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Abstract 

With an aging population there is increasing demand in the discovery of therapeutic 

interventions to enhance functional recovery in surviving stroke patients. Inflammation is an on-

going pathophysiological mechanism that may be modulated to enhance functional recovery 

post-stroke. Anecdotal evidence showed that medications used in management of post-stroke 

complications such as citalopram for depression and varenicline for smoking cessation may be 

beneficial for functional recovery via anti-inflammation. 

I conducted long-term pre-clinical studies to investigate whether delayed administration of the 

7 nicotinic acetylcholine receptor agonist varenicline and selective serotonin reuptake 

inhibitor citalopram can reduce brain inflammation and whether this effect extends to structural 

changes in white matter (WM) structure, neuroplasticity, and functional performances post-

stroke. To optimize our C57Bl/6j and CSF-1R-EGFP mice models of stroke, I implemented 

clinically relevant endpoints, including diffusion tensor imaging, cytokine analysis, skilled motor 

function testing, sensorimotor function testing, and spontaneous motor function testing.  

Delayed administration of citalopram starting at 3 days post-stroke improved skilled motor 

function, suppressed chronic inflammation, and preserved WM structure integrity post-stroke in 

CSF-1R-EGFP mice.  

Further investigation on varenicline treatment starting at 3 days post-stroke showed worsened 

sensorimotor function, enhanced pro-inflammatory cytokines expression, and impaired the 

structural integrity of WM structures following stroke in C57Bl/6j mice. Quantitative analyses of 

DTI imaging in the mouse brain highlighted significant impairment in the structural integrity of 

corpus callosum and internal capsules in varenicline treated animals. Analytical evaluation of 

structural connectomes also identified varenicline treated induced changes in local efficiency 

and nodal degree at 2 weeks after washout. Implementation of ex vivo DTI in my experimental 

model of stroke successfully identified drug induced structural changes in the mouse neural 

network, which was associated with changes in sensorimotor function through the study. 

Designed to be administered in the sub-acute phase (days) after stroke, my results showed that 

an extended therapeutic window exists for the management of inflammation and neuroplasticity 

in the sub-acute and chronic phases of stroke and would be available to the large number of 

stroke patients who are unsuitable for thrombolytic therapy.  
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Chapter 1. General introduction 

“One in six people worldwide will have a stroke in their lifetime.” 

- World Stroke Campaign 29th October 2012 

The impact of stroke related disability extends far beyond the impairments in motor, sensory, and 

cognitive functions that disrupt the daily activities of individuals and their extended families. The social 

and economic burden of a stroke is enormous and of every. The statistics are sobering; 700 million 

dollars of annual health expenditure in New Zealand alone (1) and 44 million years of disability adjusted 

life years attributed to stroke patients around the globe (2). The impact of stroke is far reaching and 

there is an immediate need for effective medications and interventions to decrease stroke related 

disabilities.  

Ranking as the second most common cause of adult mortality and third highest cause of disability in NZ 

and worldwide (3), the budget for medical and preclinical stroke research was dwarfed by the 100 

billion dollar global expenditure on cancer research in 2015 (4). This investment in cancer research has 

yielded results. In the last 6 months 15 new therapies have been approved by the FDA and the approval 

of a single agent, Keytruda, increased the stock value of Merck & co by 20 billion dollars.  

By 2025 over 17% of the global population is expected to be over 65 years of age and the number of 

people living with stroke related disabilities is set to increase (5). Though incidence rate of ischemic 

stroke had steadily declined over the past decades and increasing application intravascular 

thrombectomy in stroke patients, investor confidence and research morale on stroke had continued to 

decline following over 30 years of unsuccessful attempts to translate neuroprotective therapies to the 

clinic (6). Though Many factors, including low predictive validity due to lack of translatability of 

experimental endpoint in preclinical studies, limited applicability of neuroprotective therapy and flawed 

clinical trial design have been proposed to contribute to this lack of success (7-9). Nevertheless, even 
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the most promising agents take approximately 12 years from preclinical testing to clinical use (Figure 

1-1) (10).  

