No difference was 

found in infarct volume between any of the groups (p = 0.664; Figure 62A) and the change in 

tissue volume was very similar between groups (p = 0.611; Figure 62B). The groups that 

received 0.006µmol/kg peptide or PBS vehicle only were significantly different to sham 

animals in terms of both Iba1 and GFAP immunoreactivity but there were no differences in 

immunoreactivity for either glial cell marker between any of the groups that underwent L-

NIO-induced ischemia (one-way ANOVA, Iba1 p = 0.016, GFAP p = 0.004, Figure 62C, D). 

There were no significant differences between any of the groups in the size of the GFAP-

devoid core (p = 0.147, Figure 62E). These results suggest that neither PBS vehicle nor Cx43 

mimetic peptide at either dose modify the extent of the L-NIO infarct or the post-ischemic 

glial response. The fact that the PBS vehicle itself did not modify infarct volume, as occurred 

with the aCSF vehicle, suggests that PBS may be a better vehicle solution to use than aCSF. 

The next step was to directly compare and contrast the two vehicle solutions. 
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Figure 62. L-NIO infarct volume, tissue volume, and Iba1 and GFP immunoreactivity following 
immediate post-ischemia striatal injection of Cx43 mimetic peptide in PBS vehicle. 
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The Cx43 mimetic peptide was delivered 
immediately following L-NIO-induced 
ischemia at two doses, 0.006 and 0.06 
µmol/kg, in PBS vehicle solution at a volume 
of 16.67 µl/kg (n=3-5/group). Infarct volume 
(A), the change in tissue volume (B), the 
percentage area of Iba1 immunoreactivity 
(C), GFAP immunoreactivity (D) and the 
core area devoid of GFAP (E) were 
measured as described previously (*p < 
0.05, **p < 0.01 relative to sham). 
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Comparison	of	aCSF	with	PBS	as	a	vehicle	solution	for	drug	delivery	to	the	brain	

A direct comparison of aCSF vehicle (3.33µl/kg and 16.67µl/kg) and PBS vehicle (16.67 

µl/kg) injections following L-NIO-induced focal ischemia yielded no significant differences 

between treatment groups in either infarct volume (one-way ANOVA p = 0.045, no post-hoc 

differences, Figure 63A) or the change in tissue volume (p = 0.064, Figure 63B). There were 

also no differences between the groups that underwent L-NIO-induced ischemia in terms of 

the area of Iba1 and GFAP immunoreactivity, although the two groups that received aCSF or 

PBS at the higher volume of 16.67µl/kg were the only groups that had a percentage of Iba1 

immunoreactivity significantly different from sham animals (one way ANOVA, p = 0.008, 

Figure 63C). In terms of GFAP immunoreactivity, all the L-NIO groups were significantly 

different to sham animals (p = 0.001, Figure 63D). What was most interesting, however, was 

that the group that received the low volume of aCSF vehicle (3.33µl/kg) had a significantly 

larger GFAP-devoid core not only compared to sham and to the L-NIO group that did not 

receive an injection, but also the PBS vehicle group (one-way ANOVA, p = 0.001, Figure 

63E). Compared to the aCSF vehicle (3.33µl/kg) group with a GFAP-devoid area of 49.3 ± 

5.5%, the PBS vehicle group had an area of 12.8 ± 10.1% that was lower than both the L-NIO 

group that did not receive any injections and the second aCSF vehicle group (16.67µl/kg). 

Therefore, it appears that aCSF vehicle solution can increase the core area affected and 

modify the glial response following L-NIO-induced ischemia, an effect not seen with the PBS 

vehicle. Thus PBS is likely to be a more suitable vehicle solution for future studies of drug 

delivery directly to the brain in the L-NIO model of focal ischemia. 
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Figure 63. Comparison of aCSF and PBS vehicles for drug delivery into the ischemic brain. 
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Vehicle solutions, including aCSF vehicle at 
volumes of 3.33µl/kg and 16.67µl/kg and PBS 
at 16.67µl/kg, were injected directly into the 
striatum immediately following L-NIO-induced 
focal ischemia (n=3-5/group). Infarct volume 
(A), the change in tissue volume (B), the 
percentage area of Iba1 immunoreactivity (C), 
GFAP immunoreactivity (D) and the core area 
devoid of GFAP (E) were measured as 
described previously (*/#p < 0.05, **/##p < 
0.01, *relative to sham). 
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7.4.5. Systemic	delivery	of	Cx43	peptide	following	L‐NIO‐induced	ischemia	

Systemic delivery would be the ideal route of administration for the Cx43 mimetic peptide, as 

this is an easier way to administer drugs to patients who are in hospital after suffering a 

stroke. However, it is unknown whether Cx43 mimetic peptide, delivered systemically, is 

able to reach the brain through the blood brain barrier. In order to test the hypothesis that 

systemic delivery of Cx43 mimetic peptide delivered following ischemic stroke could reduce 

the resultant ischemic infarct, the peptide was delivered to rats via the intraperitoneal route 

1.5 hours, 6 hours and 24 hours following L-NIO induced-ischemia. 

Neither infarct volume nor striatal tissue volume changed significantly following 

intraperitoneal Cx43 mimetic peptide delivery at any time point post-L-NIO injection (one-

way ANOVA, infarct volume p = 0.082, tissue volume p = 0.654; Figure 64A, B). However 

the most notable finding was of a significant difference between the groups in the percentage 

area of Iba1 immunoreactivity (p = 0.000). All three groups that received Cx43 mimetic 

peptide were significantly different to sham animals with between 9.8 ± 1.7% and 12.2 ± 

2.3% Iba1 immunoreactivity compared to 1.8 ± 0.6% in shams (Figure 64C). Moreover, 

animals that received Cx43 mimetic peptide 6 or 24 hours following L-NIO-induced ischemia 

had significantly greater Iba1 immunoreactivity compared to animals with an L-NIO infarct 

that did not receive peptide (5.9 ± 2.4%). This is suggestive of an enhanced 

microglial/macrophage response following delayed peptide delivery. 

The percentage area of GFAP immunoreactivity was significantly greater than sham only 

when Cx43 peptide was delivered at 6 or 24 hours following L-NIO-induced ischemia, 

increasing from 3.9 ± 1.6% to 10.2 ± 2.6% following 6 hour delivery or 10.6 ± 2.9 following 

24 hour delivery (one-way ANOVA, p = 0.029; Figure 64D). These values were not 

significantly different from the group with an L-NIO infarct that did not receive peptide (7.9 

± 2.5%), however the results for GFAP immunoreactivity show a trend towards an increase in 

GFAP immunoreactivity with delayed peptide delivery that is similar to that for Iba1 

immunoreactivity, where there were significant differences. All groups with an L-NIO infarct 

demonstrated the presence of a core area devoid of GFAP that did not differ significantly in 

size between groups (Figure 64E). Therefore, there is some indication that delayed systemic 

Cx43 mimetic peptide delivery following L-NIO-induced ischemia may result in an increased 

glial response to the ischemia infarct, whereas early peptide delivery at 1.5 hours post-

ischemia has no effect.  
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Figure 64. Systemic delivery of Cx43 mimetic peptide following L-NIO-induced ischemia.  
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Cx43 mimetic peptide (6.67 µmol/kg) was 
administered systemically via intraperitoneal 
injection at 1.5, 6 or 24 hours post-ischemia 
and the infarct characteristics were 
compared to sham animals or animals that 
had no injection (n=3-5/group). The infarct 
volume (A), tissue volume change (B), area 
of Iba1 immunoreactivity (C) area of GFAP 
immunoreactivity (D) and area of the GFAP-
devoid core (E) were quantified 3 days 
following L-NIO-induced ischemia (*/#p < 
0.05, **/##p < 0.01, *relative to sham). 
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7.5. Discussion	

Following ischemia, Cx43 gap junction channels and hemichannels may play a role in 

bystander cell death, glutamate and ATP release from astrocytes, Ca2+ wave propagation 

through astrocytic networks and inflammation, leading to expansion of the ischemic infarct 

(Figure 13) (Davidson, Green, Bennet, et al., 2013). Therefore, blocking Cx43 hemichannels 

with a mimetic peptide designed against the extracellular loop of Cx43 at acute time points 

was hypothesised to improve tissue outcomes following L-NIO-induced focal ischemia. 