Stroke research stands firmly at a cross-road awaiting breakthroughs in both preclinical and clinical 

research. This thesis attempts to address some of the preclinical issues that hinder the translation of 

experimental results to human patients. Clinically relevant models and experimental endpoints are 

defined as experimental configurations that account for the highly variable clinical situations (11-13). 

Introduction of concepts such as patient accessibility to therapeutic interventions, reliable experimental 

model of ischemic stroke, experimental parallel of examination endpoints that are used in clinical 

practice were proposed to be important factors that impacted the rate of success for translational 

studies in stroke (14-16).  Improved preclinical stroke models that utilize clinically relevant outcome 

measures is the first step in reliably identifying and evaluating the efficacy of novel intervention. 

Developing pharmacological strategies that target mechanisms in the sub-acute and chronic phases of 

stroke may also provide more clinically useful therapeutic options that would be available to a larger 

number of patients than neuroprotective agents with a narrow therapeutic window.  

Here I present the findings from a series of experimental studies in a clinically relevant mouse model of 

stroke investigating the therapeutic potential of delayed pharmacological interventions targeted 

towards inflammation.  
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Figure 1-1: Time line for drug development from start to clinical approval. 

 

New Drug approval by the FDA takes an average of 12 years. The highest rate of failure in drug development occurs at phase I and II during the initial 

human testing. Research cost on clinical trials is highest during phase III trials conducted in 2003. Figure adapted from Gail et al 2016 (10).   
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1.1. Epidemiology of stroke 

Stroke is the leading cause of adult disability and the third leading cause of death in New Zealand (17, 

18). Of all reported cases of stroke, approximately 67-81% are diagnosed as ischemic stroke (19). New 

Zealand currently has approximately 50,000 stroke survivors (1) and approximately 6000 new and 

recurrent cases of ischemic stroke every year (19-21). Approximately two third of these patients survive 

and require extensive care and medical attention for the remainder of their lives (19-21).  

The ARCOS study, and others, have described changes in the incidence of ischemic stroke across 

socioeconomic classes, age groups, and gender over time (2, 17, 22). High income countries have had a 

41% decline while middle and low income countries a 100% increase in the incidence rate of stroke in 

the past 20 years (23). The risk and incidence of stroke doubles every decade after the age of 55 (24). 

Females have a lower incidence rate compared to males (25). However, due to their higher life 

expectancy and menopause, females also have a higher prevalence of stroke compared to men (25). 

Maori and pacific islanders have also been reported to have highest risk, while Asians have lowest risk 

of stroke compared to other ethnic groups in New Zealand (26).  

The age group most susceptible to stroke has also changed over the past 2 decades. Elders aged over 65 

have been traditionally considered as particularly susceptible to stroke in the past (27). Those above 85 

years of age have a higher incidence than those aged 75-84 (28, 29). Recent trends portray a worrying 

picture as 62% of new strokes, 45.5% of deaths from stroke and 71.7% of the disability-adjusted life 

years (DALYs) lost due to stroke were attributed to those younger than 75 years (30).  

Recent advances (31-34) in acute hospital care, including dedicated stroke units, standardization of 

clinical practice, improvements in surgical care and implementation of endovascular thrombectomy 

therapies such as recombinant tissue plasminogen activator (rtPA) (35, 36) have led to a steady decline 

in mortality rates over the past 100 years (30, 37). With an aging population, the overall number of 

surviving stroke patients is expected to further increase over the next 20 years (37). This increase in the 

number of surviving stroke patients puts pressure on public health systems and raises demand for 

pharmacological interventions to complement rehabilitation therapies for stroke patients (6).  
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1.1.1 Post-stroke complications 

1.1.1.1. Post-stroke spasticity 

Post-stroke spasticity is found in up to half of all stroke patients, with up to 70% of all affected patients 

experience constant pain, spontaneous intermittent pain, or hyperalgesia (increased sensitivity to pain) 

on a daily basis (38, 39). Post-stroke pain are often associated with cognitive and functional decline (40), 

lower quality of life (41), fatigue (42), and depression (43). Post-stroke pain occurs due to abnormal 

intraspinal processing of increased afferent input to spinal motor neurons, enhanced motor neuronal 

excitability, or altered spinal motor neurons resulting in enhanced activities (39), which ultimately 

results in activation of nociceptors and neuropathic pain (38). Therapeutic interventions for post-stroke 

pain includes transcranial cortical stimulation (44) and tricyclic antidepressants (45),  