The time for administration of Cx43 mimetic peptide was initially chosen to be 3 days 

following L-NIO induced ischemia, based on its clinical relevance and increasing GFAP 

expression observed at this time point, given that Cx43 is the most common gap junction 

protein found in astrocytes that express GFAP. However, qPCR analysis did not yield any 

significant differences between L-NIO, sham and non-surgery control treatment groups in 

terms of relative Cx43 mRNA analysis. It was possible that the inclusion of the entire 

striatum in the analysis may have diluted any changes in Cx43 mRNA expression in the peri-

infarct region or other regions outside the ischemic core. Thus immunohistochemistry was 

performed to see if there were any changes at the protein level and whether these were region 

specific. Cx43 protein was expressed in the peri-infarct region at all time points investigated, 

from hours to days following L-NIO-induced ischemia, but was absent within the ischemic 

core corresponding to the area devoid of GFAP. Cx43 expression was found to be extensively 

co-localised with GFAP, indicating the presence of numerous Cx43 gap junction plaques on 

astrocytes. GFAP does not necessarily label all reactive astrocytes or every process of each 

astrocyte (Sofroniew & Vinters, 2010), therefore Cx43 expression may have been even more 

prevalent in astrocytes than demonstrated via immunohistochemistry. Cx43 expression was 

located in very close proximity to laminin, consistent with previous observations that Cx43-

positive gap junctions connect astrocytic endfeet and form an extensive astrocytic signalling 

network around blood vessels that is an important component of the blood-brain barrier (M. 

Simard et al., 2003).  

The small size of gap junction plaques does make it difficult to detect changes qualitative 

changes in Cx43 expression levels across large regions. Future studies could use automated 

spot counts (Danesh-Meyer et al., 2012) to semi-quantitatively determine Cx43 protein 

expression over time following L-NIO-induced focal ischemia, or stereology could be 

performed using DAB immunohistochemistry. Either way, it is important to visualise protein 
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expression instead of using a technique such as Western blotting that would not allow 

identification of regional differences within the striatum. 

The observed peri-infarct expression of Cx43 protein, from hours to days following ischemia, 

was the target for mimetic peptide treatment to acutely modulate Cx43 activity. For delivery 

of the Cx43 mimetic peptide, intraventricular placement of an infusion cannula was not 

successful in animals that had undergone L-NIO-induced ischemia. It appeared that the 

ischemic pathophysiology had produced changes in the brain tissue that meant standard 

stereotaxic coordinates were no longer reliable. Therefore, Cx43 mimetic peptide was 

initially infused directly into the striatum for 24 hours, beginning 3 days post-ischemia, by 

mini osmotic pump. However, unexpected deaths were observed following the end of the 

infusion in both peptide and scrambled peptide groups. Very large infarcts were observed in 

the striatum of animals that survived in both groups, in addition to the vehicle-only group and 

also non-surgery control animals that received vehicle-only infusion via osmotic pump. 

Infarcts like these had not been seen before following the L-NIO procedure. This may have 

resulted either from the rate of infusion being too high over 24 hours for solid tissue 

perfusion, the total infusion volume being too great for the striatum, or the composition of the 

vehicle solution being incompatible with striatal physiology. However, the need for short 

term delivery of the peptide meant that this pump was the only one from Alzet® suitable for 

our studies. Prolonged striatal injection of either Cx43 mimetic peptide or vehicle into non-

surgery control animals produced infarcts comparable to or smaller than L-NIO sham 

animals, implying that neither peptide nor aCSF vehicle solution were responsible for the 

severe striatal damage observed, and this technique was used for following studies. 

Delayed delivery of the Cx43 mimetic peptide 3 days post-ischemia via intrastriatal injection 

did not have a therapeutic effect. If anything, it may have increased the infarct volume. This 

may be due to the lack of a change in Cx43 expression observed 3 days following ischemia or 

the lack of specific modulation of Cx43 hemichannels. There is evidence to suggest that short 

term modulation of Cx43 hemichannel function with mimetic peptides is beneficial, whereas 

administration of the peptide at a higher dose or later time point may also uncouple functional 

gap junctions and thus disrupt essential astrocytic buffering and supportive functions, 

outweighing any positive effects of blocking hemichannel function (Davidson, Green, 

Nicholson, Bennet, et al., 2012; O'Carroll et al., 2008). It is also possible that this time point 

is too late and Cx43 hemichannels have already contributed maximally to ischemic pathology 

by this time. By the time astrocytes have formed a clear border around the infarct core 3 days 
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post-ischemia, extensive hypertrophy and interweaving of astrocytic processes can be 

observed (Figure 44). Blocking astrocytic Cx43 hemichannels at an earlier stage may be 

necessary to reduce this distinct astrocytic response to ischemia and astrocyte-mediated 

propagation of cell death. 

Studies that have trialled delivery of Cx43 mimetic peptide as a therapeutic strategy for other 

ischemic conditions such as perinatal hypoxia-ischemia (Davidson, Green, Nicholson, 

O'Carroll, et al., 2012) and retinal ischemia-reperfusion (Danesh-Meyer et al., 2012), in 

addition to spinal cord injury (O'Carroll, Gorrie, et al., 2013), have demonstrated increased 

cell survival with peptide delivery within 60 to 90 minutes of the insult. Therefore, the 

peptide was next delivered immediately following the induction of L-NIO focal ischemia as a 

proof of principle trial. Unexpectedly, immediate post-ischemic striatal injection of the aCSF 

vehicle solution alone significantly increased the infarct volume by more than five-fold, an 

effect that appeared to be alleviated by low dose (0.006µmol/kg) Cx43 mimetic peptide. 

Delivery of either aCSF vehicle or Cx43 mimetic peptide had little impact on the 

inflammatory environment in terms of glial cell activation, although the core area devoid of 

GFAP immunoreactivity showed a similar trend to infarct volume. This led us to propose that 

the aCSF vehicle was interacting negatively with the ischemic environment to increase infarct 

severity and we investigated the use of PBS as an alternative vehicle solution for striatal 

injections. Neither the PBS vehicle alone nor Cx43 mimetic peptide delivered in PBS vehicle 

appeared to alter infarct volume or glial cell activation. A direct comparison of aCSF to PBS 

vehicle demonstrated that aCSF significantly increased the size of the GFAP-devoid core 

compared to both PBS vehicle and animals that received no injection, suggesting that PBS 

may be a more appropriate vehicle solution to use for drug delivery to the brain in the L-NIO 

model. 

The ability of low dose Cx43 mimetic peptide to protect against the large aCSF vehicle-

induced increase in infarct volume provides some evidence that the Cx43 mimetic peptide 

may have therapeutic benefits following focal ischemia. This is consistent with observed 

neuroprotective effect of the Cx43 mimetic peptide in other models of ischemia (Danesh-

Meyer et al., 2012; Davidson, Green, Nicholson, O'Carroll, et al., 2012). The ability of the 

Cx43 mimetic peptide to protect against a vehicle-enhanced increase in infarct volume but 

not to reduce the volume of the established L-NIO infarct itself or affect the inflammatory 

environment may be a question of treatment timing or infarct size. It may be that 

neuroprotection is not possible at this early time point because ischemia has not yet been 
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fully established and an interaction of the injected solution with the induction of ischemia can 

worsen the infarct. 

Systemic delivery of Cx43 mimetic peptide would not only be clinically desirable, as it could 

be easily administered to patients without anaesthesia, but also provides the opportunity for 

more control over the time of administration because it is easy to deliver. Therefore, we 

performed a pilot study to investigate intraperitoneal delivery of Cx43 mimetic peptide. 