1.1.1.2. Post-stroke epilepsy 

Seizure and epilepsy affects approximately 7% of all stroke survivors (46). Occurrence of post stroke 

epilepsy is associated with heightened anxiety and worsened recovery in stroke survivors (47). Post-

stroke epilepsy is defined by any of the three conditions defined by Fisher et al 2014: “(1) at least two 

unprovoked (or reflex) seizures occurring greater than 24 h apart; (2) one unprovoked (or reflex) seizure 

and a probability of further seizures similar to the general recurrence risk (at least 60%) after two 

unprovoked seizures, occurring over the next 10 years; (3) diagnosis of an epilepsy syndrome” (48). 

Underlying mechanisms for post-stroke epilepsy include disruption of the neurovascular unit and blood 

brain barrier, increased release of excitatory neurotransmitters, ion channel dysfunction, and altered 

gene expression (47). Current anti-epileptic drugs are not recommended for use in post-stroke epilepsy 

due to possible association with poorer functional outcomes in stroke patients (49). Primary prevention 

using statins is currently the intervention of choice in management of post-stroke epilepsy (47, 49). 

1.1.1.3. Post-stroke infection 

Post-stroke infection is one of the most commonly observed post-stroke complications. Bacterial 

pneumonia accounts for approximately 20% of in-hospital deaths for stroke patients (50). Occurrence 

of post-stroke infection has been attributed to immunosuppression, which occurs as a result of 
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excessive recruitment of peripheral leukocytes to the infarct area of the central nervous system (51, 52) 

and a transient activation of the vagal nerve tone and activation of the cholinergic anti-inflammatory 

pathway (50, 53, 54). In addition to its effect on post-stroke mortality, the incidence of infections was 

also correlated with poorer functional outcomes after rehabilitation therapies (36). The use of 

preventive antibiotics showed no significant impact on in-hospital mortality rates despite a reduction in 

the risk of infection (55). 

1.1.1.4. Post-stroke depression 

Post-stroke depression (PSD) is observed in approximately one third of all stroke patients (56). PSD is an 

on-going disorder, which often has a negative impact on many other health outcomes including 

functional recovery post stroke (57). The pathological mechanisms for PSD remain to be clarified, 

although several possibilities including genomic changes, neurogenesis, neurotrophin release (58), and 

inflammation (56) have been proposed to be potential therapeutic targets (56). Notably, general 

depression and inflammation have been proposed to be closely associated due to the interleukin theory, 

which proposes the etiological onset of depression is associated with an elevation of pro-inflammatory 

cytokines, either peripherally or centrally (59). Antidepressants may function to reduce inflammation 

and enhance monoamine neurotransmission (60, 61). Selective serotonin reuptake inhibitors (SSRIs) 

have been shown to be beneficial for post-stroke recovery in patients and experimental animals (62) via 

enhanced neurogenesis and suppressed inflammation post stroke (60, 63). 

1.2. Pathophysiology of stroke 

Ischemic stroke is defined by the World Health Organization (WHO) as an obstruction within a vessel 

supplying blood to the brain and its extravascular spaces (64). Etiological causes of this disruption in 

blood supply can be further categorized into arterial occlusion of thrombotic or embolic origins, or due 

to decreased systemic perfusion (64). Impairments in blood flow along with reduced oxygen and 

glucose supply are responsible for disruptions of normal cellular functions. The pathological 

consequences of stroke are, therefore, a result of metabolic insufficiency. The complex pathological 

processes that occur post stroke involve alterations in many molecular signaling pathways, which in 
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turn lead to further complications in maintaining the integrity of neuronal networks (see Figure 1-2 for 

summary) (65). Here I summarize the pathophysiological mechanisms in the acute phase (minutes to 

hours) of stroke. 

1.2.1 Metabolic deficiency 

Upon occlusion of an artery or vein, cerebral blood flow (CBF) is reduced in all tissues downstream. 

Deprivation of oxygen and glucose directly affects the generation of adenosine triphosphate (ATP), the 

energy currency of living organisms (66-68). Failure of the efficient production of ATP for extended 

periods of time hinders hemodynamic, metabolic and ionic homeostasis within the affected areas (66-

68).  

Brain tissue suffering from ischemia is classically defined as the ischemic core or the penumbra, based 

on the severity of ischemic injury. The ischemic core refers to an area of brain tissue, typically tissues in 

close proximity to the occluded arteries, that has severely compromised blood and oxygen supply (65). 

Extensive deprivation of oxygen and glucose within the ischemic core activates cell death processes by 

necrosis and apoptosis, terminally affecting all components of the neurovascular unit (69). 

The ischemic penumbra or peri-infarct zone is usually distal to the origin of ischemia, relative to the 

ischemic core (70). Components of the neurovascular unit are differentially affected within the 

penumbra. Cell types with high energy demand such as neurons and oligodendrocytes are prone to 

ischemic injury (71). Others, such as astrocytes and microglial cells are shown to be more resilient (71). 

While all cells within the penumbra are theoretically salvageable at the moment of ischemic insult, 

conversion of reversibly injured cells into irreversibly impaired ischemic core will occur if blood flow is 

not restored within a finite time frame (65). The rate of such conversion was found to be proportional 

to the impairments in cerebral blood flow. Tissues with lower CBF become part of the ischemic core 

earlier than those with higher CBF (72). While maturation of the ischemic core or loss of the ischemic 

penumbra was proposed to occur within 70 hours after stroke (73), clinical experience with reperfusion 

therapy showed that the time window to rescue the penumbra is much narrower in reality (4.5 hours in 
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human, 2 hours in rats). Neuroprotective therapies aimed to prevent the maturation of ischemic core 

had, therefore, been a therapeutic strategy of choice in stroke research for the past 30 years (74).  

Recanalization therapy is one of the most successful treatments for stroke patients (75, 76). Clot 

removal can be performed by mechanical/surgical removal or chemical thrombolysis (75). The choice of 

mechanisms is based on the size of the clot, location and the time of hospital admission. rtPA the only 

pharmacological therapy for stroke intervention approved by the FDA, binds to the fibrin network 

within the blood clot and causes catalytic degradation (77, 78). rtPA is available for administration to 

patients with confirmed ischemic stroke within 4.5 hours of onset (79, 80) due to the increased risk of 

vessel hemorrhage beyond this time (78, 81). Unfortunately, out of the 15-27% of all stroke patients 

that present to the hospital within 3 hours after stroke, only 6.4% were treated with rtPA (82). Clinical 

trials of other thrombolytic treatments with longer half-lives compared to rtPA, such as desmoteplase 

(83), ancrod (84, 85) streptokinase (86), and urokinase (75) have been trialed but failed to demonstrate 

functional improvement or increased the mortality rate of treated patients when given within 4.5 hours 

post stroke. 

Occlusion of major arteries (>2mm) by bigger clots often cannot be resolved by thrombolysis (76, 87). 

Mechanical removal by intraluminal surgeries has been shown to be beneficial for patients that are not 

eligible for rtPA treatment due to delayed hospital admission (87). 
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Figure 1-2: Pathophysiological mechanisms of stroke. 

 

Ischemic injury associated metabolic deficiency leads to an array of pathological complications 

including inflammation, energy deficiency, oxidative stress, excitotoxicity, and apoptosis. 

Cumulative damage contributes to the developing infarct core and ultimately functional deficits. 

Therapeutic interventions was proposed and tested at every pathophysiological mechanisms 

identified. Figure adapted from Iadecola et al 2011 (6). 
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1.2.2 Excitotoxicity 

Energy deficiency directly contributes to impaired glutamate reuptake in the affected area (88, 89). 

Disruption of ionic gradients due to energy deficiency causes the voltage threshold for voltage gated 

glutamate channels to be reached thereby leading to uncontrolled released of glutamate (90). 

Clearance of glutamate, on the other hand, is an ATP dependent process. Removal of glutamate from 

the extracellular space is therefore minimal under ischemic conditions (91, 92). Uncontrolled 

accumulation of glutamate leads to excessive intracellular calcium release (88, 93), increases 

susceptibility to seizures (89), and contributes to subsequent pathological mechanisms including 

apoptosis (94) and increased oxidative stress (95).  