Intraperitoneal delivery of Cx43 mimetic peptide successfully decreased cell death in a rat 

model of retinal ischemia-reperfusion (Danesh-Meyer et al., 2012), from which the peptide 

dose used in the current study was determined. Infarct volume did not change following 

administration of Cx43 mimetic peptide 1.5 hours, 6 hours or 24 hours post-ischemia and 

thus no neuroprotection was observed. However there did appear to be an increase in 

microglia/macrophage activity when peptide delivery was delayed until 6 or 24 hours post-

ischemia. Therefore, the Cx43 mimetic peptide may be having an effect on the inflammatory 

environment when administered in the first 24 hours post-ischemia. If these results were 

replicated in a larger scale study, this would provide evidence that the Cx43 mimetic peptide 

was able to pass through the blood-brain barrier following ischemia. The lack of an effect at 

the earlier time point of 1.5 hours may be because the blood-brain barrier is still partly intact 

and the peptide cannot enter the brain parenchyma from the vasculature. Either way, instead 

of positively modulating the post-ischemic inflammatory environment, the peptide may be 

enhancing inflammation. It is possible this could occur if the peptide blocks not only Cx43 

hemichannels but gap junction channels and thus interferes with the essential buffering 

functions of the astrocytic network that promote brain cell survival. This alteration in the 

activation of microglia/macrophages is not reflected in a significant difference in infarct 

volume and is worth investigating further at a cellular level to see if there are other more 

subtle changes that do not manifest as a gross quantitative change. 

The hypothesis for this chapter, that delivery of a Cx43 mimetic peptide would improve 

tissue outcomes following focal ischemia induced by L-NIO, was therefore not able to be 

proved correct. In fact, systemic delivery of the peptide indicated the opposite. However, 

given the ability of the Cx43 mimetic peptide to protect against aCSF vehicle-induced 

increase in infarct volume, further investigation into direct striatal delivery of the peptide is 

warranted. Striatal administration of the peptide 1 to 1.5 hours post-ischemia, a time when 

MK801 was successful in inducing neuroprotection in this model, is worth investigating. 

Confirmation of the effect of intraperitoneal peptide delivery on the inflammatory 
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environment would indicate whether systemic delivery is possible and if the peptide can pass 

through the blood brain barrier, opening up options for less invasive peptide delivery at a 

range of clinically relevant treatment time points in the hours to days following focal 

ischemia. Delivery at 3 days post-ischemia was not beneficial and appears to be too late, 

suggesting that Cx43 mimetic peptide needs to be administered more acutely. These studies 

further demonstrate that the L-NIO model can be used to investigate therapeutic strategies for 

ischemic stroke. 

7.6. Summary	

This chapter investigated Cx43 expression and the potential for Cx43 mimetic peptide 

administration to improve tissue outcomes following L-NIO-induced focal ischemia. Overall 

Cx43 mRNA expression in the striatum did not appear to be enhanced 3 days post-ischemia 

but Cx43 protein expression was decreased in the GFAP-devoid core of the infarct, in 

contrast to clear expression in the peri-infarct region and remaining striatum. Astrocytes 

expressed Cx43 gap junction channels that were commonly located in close proximity to 

blood vessels. Delivery of the Cx43 mimetic peptide in aCSF vehicle was not successful via 

implanted mini-osmotic pumps 3 days post-ischemia but appeared able to attenuate a vehicle-

mediated increase in L-NIO infarct volume when injected directly into the striatum at a low 

dose immediately following induction of ischemia. Systemic administration of the peptide 

may have enhanced the inflammatory response to L-NIO-induced focal ischemia. The results 

from these preliminary studies justify further investigations into Cx43 mimetic peptide 

delivery as a therapeutic strategy for ischemic stroke at time points earlier than three days 

post-ischemia. Moreover, this chapter provides further evidence that the L-NIO model of 

focal striatal ischemia in the rat is a useful tool for investigating putative therapeutic 

strategies for ischemic stroke. 
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Chapter 8. General Discussion 

8.1. Development of a novel rat model of focal ischemia: the L-NIO model 

This thesis has confirmed reports in the literature that the most commonly used rodent model 

of focal ischemic stroke, intraluminal filament middle cerebral artery occlusion, results in 

highly variable ischemic infarcts in adult male Sprague Dawley rats (Howells et al., 2014). 

Moreover, high mortality and low success rates were observed following MCAo, which was 

technically complex. Therefore, to perform further investigations into new treatment 

strategies for ischemic stroke, a novel model of focal ischemia was established using local 

injection of L-NIO into the rat striatum. The zero mortality and a success rate of 97% 

achieved in the L-NIO model were far superior to the same parameters following MCAo and 

the ischemic infarct produced was more consistent. Furthermore, characterisation of the L-

NIO-induced infarct demonstrated acutely compromised blood-brain barrier function and 

hypoxia, in addition to chronic neurodegeneration and inflammation as demonstrated by 

microglial/macrophage and astroglial responses. A subtle but chronic impairment in forelimb 

use was also demonstrated following L-NIO-induced focal ischemia. The L-NIO model 

therefore exhibits many characteristics of established ischemic stroke models and the 

occurrence of reperfusion is further supported by these new data. 

8.1.1. Reperfusion occurs in the hours following ischemia 

Intraluminal filament MCAo allows for precise control over the duration of ischemia and 

whether reperfusion occurs. However, this is not necessarily so relevant to the clinical 

situation where reperfusion can occur spontaneously, through collateral blood flow or with 

tPA therapy (Carmichael, 2005; Molina et al., 2001), the timing of which varies between 

patients. Therefore, it was important to determine whether spontaneous reperfusion occurs in 

the L-NIO model and the time at which it occurs. There was evidence to suggest that 

reperfusion did occur following L-NIO-induced ischemia, although this was not measured 

directly. The neuroprotective effect of MK801 observed following administration one hour 

post-ischemia demonstrated tissue rescue that would not be possible without the restoration 

of blood flow. Furthermore, serum albumin was present within blood vessels 1.5 hours post-

ischemia but was absent 6 hours following ischemia, suggesting that it may have been 

washed out of blood vessels during this time period by reperfusion.  
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Changes in striatal blood flow cannot be measured using laser Doppler in the same way as 

during middle cerebral artery occlusion because the striatum is a deep subcortical structure, 

compared to the middle cerebral artery that is positioned close to the skull. Instead, a probe 

connected to a laser Doppler flow meter can be inserted directly into the striatum (Fuxe et al., 

1992), a much more invasive procedure that might in itself cause further injury. This 

technique could be used in future studies to confirm the timing of vasoconstriction and 

vasodilation leading to reperfusion following L-NIO injection. A vasodilating agent such as 

dihydralazine could also be administered in combination with L-NIO, as has been done with 

ET-1 (Fuxe et al., 1992), to confirm that vasodilation can counteract the vasoconstrictive 

action of L-NIO, restore normal perfusion and prevent ischemia from developing. 

Confirmation of delayed, spontaneous reperfusion in the L-NIO model would enhance its 

clinical relevance and usefulness as a model of ischemia stroke compared to models of 

permanent occlusion. 

Focal brain ischemia is usually incomplete and produces an ischemic penumbra where 

residual blood flow is received from collateral vessels (Astrup et al., 1981). Tissue in this 

region can potentially be protected from permanent injury if normal perfusion and electrical 

activity are restored. Therefore, it would be important to investigate the presence of a 

penumbra in the L-NIO model in future, both to enhance its comparability to existing models 

such as MCAo, in which the presence of a penumbra has long been established, and to 

demonstrate its utility as a model for testing putative neuroprotective compounds. The 

evidence that MK801 appeared to be neuroprotective following administration one hour post-

ischemia, and that the infarct volume was reduced to close to sham level, indicates that the 

majority of tissue outside the sham infarct area is able to be protected from injury. In order to 

confirm the presence of and accurately quantify the volume of an ischemic penumbra over 

time, future studies would need to include the use of MRI imaging to determine the mismatch 

between diffusion-weighted and perfusion-weighted imaging, the updated definition of the 

ischemic penumbra (Barber, 2013). The use of MRI to determine the ischemic penumbra is 

also clinically relevant as this is the only technique that can be used in humans who have 

suffered an ischemic stroke. Moreover, longitudinal MRI analysis of the L-NIO infarct would 

allow infarct volume to be determined in the same animal over time. 
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humans who have suffered an ischemic stroke. Moreover, longitudinal MRI analysis of the L-

NIO infarct would allow infarct volume to be determined in the same animal over time. 