Anti-excitotoxicity therapies aim to counteract the increased levels of extracellular glutamate via 

inhibition of the glutamate neurotransmission. Glutamate receptor antagonist pre-treatment in 

experimental stroke was found to be neuroprotective (96, 97). Clinical testing of NMDA receptor 

antagonists such as Selfotel (98), cerestat, traxopodil, magnesium (99), and NPS1506, AMPA receptors 

antagonists such as zonampanel and MPQX (100, 101), and glycine site antagonists such as licostinel, 

gavestinel all failed to demonstrate equivalent efficacy in respective trails under clinical settings (102).  

Calcium channel blockade aims to attenuate ischemic injury associated with calcium accumulation by 

preventing calcium influx from extracellular storage into intracellular spaces (96). Pretreatment of 

calcium channel blockers such as nimodipine is neuroprotective in experimental stroke (103). In 

addition to their neuroprotective effects, calcium blockers such as nimodipine have been demonstrated 

to increase CBF in experimental models of stroke (104). Despite their pre-clinical potential nimodipine 

(104-106), flunarizine (107), and DP-b99 (102) all failed to show significant improvements in primary 

outcome measures, including lesion volume and functional performance under clinical examination. 

1.2.3 Oxidative stress and apoptosis 

Reactive oxygen species (ROS) are metabolic side products produced during ischemic stress (108). Post-

stroke production of ROS occurs via several mechanisms including: ischemia induced mitochondrial 

dysfunction, calcium cytotoxicity, inflammation (109), and most prominently the sudden influx of 
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oxygen after prolonged ischemia (108). Neuroprotective therapies targeting ROS injury have been 

shown to be beneficial in experimental studies when given within 24 hours post-stroke (110-112), 

however clinical translation has not been successful (74).  

Apoptotic cell death is highly energy dependent and is crucial in the penumbra where CBF is not so 

severely compromised (113, 114). Apoptosis is triggered by external factors including Tumor Necrosis 

Factor (TNF) and Fas receptors (114), and internal cues including DNA fragmentation, oxidative stress 

and intracellular calcium accumulation (94). Neuroprotective therapies that suppress pro-apoptotic 

molecules and up-regulated anti-apoptotic mechanisms, such as Edavarone (115) and recombinant 

human Milk Fat Globule EGF factor 8 (MFG-E8) (116), reduced lesion size when given early (74). Clinical 

trials of anti-apoptotic therapies have not yet shown therapeutic efficacy and safety in human patients 

(74). 

1.2.4 BBB break down 

The blood brain barrier (BBB) acts as a filtering unit that prevents malicious or undesired particles from 

entering brain tissues (65, 117). It is composed of the basic neurovascular unit including the 

endothelium, astrocytes, glial cells, and neurons, which are damaged within the infarct area (65, 117). 

Disrupted integrity of the BBB is consistently reported in experimental stroke studies (118, 119), and 

contributes to brain edema and post-stroke inflammation (120). Molecular pathological mechanisms 

explained in the previous section also contribute to the breakdown of the BBB (119). Calcium activated 

proteinases and caspases are involved in the disruption of the intracellular and extracellular matrix 

(121). More importantly, activation of inflammatory responses induces releases of molecules such as 

metalloproteinase (MMP) 9, which contribute to the increase in permeability of the BBB to allow 

peripheral leukocyte entry into the lesion sites (119). 
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1.2.5 Secondary damage 

1.2.5.1. Edema 

Post-stroke edema or swelling of the brain tissue is commonly observed in stroke patients and 

experimental animals. Accumulation of water in the brain occurs as a result of multiple post-stroke 

pathologies (117, 122). The main drive for the movement of water into the lesion area is the disruption 

of ion gradients and breakdown of the BBB, which leads to an overall accumulation of osmolytes within 

the extracellular space (117, 122). The swelling of brain tissue leads increased intracranial pressure, 

which ultimately contributes to further tissue damage (65, 123) and herniation into the spinal cord has 

a mortality rate of 78% if untreated (124). Approximately 10% of all stroke patients are susceptible to 

this complication and require surgical decompression to increase chance of survival (125). 