8.1.3. Blood‐brain	barrier	dysfunction	is	observed	following	L‐NIO‐induced	focal	

ischemia	

In addition to permitting rescue of tissue in the penumbra, reperfusion leads to increased 

generation of reactive oxygen species and may also compromise blood-brain barrier integrity 

(Gürsoy-Ozdemir et al., 2004; G. Yang & Betz, 1994). Following L-NIO-induced focal 

ischemia, blood-brain barrier leakage appeared to begin between 1.5 and 6 hours post-

ischemia, as demonstrated by extravasation of serum albumin. Leakage was likely 

exacerbated by reperfusion occurring within hours of the induction of ischemia. Data 

suggesting a neuroprotective effect of MK801 following administration one hour post-

ischemia support this observation; the blood-brain barrier must still be intact in the first few 

hours of ischemia for protection of the penumbra to be possible through restoration of normal 

perfusion. However, detection of serum albumin through immunohistochemistry shows only 

accumulated leakage over time and does not indicate the extent of leakage at any one point in 

time. Systemic injection of Evans blue, a dye that binds to serum albumin, shortly before 

animals are culled (Danesh-Meyer et al., 2012) could be used to determine the time at which 

blood-blood brain barrier leakage is maximal and how long it continues for. 

Blood-brain barrier dysfunction following ischemia is usually associated with vasogenic 

edema and swelling (J. Simard et al., 2007). However, no increase in the size of the ipsilateral 

striatum was found at 3, 7, 14 or 35 days following L-NIO-induced ischemia. It is possible 

that vasogenic edema occurred on a smaller scale that did not lead to a measureable increase 

in the volume of the entire striatum. Alternatively, swelling may have occurred at a non-

quantified time point earlier than 3 days or between 3 and 7 days post-ischemia. Interestingly, 

positive changes in tissue volume of more than 5%, indicative of edema and swelling in the 

ipsilateral striatum, were only seen 3 days following ischemia and in cases where the infarct 

volume was greater than 20%. This included animals that received systemic administration of 

vehicle or MK801 10 minutes post-ischemia and animals that had been administered aCSF 

vehicle via intrastriatal injection at 3.33µl/kg. Therefore, it appears that brain swelling 

resulting from edema only occurs acutely following L-NIO-induced ischemia and that the 

infarct may need to encompass at least 20% of the volume of the striatum for swelling to be 

measureable. Grey matter is known to be less affected by ischemia than white matter (R. A. 
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Swanson et al., 1990). Despite the lack of swelling, the observed ipsilateral striatal atrophy 

after 35 days does indicate that significant tissue injury occurred following L-NIO-induced 

focal ischemia. 

8.1.4. Functional	impairment	is	associated	with	the	L‐NIO	model	

L-NIO-induced focal ischemia resulted in a subtle but chronic deficit in forelimb use during 

spontaneous exploration using the cylinder test. The rotarod test did not demonstrate any 

difference between treatment groups, likely due to the necessity for impairments to be large 

enough to affect an animal’s performance on a rotating wheel. However, having multiple 

functional tests at one’s disposal for a particular model is useful during preclinical drug 

testing because the functional outcome cannot always be predicted. Hicks and colleagues 

recommend that a minimum of two long-term paradigms that are not affected by practice 

should be used in preclinical stroke studies, in order to avoid false-positives as the result of 

compensatory learning (Hicks et al., 2009). Compensatory learning can affect results from 

the rotarod test but the cylinder test reliably identifies deficits in forelimb use whether or not 

testing is repeated (Hicks et al., 2009; Schallert et al., 2000). It would be beneficial in future 

studies to trial other testing regimes that can sensitively detect impairment resulting from the 

L-NIO infarct. 

Not all of the tests used in preclinical research will be suitable for use in the L-NIO model 

because the infarct is focal and restricted to the striatum, with involvement of the globus 

pallidus in some animals. A further test that is sensitive to striatal injury and largely 

unaffected by compensatory learning is the ledged beam walking test (Schallert, Woodlee, & 

Fleming, 2002). This paradigm identifies hind limb foot faults as an animal walks along a 

tapered beam with the option of using the adjacent ledge as a “crutch” for an impaired limb. 

Because a deficit was identified in forelimb use using the cylinder test in the L-NIO model, 

the pasta matrix reaching task that detects deficits in skilled forelimb reaching (Ballermann, 

Metz, McKenna, Klassen, & Whishaw, 2001) may also be a suitable alternative. This 

paradigm can measure limb movements, the amount of pasta pieces removed and the pattern 

of pasta removal from a matrix of uncooked pasta that the animal has to reach through an 

aperture to retrieve. Therefore it provides measures of the range of limb movement in 

addition to learning and skill, and has been successful in identifying unilateral dopamine 

depletion in the 6-hydroxydopamine lesion model and L-NIO-induced white matter stroke 

(Ballermann et al., 2001; Rosenzweig & Carmichael, 2013). The adhesive removal test, that 



Chapter 8 – General Discussion 

- 209 - 
 

identifies an ipsilateral bias in stimulus-directed movement, and the vibrissae-elicited 

forelimb placing test, that measures sensorimotor/proprioceptive ability, are also sensitive to 

striatal injury and are worth investigating as functional tests for impairment in the L-NIO 

model (Schallert et al., 2000; Schallert et al., 1982). Even though the L-NIO infarct is focal, 

there is significant neuronal loss in the striatum that will have an impact on function. It is 

simply a matter of identifying tests that are sensitive enough to measure this deficit. 

Determining statistical power now that preliminary studies have been completed, increasing 

the number of animals per group and extending the testing regime to several months to 

determine if recovery takes place would also be necessary in future investigations. Aged 

rodents show greater motor impairment following stroke (Rosenzweig & Carmichael, 2013) 

and therefore performing functional tests in aged animals that have undergone L-NIO-

induced focal ischemia would enhance the clinical relevance of this model. 

8.2. Therapeutic	application	of	the	L‐NIO	model	

Development and characterisation of the L-NIO model has demonstrated that this would be a 

useful model for investigating ischemia-induced neuronal death, secondary inflammation, the 

effects of reperfusion on ischemic pathophysiology and blood-brain barrier leakage resulting 

from focal brain ischemia. Putative therapeutic compounds for ischemic stroke that modulate 

these processes could potentially be tested in the L-NIO model. Therefore, the suitability of 

this novel model for preclinical testing of therapeutic interventions for ischemic stroke was 

investigated. 

8.2.1. Potential	for	neuroprotection	in	the	L‐NIO	model	

Neuroprotection is a very active area of stroke research that aims to preserve brain function 

by protecting tissue in the ischemic penumbra from irreversible injury (Chavez et al., 2009; 

O'Collins et al., 2006). The fact that some evidence for neuroprotection was demonstrated 

following L-NIO-induced ischemia with two entirely different compounds, the NMDA 

receptor antagonist MK801 and the gap junction hemichannel blocking Cx43 mimetic 

peptide, suggests that the L-NIO model is a good alternative to current models of focal 

ischemia for investigating neuroprotection following ischemic stroke. MK801 delivered via 

the systemic route one hour post-ischemia appeared able to reduce the L-NIO infarct to 

almost sham levels compared to MK801 delivery 10 minutes following ischemia. Cx43 

mimetic peptide delivered via intrastriatal injection immediately post-ischemia did not affect 
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the base L-NIO infarct or inflammatory environment but appeared able to protect against an 

aCSF vehicle-mediated increase in the L-NIO infarct volume. These results show that there is 

evidence of neuroprotection for compounds delivered via both systemic and intrastriatal 

routes, and both immediately and one hour following L-NIO-induced ischemia. 

Brain swelling was only observed in L-NIO infarcts exacerbated by systemic administration 

of MK801 10 minutes post-ischemia or intrastriatal delivery of aCSF vehicle (3.33µl/kg). 

This increase in L-NIO infarct volume appeared to be protected against by MK801 delivery 

one hour post-ischemia or immediate Cx43 mimetic peptide (0.006µmol/kg) delivery 

respectively, suggesting that both interventions may only be effective when the infarct is 

large enough and/or when vasogenic edema, that mediates brain swelling, is involved. There 

was evidence of MK801-mediated neuroprotection in the QA excitotoxic lesion model, a 

positive control infarct, suggesting that modulation of excitotoxicity was a major component 

of MK801 neuroprotection. Excitotoxicity leads to cytotoxic edema that can evolve into 

vasogenic edema in the hours following ischemic stroke when blood-brain barrier 

permeability increases (J. Simard et al., 2007). Therefore, vasogenic edema and subsequent 

brain swelling is likely to be modulated by MK801, an antagonist of NMDA receptors that 

are key mediators of excitotoxicity (Dirnagl et al., 1999; Katsura et al., 1994). Cx43 

hemichannels are proposed to play an early role in ischemic pathophysiology, including 

hemichannel-mediated release of glutamate and ATP, cell death and inflammation (Figure 

13) (Davidson, Green, Bennet, et al., 2013). These processes lead to later blood-brain barrier 

dysfunction and vasogenic edema (J. Simard et al., 2007), potentially attenuated by Cx43 

mimetic peptide delivery.  

For the investigation of neuroprotective strategies, the L-NIO model may have further 

advantages over some MCAo models other than decreased infarct variability, zero mortality, 

increased success rate and decreased surgical complexity. Hypothalamic damage can occur 

following MCAo in rats when reperfusion is delayed by more than 90 minutes, resulting in 

hyperthermia that has been shown to mask the ability of MK801 to induce neuroprotection 

(T. Gerriets et al., 2003; F. Li et al., 1999). The focal nature of the L-NIO model means that 

the hypothalamus is not injured. Impaired mastication and swallowing as a result of ECA 

territory damage can lead to poorer outcomes following intraluminal MCAo (Dittmar et al., 

2003) but this does not occur following intrastriatal L-NIO injection. Moreover, animals 

wake from isoflurane anaesthesia within approximately 10 minutes of the induction of 
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ischemia and can therefore regulate their body temperature, minimising the impact of 

anaesthesia on temperature or neuroprotection (T. Gerriets et al., 2003).  

These pilot studies justify a larger scale study at later time points following L-NIO-induced 

ischemia, to both confirm that neuroprotection can occur and to identify how late MK801 can 

be administered for neuroprotection to be possible. This would provide some indication of 

how far the therapeutic window extends in this model. The effect of MK801 administration 

on the inflammatory environment should also be confirmed by investigating the post-

treatment glial cell response. Neuroprotection in the L-NIO model has only been 

demonstrated thus far via NMDA receptor antagonism and potentially Cx43 hemichannel 

blockage, both of which may lead to a consequent reduction in excitotoxicity and other early 

pathological processes following ischemia. It would be important in future studies to 

investigate whether neuroprotection can also be observed through alternative mechanisms 

that afford neuroprotection in other rat models of focal ischemia, such a specific reduction in 

inflammation using the known immunosuppressant FK506 (Butcher et al., 1997; Nito, Ueda, 

Inaba, Katsura, & Katayama, 2011). Targeting mechanisms that occur later in ischemic 

pathophysiology than excitotoxicity, such as inflammation, may increase the likelihood that 

therapies can be translated to the clinic. 

8.2.2. Potential	of	Cx43	mimetic	peptide	as	a	therapeutic	intervention	for	ischemic	stroke	

Cx43 gap junction hemichannels appear to play a key role in glutamate and ATP release from 

astrocytes, Ca2+ wave propagation through astrocytic networks and dysfunctional astrocytic 

physiological buffering following ischemia (Davidson, Green, Bennet, et al., 2013). This led 

to the therapeutic delivery of a Cx43 mimetic peptide, at concentrations proposed to only 

block hemichannels and not functional gap junction channels, following L-NIO-induced 

ischemia. The proposed influence of Cx43 on acute events that contribute to secondary 

inflammation and ongoing cell death necessitated acute peptide administration within days of 

the insult, however intrastriatal delivery at the clinically relevant time of 3 days post-ischemia 

did not yield positive histological outcomes. Cx43 mimetic peptide delivered immediately 

following ischemia, for proof of principle, appeared to protect against an aCSF-mediated 

increase in L-NIO-infarct volume, an effect only evident with low dose peptide 

(0.006µmol/kg) delivered at a low volume (3.33µl/kg). No modulation of infarct volume 

below that of the base L-NIO infarct was seen.  



Chapter 8 – General Discussion 

- 212 - 
 

The fact that aCSF vehicle alone significantly increased the volume of the L-NIO ischemic 

infarct, yet there was no effect in animals that received PBS vehicle or non-surgery control 

animals, suggests that the aCSF vehicle was interacting with the ischemic environment to 

exacerbate the L-NIO ischemic pathophysiology. Major differences in the aCSF vehicle 

composition compared to PBS include the presence of Ca2+ and almost twice the 

concentration of K+ (Appendix A). Post-synaptic influx of Ca2+ plays a major role in 

excitotoxicity following an ischemic insult, including mitochondrial injury and activation of 

proteolytic enzymes that degrade cellular components (Figure 2) (Dirnagl et al., 1999; 

Kristián & Siesjö, 1998). K+ efflux contributes to post-ischemic peri-infarct depolarisations 

and consequently, the spread of injury (Dirnagl et al., 1999; Kristián & Siesjö, 1998). 

Therefore, delivering extra Ca2+ and K+ in the aCSF vehicle immediately following ischemia 

may have resulted in increased cellular uptake of Ca2+ and K+-mediated depolarisation, 

accelerating excitotoxicity and ischemic pathophysiology, thereby enhancing infarct volume. 

The vehicle choice for drug delivery is therefore very important and use of the L-NIO model 

has helped in identifying PBS as the more suitable vehicle for future studies. 

The mechanism by which the Cx43 mimetic peptide could have protected against the vehicle-

enhanced increase in infarct volume was beyond the scope of these preliminary studies. Cx43 

mimetic peptide delivered in aCSF vehicle may have partly counteracted the vehicle-

mediated enhanced excitotoxic response by blocking Cx43 hemichannels and reducing their 

release of glutamate and ATP, but may not have been sufficient to block the process entirely. 

The lack of an effect on the volume of the base L-NIO infarct itself or the inflammatory 

environment may be a question of treatment timing or infarct size. It is possible that the 

ischemic infarct needs to be quite large, for example close to 50% of the striatal volume as 

seen following vehicle injection compared to 8.5% for the standard L-NIO infarct, for there 

to be enough Cx43 hemichannels open for their blockage to have an effect. It is also possible 

that immediate delivery of the Cx43 mimetic peptide following L-NIO-induced ischemia is 

too early to have an impact on establishment of the standard L-NIO infarct when not 

exacerbated by aCSF vehicle injection, especially since MK801 appeared to be 

neuroprotective one hour but not 10 minutes following ischemia. This result demonstrates 

that the excitotoxic processes that can be modulated by MK801 do not occur immediately.  

Stimuli present during ischemia, such as elevated intracellular Ca2+ levels, reduced 

extracellular Ca2+ levels, metabolic inhibition, acidosis and increased extracellular ATP 

released from injured tissue, are required for Cx43 hemichannel opening (Anderson et al., 
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2004; Bargiotas et al., 2009; Contreras et al., 2002). Therefore to alter Cx43 hemichannel 

opening during excitotoxicity and later processes such as propagation of calcium waves, 

ongoing cell death and secondary inflammation, a delay may be needed to allow ischemia to 

be established prior to administration of Cx43 peptide. Supporting this is evidence that 

blockage of Cx43 hemichannels in a sheep model of perinatal global cerebral ischemia 

appeared to be neuroprotective only with post-ischemic, but not intra-ischemic delivery of the 

Cx43 mimetic peptide (Davidson, Green, Nicholson, Bennet, & Gunn, 2013). Following 

retinal ischemia-reperfusion, administration of Cx43 mimetic peptide has been shown to 

significantly reduce vascular leakage (Danesh-Meyer et al., 2012). Because vascular leakage 

was observed between 1.5 hours and 6 hours following L-NIO-induced ischemia, later 

peptide administration may also be able to reduce blood-brain barrier dysfunction and 

improve outcomes. This could be investigated in the L-NIO model via quantification of 

Evans blue dye (Danesh-Meyer et al., 2012) or serum albumin leakage. Peptide function 

could be further probed by coupling the peptide to GFP, a process that is currently being 

investigated at the University of Auckland, for visualisation of peptide location in 

comparison to sites of vessel leakage or injury. Moreover, hemichannel closure could be 

investigated using Western blotting to determining the degree of Ser368 phosphorylation, 

associated with Cx43 channel closure (Lampe, 2000; O'Carroll, Gorrie, et al., 2013). 