1.2.5.2. Reperfusion injury 

Reperfusion injury refers to the secondary damage that occurs with the reperfusion or redelivery of 

blood and oxygen to the ischemic area (see section 1.2.3 for mechanism) (109, 126-129). The sudden 

influx of oxygen to compromised brain tissue and its associated generation of ROS is a major 

contributor to the initiation of post-stroke inflammation (126, 127, 130). 

1.2.5.3. No reflow 

The no-reflow phenomenon refers to the absence of blood reflow upon reperfusion to tissues supplied 

by small blood vessels. No reflow occurs due to occlusion of constricted blood vessels by peripheral 

leukocytes recruited to the injury site (67, 131). No reflow affects the therapeutic efficacy of 

neuroprotective drugs due to disrupted delivery to large parts of the affected tissue (65, 113, 126). 
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1.3. Long-term pathologies 

A degree of spontaneous recovery occurs after stroke and recent studies have confirmed that the brain 

can engage in a limited process of repair (132-135). In both human and animal studies post-stroke 

repair has been attributed to regeneration of myelin and the formation of new connections in areas 

affected by stroke damage (14, 136). While these mechanisms contribute to improvements in function, 

the majority of stroke patients need intensive rehabilitation therapy. The rehabilitation process is long, 

slow and unsatisfactory for many patients. Moreover, rehabilitation therapies utilize neuroplasticity 

mechanisms to compensate for impaired functions rather than enhancement of functional 

performances. The possibility of augmenting post-stroke repair using pharmacological agents (137-139) 

and techniques such as transcranial magnetic stimulation (140-142) is, therefore, an attractive 

therapeutic strategy and increasing interest has been directed to the potential role that drugs can play 

in stroke recovery. 

1.3.1 Inflammation 

The inflammatory response is one of the longest lasting pathological complications after stroke and is a 

key component in healing and repair after injury (143). When well-controlled, the inflammatory process 

is normally beneficial and leads to healing (144), while uncontrolled inflammation prevents recovery 

(145). Here I summarize the temporal profile of inflammatory responses post stroke, functional 

consequences of post-stroke inflammation, and points of target for intervention. 

1.3.1.1. Acute inflammatory response 

The initial inflammatory response occurs immediately after stroke and is known to persist for months 

(146-149). Local microglial cells are activated immediately after the ischemic injury in response to 

danger associated molecular patterns (DAMP), such as intracellular compartments, DNA, nuclear 

proteins (150). Detection of DAMP enhances release of pro-inflammatory cytokines and chemokines 

including interleukins (IL) 1, 2, 6, 8, 10, 12, 16, 17 (151), and TNF-α (152) for further leukocyte 

recruitment from the peripheral system (150). Production and release of inflammatory cytokines begins 

within hours following stroke (152-155) leading to the recruitment of T cells (156, 157), B cells (157), 



Chapter 1 

31 

granulocytes (158), and macrophage/monocyte (M/M) (146) over the course of days. An ischemic insult 

is typically accompanied by an increase in production or release of pro-inflammatory cytokines and a 

reduction in anti-inflammatory cytokines (152). Early increased levels of pro-inflammatory cytokines in 

plasma and cerebrospinal fluid are associated with worse functional outcomes (159). Cytokines 

released in response to acute stroke such as IL-1, IL-10 and THF can activate neuroendocrine systems 

such as the hypothalamic-pituitary-adrenal (HPA) axis and the sympathetic nervous system which 

promotes the ‘fight or flight response (160, 161). A causal relationship has been described between 

stress, HPA axis activity and poor outcomes in both pre-clinical studies and in stroke patients (162, 163). 

Therapeutic interventions targeting activation of pro-inflammatory cytokines including TNF-α, IL-1α, 

and IL6 have been shown to be beneficial in experimental studies (164). 