It would be interesting to see if intrastriatal administration of the Cx43 mimetic peptide one 

hour post-ischemia could decrease the L-NIO infarct volume further. MK801 administration 

demonstrated that neuroprotection of the L-NIO infarct is possible at this time. This could not 

be done within our current experimental setting because of the requirement for animals to 

remain anaesthetised from the previous L-NIO surgery and not to undergo a second surgery 

without a rest period of several days. However, a cannula could be implanted directly into the 

striatum through which the peptide could be delivered when the animal had recovered from 

anaesthesia. Delivery would also be possible at any time and peptide administration up to 3 

days post-ischemia could be investigated, beginning with one hour, the time point that was 

successful for MK801. This would also provide the opportunity to study the effects of the 

peptide in awake animals and to perform multiple injection paradigms. Because 25 hour 

infusion paradigms have been successful in other models of ischemia (Davidson, Green, 

Nicholson, O'Carroll, et al., 2012), repeated dosing over a 25 hour period may be necessary. 

Cx43 channels have a half-life of approximately 1 to 3 hours depending on cell type (Hervé 

et al., 2007), therefore continued peptide administration may be needed to block 
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hemichannels that are constantly turning over. Ideally, intrastriatal injections would be 

performed in parallel to systemic peptide injections for a direct comparison of peptide 

administration routes.   

Iba1 immunoreactivity was the only parameter beside infarct volume that was significantly 

affected by Cx43 mimetic peptide delivery following L-NIO induced ischemia. A trend 

towards an increase in Iba1 expression, representing microglial/macrophage activation, was 

observed following both intrastriatal injection of high dose peptide (0.06µmol/kg in 

16.67µl/kg) in aCSF vehicle and systemic injection of the peptide 6 hours and 24 hours post-

ischemia. The observed increase with intrastriatal injection was not seen with the same 

peptide dose in PBS vehicle, and therefore is unlikely to be related to the peptide. The 

increase in Iba1 following delayed systemic delivery of Cx43 mimetic peptide may indicate 

that Cx43 hemichannels are necessary for modulation of microglia/macrophages in the first 

24 hours following ischemic stroke. Indeed, ATP is thought to mediate the chemotactic 

response of microglia following brain injury (Davalos et al., 2005) and blocking Cx43 

hemichannels that release ATP following injury may interfere with this process, altering the 

microglial response. The effect on Iba1 immunoreactivity also provides some evidence that 

Cx43 mimetic peptide, administrated via the intraperitoneal route, can penetrate the blood-

brain barrier at a time post-ischemia when it is known to be compromised. A multiplex for 

pro-inflammatory cytokine and chemokines would allow more complete characterisation of 

the inflammatory environment and confirm whether modulation was possible with the Cx43 

mimetic peptide. 

Neuronal loss was used to identify the infarct for quantification of volume but was not 

measured directly in these studies. Infarct volume is a gross measure of neuronal injury and 

more subtle changes in neuronal number or the neuronal sub-types affected may have 

occurred following peptide delivery without altering the total volume and might well be 

related to the observed changes in Iba1 immunoreactivity. Performing stereological analysis 

using NeuN DAB immunohistochemistry would be a good strategy to confirm whether there 

were any changes in neuronal number. Quantification of Fluoro-jade C-positive cells would 

indicate if neurodegeneration was altered with peptide treatment. Analysis of striatal 

subtypes, as performed to characterise the L-NIO infarct, might indicate peptide effects on 

distinct neural populations.  
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8.2.3. STAIR	recommendations	were	followed	where	possible	

Given the failure of so many compounds to translate from the laboratory to the clinic 

(O'Collins et al., 2006), it is important that preclinical drug testing follows Stroke Therapy 

Academic Industry Roundtable (STAIR) recommendations (Fisher et al., 2009) to ensure that 

quality research is performed. STAIR recommendations were followed where possible but 

the therapeutic studies performed in this thesis were preliminary studies that investigated a 

range of experimental conditions in order to generate data on which to base larger scale 

studies. Therefore, not all the criteria were applicable. However, in both MK801 and Cx43 

mimetic peptide studies, analyses were performed blinded, exclusion criteria was define a 

priori, exclusions were reported, physiological monitoring was performed during surgery, 

multiple histological and functional outcomes were assessed at acute and long-term time 

points and studies were performed in rodents. Two doses of the Cx43 mimetic peptide were 

compared whereas MK801 was only administered at the dose well-established in the 

literature (3mk/kg), in order to confirm reports of neuroprotection in QA and ischemic 

models (Bertorelli et al., 1998; Butcher et al., 1997; Ma et al., 1998). Results indicated that 

the therapeutic window for neuroprotection in the L-NIO model extends to at least one hour 

post-ischemia but this needs to be investigated further. Preliminary data is now available on 

which to base power and sample size calculations. Moreover, future therapeutic studies will 

need to properly define dose-response curves and confirm reproducibility. 

8.2.4. Use	of	the	L‐NIO	model	to	evaluate	astrocyte‐targeted	therapies	

Neuroprotection is only one category of treatment being developed for ischemic stroke. It is 

possible that increasing neuronal survival in isolation will never be sufficient to produce 

recovery that is clinically significant (Gleichman & Carmichael, 2013). It may be necessary 

to target other brain cells that respond to ischemia, such as astrocytes, to generate more 

comprehensive therapies. While astrocyte-targeted interventions have been under-

investigated, the key involvement of astrocytes in glial scar formation and regenerative 

processes following ischemic stroke make them a promising target for future stroke therapies 

(Gleichman & Carmichael, 2013). 

L-NIO-induced ischemia resulted in a robust, chronic astrocytic response that evolved over 

time, as demonstrated by GFAP expression in the striatum. Therefore, the L-NIO model 

would be ideal for investigating strategies targeted to astrocytes. A clear border of astrocytes 

with overlapping processes surrounded the core of the L-NIO infarct 3 days post-ischemia, 
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characteristic of a glial scar that forms a barrier around areas of severe brain injury (Figure 5) 

(Sofroniew & Vinters, 2010). To confirm that this astroglial border is indeed a glial scar, 

immunohistochemistry could be performed for fibromeningeal cells, other types of glial cells 

and components of the dense collagenous extracellular matrix that together form the glial scar 

(Sofroniew & Vinters, 2010). The GFAP-devoid core decreased in size until it was no longer 

present 35 days post-ischemia, coincident with significant striatal atrophy observed at this 

time, suggestive of astrocytic involvement in tissue remodelling processes. It is likely that 

phagocytosis of cellular debris by microglia and macrophages inside the core, where 

increased Iba1 immunoreactivity was observed, contributed to this remodelling process. 

Glial scar formation has long been shown to inhibit axonal regeneration (Sofroniew, 2009). 

However, this physical barrier also affords neuroprotection and reduces lesion spread. 

Furthermore, astrocytes also have positive effects on brain repair. Therefore the outcomes 

and time frames of potential astrocyte-targeted therapies need to be considered carefully 

(Gleichman & Carmichael, 2013). Astrocyte-targeted interventions that aim to reduce 

neuroinflammation and promote angiogenesis, synaptogenesis or axonal regeneration could 

be administered in the days and weeks following ischemic stroke (Gleichman & Carmichael, 

2013), a longer therapeutic window than neuroprotective therapies. Transplantation of 

specific astrocytic sub-types following ischemia is also an emerging area of research that may 

lead to neuroprotection and positive effects on functional recovery long-term (P. Jiang et al., 

2013). More research is needed into the emerging use of astrocyte-targeted interventions for 

ischemic stroke. The L-NIO model of focal ischemia, with robust, evolving reactive 

astrogliosis, would be useful for these studies. Moreover, further investigations into how 

astrocytes respond to ischemia could be performed in the L-NIO model. 