Peripheral leukocytes are recruited from immune organs including the blood, spleen (165), bone 

marrow (166), and other lymphoid organs (167). Recruitment of M/M, neutrophils, and T-cells peaks at 

3 days post stroke (148, 168, 169). Early recruitment of peripheral leukocytes is reported to suppress 

stem cell proliferation (170), breakdown of the BBB (143, 171), phagocytosis of myelinated structures 

(172, 173), autoimmune responses to healthy tissue of the central nervous system (174), and further 

release of pro-inflammatory cytokines (147). M/M recruitment to the infarct area within days of a 

stroke has also been demonstrated to be primarily phagocytic in function (175, 176). Reducing 

recruitment of leukocytes using genetically modified animals (157), monoclonal antibody therapies 

(177), and anti-inflammatory drugs administered within 24 hours post stroke are neuroprotective (178). 

Further, ICAM1 and P-selectin antibody mediated inhibition of leukocyte recruitment reduced infarct 

volume by up to 50% in experimental models of stroke (179). The Enlimomab trial, an anti-ICAM-1 

antibody therapy, was discontinued due to reports of autoimmune disorders and Central Nervous 

System (CNS) inflammation (177). Inhibition of the MAPK cascade using molecules such as CDP-choline 

was also shown to be neuroprotective following permanent MCAo (170). Clinical trials of CDP-choline, 

however, failed to demonstrate therapeutic efficacy possibly due to limited the narrow therapeutic 

window of the drug (180). 
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1.3.1.2. Temporal profile of chronic inflammation 

Temporal expression of most inflammatory cytokines, including TGF-β, IL-1α, TNF-α, IL-6, and IL-1β, 

peaks approximately 18 days post stroke (181). Despite gradual decreases in circulating pro-

inflammatory cytokines, stroke patients and experimental animals have displayed significantly higher 

circulating levels of pro-inflammatory cytokines up to 1 year after a stroke (182-184). Expression of IL-

1β is detrimental to post-stroke recovery by enhancing neuronal cell death, induces edema, damage 

cerebral vasculature, and increases release of free radicals (185). While depletion of pro-inflammatory 

cytokines in the acute phase appeared to be neuroprotective after stroke, mild to moderate release of 

TNF-α appeared to be beneficial for functional recovery in experimental stroke (186).  

Chronic inflammation appears to be detrimental for post-stroke recovery (187). While the number of T-

cells and neutrophils in infarct regions gradually decline from their peak at 3 days post stroke (148, 169, 

188), macrophages and microglia are known to persist for weeks after a stroke (Figure 1-3) (189, 190). 

Evaluation at 7 days and 35 days after a stroke showed further accumulation with no signs of decreased 

expression up to 1 month after (190). Similarly, immunohistological analyses of post-mortem tissue 

found increased levels of T cells, B cells, and M/M in the ipsilateral hemisphere of patients and 

experimental animals (191) suggesting local and persisting chronic inflammation following stroke. 

Activation of T cells following stroke is responsible for the breakdown of myelinated fibers and myelin 

basic proteins in white matter (WM) structures (184, 192), which is occurs over an extended period of 

time (193). Furthermore, careful examination of M/M phenotype overtime showed progressive change 

of M/M from M2 to the pro-inflammatory M1 phenotype from 7 to 14 days post stroke (194, 195). 

Concurrently activated M/M also show decreasing expression of periostin, an extracellular matrix 

protein involved in the activation of fibroblasts and neuronal progenitor cells during neurogenesis, over 

the first four weeks following stroke (196). The increased phagocytic activity and a relative decrease in 

repair mechanisms suggest an overall detrimental effect of chronic inflammation post stroke. 

Therapeutic modulation of chronic inflammation post stroke has been successfully demonstrated in 

stem cell therapy (192), hypothermia (197-199), and angiogenesis (200, 201).  
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Figure 1-3: Accumulation and recruitment of M/M over 35 days post stroke. 

 

Genetically modified mice expressing EGFP in the promotor region of csf-1-receptor, which are expressed in activated M/M. Increasing number of 

EGFP+ cells indicate activation and recruitment of M/M in the damaged tissue. Accumulation of EGFP+ M/M was found in the brain of MacGreen 

mice overtime at 1, 7, and 35 days post stroke (190).   
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1.3.1.3. Cholinergic anti-inflammatory pathway 

In addition to the endogenous humoral anti-inflammatory mechanisms which act to restrain cytokine 

production, innate immune responses and inflammation are regulated in part by neural mechanisms 

(144, 202). The parasympathetic nervous system is involved in ‘rest and digest’ functions, and can 

inhibit cytokine release and prevent tissue injury via an efferent neural signaling pathway termed the 

inflammatory reflex or cholinergic anti-inflammatory pathway (CAP, see Figure 1-4 for summary)(202, 

203). 