8.2.5. Future	therapeutic	applications	of	the	L‐NIO	model	

Neurorestorative approaches, in contrast to neuroprotective strategies, aim to enhance the 

brain’s endogenous repair systems to increase functional recovery and are usually 

administered after the majority of cell death has occurred (Hermann & Chopp, 2012). 

Therefore, the therapeutic window can potentially be extended, increasing the number of 

patients who are able to receive treatment (Hermann & Chopp, 2012). To determine whether 

the L-NIO model would be suitable to use in evaluating neurorestorative interventions, it 

must first be demonstrated that endogenous repair does occur following L-NIO-induced focal 

ischemia.  
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The L-NIO rat model was established in the striatum because of the significant involvement 

of this brain region in motor function, in addition to its close proximity to the subventricular 

zone (SVZ) that lines the lateral ventricle. The SVZ is a key neurogenic zone in the adult 

brain where ischemia-induced neurogenesis occurs (Jin et al., 2001; R. L. Zhang et al., 2001). 

Neurogenesis in the subventricular zone following L-NIO-induced ischemia could be 

investigated using bromodeoxyuridine (BrdU) labelling. Bromodeoxyuridine (BrdU) is a 

thymidine analogue that can be used to label proliferating cells because it is incorporated into 

the DNA at S-phase of the cell cycle, thereby dating their “birth” (Ming & Song, 2005). 

Intraperitoneal injections of BrdU on the day animals are culled 3, 7, 14 and 35 days 

following L-NIO surgery would give an indication of cell proliferation in the SVZ over time 

and immunohistochemistry could be used to determine cellular identity. BrdU injections 

within the first week following ischemia, in animals culled 35 days post-ischemia, would 

allow determination of the long term fate of these proliferating cells following ischemia. 

Immunohistochemistry for BrdU and other cell markers such as NeuN and GFAP could be 

used. Neuronal plasticity, in terms of axonal sprouting, could also be investigated following 

ischemia, either by labelling axonal projections with the tracer biotinylated dextran amine 

(BDA) or by immunohistochemistry for the axonal marker NF200  (Carmichael et al., 2001; 

Rosenzweig & Carmichael, 2013).  

Remodelling of the post-ischemic environment does appear to occur in the L-NIO model, as 

indicated by atrophy of the ipsilateral striatum and disappearance of the GFAP-devoid core 

over time. These events can only be the result of changes in the tissue composition. In  

addition to phagocytosis, recovery processes such as angiogenesis, neurogenesis, axonal 

sprouting and synaptogenesis, influenced by trophic factors and anti-inflammatory mediators 

released from microglia, astrocytes and immune cells such as regulatory T-lymphocytes, may 

have contributed to tissue remodelling (Butovsky et al., 2006; Liesz et al., 2009; R. Swanson 

et al., 2004). The transcription factor hypoxia-inducible factor 1 (HIF-1) induces the 

expression of VEGF that promotes angiogenesis (Forsythe et al., 1996; Marti et al., 2000). 

HIF-1α expression was increased at 24 hours following L-NIO-induced focal ischemia, 

suggesting that angiogenic processes may be induced. However further investigations are 

needed to confirm that regeneration does occur in the L-NIO model.  
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8.2.6. Relevance	of	the	L‐NIO	model	to	the	preclinical	ischemic	stroke	field	

We have introduced a novel model of striatal focal ischemia in the rat using L-NIO. There is 

a dire need for novel therapeutic strategies for acute ischemic stroke and the L-NIO model 

appears to be useful for preclinical testing of putative neuroprotective and astrocyte-targeted 

therapies for ischemic stroke. Further investigations will demonstrate whether it is also useful 

in evaluating neurorestorative approaches. 

Developing a preclinical therapeutic strategy for ischemic stroke is a multi-stage process. 

Firstly, a therapeutic target is identified, often through the use of cell culture, and the 

corresponding intervention is evaluated for efficacy and proof of principle in inbred, wild-

type rodent models of ischemia (Figure 65) (Howells et al., 2010). Next, the potential 

intervention is evaluated for relevance to the wider population. This involves performing 

studies in multiple strains, models, ages, and genders and in animals that have comorbidities 

relevant to human ischemic stroke, such as hypertension (Howells et al., 2010; O'Collins et 

al., 2013). Finally, the putative therapeutic intervention is administered to a larger species, 

such as pigs, sheep or primates, and if successful, the therapy may progress to clinical trial 

(Howells et al., 2010).  

Where does the L-NIO model fit in this scheme? When compared to other models with 

similar histological and inflammatory profiles such as MCAo, the consistency in regions 

affected, high success rate, zero mortality, high throughput, reduced surgical complexity and 

minimal welfare requirements of the L-NIO model make it ideal for initial investigations into 

preclinical efficacy and proof of principle studies of acute ischemic stroke interventions 

(Figure 65). Inducing ischemia with L-NIO offers advantages over the closely related ET-1 

model of ischemia: there are no receptor-mediated effects on cells involved in repair and 

blood-brain barrier dysfunction appears to occur. L-NIO was first used to induce ischemia in 

mouse subcortical white matter (Hinman et al., 2013; Rosenzweig & Carmichael, 2013) and 

therefore may in future have the potential to induce ischemia in a range of brain 

regions/structures in the rat and mouse, dependent on the requirements of the researcher. This 

would be an interesting avenue to pursue in future, particularly the induction of ischemia with 

L-NIO in cortical regions as a comparison to current photo-thrombotic models. This would 

also permit a range of clinical strokes to be modelled. 
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Figure 65. Relevance of L-NIO model to stages in pre-clinical drug development for ischemic 
stroke. In its current state, the L-NIO model would be useful for pre-clinical evaluation of drug efficacy 
and proof of principle (solid arrow) but further characterisation could lead to its future use in 
evaluating putative interventions for their relevance to clinical stroke populations (dotted arrow). 
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For better generalisation to the clinical condition, it is important to test putative therapeutic 

strategies in a range of focal ischemia models, not just the L-NIO model. Therefore, this 

model does not replace the use of MCAo models in the preclinical phase, rather it is 

complementary. The L-NIO model may be a better initial in vivo model for the advantages 

mentioned above, followed by MCAo and/or thromboembolic models that involve physical 

intraluminal occlusion and are therefore closer to the human aetiology but are more difficult 

to generate. However, it has been suggested that MCAo models represent malignant 

infarction and not the smaller, more treatable infarcts that are most common in humans; 

therefore small, focal models such as the L-NIO model are also important for clinical 

translation (Carmichael, 2005). Involvement of the striatum in human stroke has been 

demonstrated in approximately 24% of patients and a predominantly striatal infarct 

associated with mild neurological deficits has been shown in 8% of patients (Delavaran et al., 

2012). Therefore, the striatal location of the L-NIO-induced infarct and associated subtle 

functional deficit are relevant to types of human stroke. The L-NIO-induced striatal infarct 

should also be investigated in other rat strains such as Wistar Kyoto, given that infarct 

volume can vary between rat strains even when using the same model, as demonstrated for 

MCAo (Howells et al., 2014). Furthermore, it would be interesting to characterise L-NIO-

induced focal striatal ischemia in aged animals and animals with comorbidities. Ischemic 

outcomes can be worse in older animals, particularly in terms of inflammation, plasticity and 

function (Rosenzweig & Carmichael, 2013). The same may be true for animals with co-

morbidities such as hypertension and diabetes (Rewell et al., 2010). This would also enhance 

the translation of therapies trialled in the LNIO model. The ease of the surgical procedures 

involved means that L-NIO induced ischemia could be attempted in larger mammals. In 

addition, the configuration of the cerebral arteries does not pose a problem as it can do for 

intraluminal approaches. 

 

   



Chapter 8 – General Discussion 

- 221 - 

 

8.3. Final conclusions 

The overall objectives of this thesis were to 1) establish and characterise an in vivo model of 

focal ischemia within our laboratory setting and 2) investigate the therapeutic application of 

this model, including the potential for neuroprotection and delivery of a Cx43 mimetic 

peptide as an acute intervention for ischemic stroke. Support for our hypothesis was 

demonstrated by the establishment and characterisation of an in vivo model that has a 

reproducible infarct and is applicable to preclinical studies of interventions for ischemic 

stroke. The major original contribution of this thesis to the preclinical stroke field is the 

successful development of a novel rat model of focal striatal ischemia: the L-NIO model. 

This in vivo model is associated with zero mortality, a high success rate, reduced surgical 

complexity, improved recovery and a consistent infarct, providing advantages over the 

MCAo model. The L-NIO model also demonstrates many characteristics of established 

ischemic stroke models, including blood-brain barrier dysfunction, neuroinflammation and 

chronic functional impairment. Therefore, it will be a useful model for studying pathological 

processes following focal ischemia.  

Evidence that neuroprotection is possible in the novel L-NIO model demonstrates the 

relevance of this model for preclinical testing of neuroprotective interventions for ischemic 

stroke. The optimal route of administration for drug delivery following L-NIO-induced focal 

ischemia was determined to be direct intrastriatal injection and PBS was the best vehicle 

solution. In contrast to our hypothesis that Cx43 mimetic peptide delivery would improve 

histological outcomes following focal ischemia, no beneficial change to the L-NIO-induced 

infarct was found following intrastriatal administration of Cx43 mimetic peptide either 

immediately or 3 days post-ischemia. Moreover, systemic peptide delivery appeared to 

increase the inflammatory response. However, the observed protection against an aCSF 

vehicle-induced increase in infarct volume by intrastriatal peptide injection justifies the need 

for further investigations of Cx43 mimetic peptide in PBS vehicle as an acute intervention in 

the hours following ischemic stroke. Future studies are needed to comprehensively 

characterise the L-NIO-induced functional deficit and determine whether the L-NIO model is 

also useful for testing neurorestorative interventions. Translating this model into aged 

animals with co-morbidities, additional regions of the brain and large mammals would 

enhance the clinical relevance of this model. In conclusion, we propose that the L-NIO model 

of focal ischemia in the rat striatum is a useful tool for preclinical investigations into 

therapeutic strategies for ischemic stroke. 
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Appendix	A:	Solutions	

Artificial cerebral spinal fluid (aCSF; sterile) 

 For pumps (pH 7.3-7.4): 

KCl    0.373g 
NaCl    8.000g 
CaCl2    0.292g 
Distilled H2O    to 1L 

 Bovine serum albumin 1.000g (added immediately before use) 

 For direct injections: 

Solution A 

NaCl    8.660g 
KCl    0.224g 
CaCl2 · 2H2O   0.206g 
MgCl2 · 6H2O   0.163g 
Distilled H2O    to 0.5L 
 
Solution B 

Na2HPO4 · 7H2O  0.214g 
NaH2PO4 · H2O  0.027g 
Distilled H2O    to 0.5L 
 
Solution A and B were mixed 1:1. The final preparation was sterile-filtered. 
 

Cresyl violet staining solution (0.1%), pH 3.7 

Distilled H2O    170mL 
1.0 M acetic acid  18 mL 
1.0 M sodium acetate  2 mL 
Cresyl violet 2% stock 10mL 
 
 (Cresyl Violet acetate, C5042, Sigma-Aldrich, St. Louis, MO, U.S.A.). 
 
 

Cryoprotective solution 

Sucrose   300g 
0.1M PB, pH 7.2  0.5L 
Ethylene glycol  0.3L 
Distilled H2O   to 1L 
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3,3'-Diaminobenzidine (DAB)/nickel solution 

DAB (1mg/mL)   5.0mL 
0.4M PB   2.5mL 
Distilled H2O   2.1mL 
10% Nickel sulfate  0.4mL 
30% H2O2   3.33x10-3 mL (added immediately before use) 
 
(DAB, 3,3′-Diaminobenzidine tetrahydrochloride hydrate, D5637, Sigma-Aldrich, St. 
Louis, MO, U.S.A.). 
 

Fluoro-jade C working solution (used within 2h) 

Distilled H2O   198mL 
Glacial acetic acid  0.2mL 
Fluoro-jade C stock (0.01%) 2.0mL   
 
(Fluoro-jade C, AG325, Billerica, MA, U.S.A.) 
 

4% Paraformaldehyde, pH 7.3 

Paraformaldehyde  80g 
0.1M PB   up to 2L 
 
Solution was filtered and stored at 4°C until use. 
 

0.1M Phosphate buffer (PB), pH 7.2. 

NaH2PO4 . H2O  7.73g 
Na2HPO4 (anhydrous)  20.44g 
Distilled H2O   to 2L 
 

10x Phosphate-buffered saline (PBS; diluted to 1x,  pH 7.4) 

KH2PO4         4g  
Na2HPO4    23g   
NaCl          160g  
KCl          4g 
Distilled H2O   to 2L 
  

Phosphate-buffered saline containing 0.2% Triton X-100 (PBS-TX),  pH 7.4 

10x PBS stock solution 0.200L 
Distilled H2O   1.796L 
Triton X-100   0.004L 
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30% Sucrose solution 

Sucrose   300g 
0.1M PB, pH 7.2  to 1L 
 

50x TAE buffer, pH 8.0 

Tris base   121g 
Na2EDTA (0.5M)  50mL 
Glacial acetic acid  28.6mL 
Distilled H2O   to 500mL 
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Appendix	B:	Antibodies	

Table 13. Primary antibodies used in this thesis. 

Antigen Host Type Dilution Code Company 

Calretinin Rabbit Polyclonal 1:5000 CR7699/3H Swant 

ChAT Goat Polyclonal 1:500 AB144P Merck Millipore 

Cx43 Rabbit Polyclonal 1:500 C6219 Sigma-Aldrich 

DARPP-32 Rabbit Polyclonal 1:12000 AB10518 Merck Millipore 

GFAP Rabbit Polyclonal 1:5000 Z0334 Dako 

GFAP  Mouse Monoclonal (G-A-5) 
Conjugated to Cy3 

1:2000 C9205 Sigma-Aldrich 

HIF-1α  Rabbit Monoclonal 
(EP1215Y) 

1:250 04-1006 Merck Millipore 

Iba1 Goat Polyclonal 1:900 AB5076 Abcam 

Laminin Mouse Monoclonal 
(2E8) 

1:500 MAB1920 Merck Millipore 

NeuN  Mouse Monoclonal 
(A60) 

1:500 MAB377 Merck Millipore 

nNOS Rabbit Polyclonal 1:500 61-7000 Life Technologies 

Parvalbumin Mouse Monoclonal 1:5000 PV235 Swant 

Rat albumin Sheep Polyclonal 
Conjugated to FITC 

1:100 0220-2424F AbD Serotec 

RECA-1  Mouse Monoclonal 
(HIS52) 

1:1000 MCA970R AbD Serotec 

 
Table 14. Secondary antibodies used in this thesis (all used at a dilution of 1:500). 

Type Host Conjugate Code Company 

Anti-mouse Goat Biotin B7264 Sigma-Aldrich 
Anti-rabbit Goat Biotin B7389 Sigma-Aldrich 
Anti-goat Donkey Biotin 705-065-147 Jackson 
Anti-mouse Goat Alexa fluor® 594 A11032 Life Technologies 
Anti-rabbit Goat Alexa fluor® 488 A11034 Life Technologies 

Companies supplying antibodies 

 Abcam       Cambridge, United Kingdom 
 AbD Serotec       Oxford, United Kingdom 
 Dako       Glostrup, Denmark 
 Merck Millipore     Billerica, MA, U.S.A. 
 Jackson ImmunoResearch Laboratories, Inc.  West Grove, PA, U.S.A. 
 Life Technologies     Carlsbad, CA, U.S.A. 
 Sigma-Aldrich      St. Louis, MO, U.S.A. 
 Swant       Marly, Switzerland 
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