The CAP was recently discovered to be an endogenous physiological mechanism regulated by the 

parasympathetic nervous system which functions to control inflammation (204). The autonomic 

modulation of immune responses is initiated by detection of inflammatory cytokine in the vagal ganglia 

leading to signal relaying to the HPA axis via the dorsal vagal complex (205, 206) or via direct humoral 

interaction in the HPA (207). Activation of this neurohormonal pathway (208) results in the production 

of ACTH that ultimately yields an anti-inflammatory effect via suppression of pro-inflammatory 

cytokines including TNF-α, IL-1, IL-8, IL-11, IL-12, IFN-γ (208). The efferent pathway of this inflammatory 

reflex is believed to function via activation of the sympathetic nervous system, which modulates the 

expression of lymphocytes in lymphoid organs including the thymus, bone marrow, the spleen, and 

lymph nodes (171, 209, 210). 

It was later discovered that the vagus nerve played an important role in this autonomic regulation of 

immune responses (211). Borovikova et al first demonstrated that electrical stimulation of the vagus 

nerve (212) and pharmacological administration of a α7 nicotinic Acetylcholine Receptor (nAChR) 

agonist, CNI-1493 (213), was sufficient to suppress systemic inflammation induced by injection of 

endotoxin. Humoral signal transduction occurred in a vagus nerve dependent fashion to induce 

electrical stimulation of the splanchnic nerves to release noradrenaline (214) and ultimately 

acetylcholine in the spleen, which is also essential for this anti-inflammatory response (215, 216). 

Experimental studies showed that α7 nAChR played an important role for this autonomic regulation of 
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inflammation (217, 218) administration of α7 nAChR agonists and allosteric modulators showed similar 

effects to vagal stimulation (217, 219). 

The therapeutic potential of pharmacological activation of the 7 nAChR has since been examined in a 

variety of inflammatory diseases and disorders including epilepsy (220), multiple sclerosis (221, 222), 

peripheral inflammation (223), Alzheimer’s Disease (224), acute ulcerative colitis (225, 226), Parkinson’s 

Disease (227), schizophrenia (228), post-operative ileus (229), and arthritis (230, 231). There is ample 

evidence that impaired autonomic regulation of inflammation may contribute to stroke pathology. 

Vagotomy, by cutting or removing a portion of the vagus nerve unilaterally or bilaterally, has been 

associated with excessive inflammation following stroke (232, 233). Autonomic nervous system (ANS) 

dysfunction highlighted by decreased heart rate variability (HRV), which is directly regulated by vagal 

stimulation, is present following stroke and has a negative impact on functional recovery (234). 

Furthermore, vagal and sympathetic tone regulated arterial baroreflex was also found to have impaired 

sensitivity in stroke patients and experimental animals (235). 

The effect of CAP activation has also been examined in pre-clinical stroke studies. Repeated electrical 

stimulation of the vagus nerve starting at 30 mins after experimental stroke was found to be 

neuroprotective in a rodent model of stroke (233). The neuroprotective and anti-inflammatory effect of 

melanocortin (236, 237) and ghrelin (232) were abolished in vagotomised mice. α7 nAChRs have also 

been shown to be involved in the beneficial effect of arterial baroreflex against stroke (238, 239). 

Activation of the vagus nerve was therefore proposed to be a potential target for therapeutic 

intervention on post-stroke inflammation (240). Together, this evidence suggests that the inflammatory 

responses post stroke may be reduced by activation of the CAP. Indeed, pre-clinical studies examining 

the pharmacological effects of α7 nAChR including GTS-21 (241), PNU-120596 (242), PHA568487 (243, 

244), PNU-282987 (245), galantamine (246, 247), and choline (97) all demonstrated neuroprotective, 

neurogenic, and anti-inflammatory properties when given within 24 hours post stroke. 
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Figure 1-4: Cholinergic anti-inflammatory pathway. 

 

Activation of the HPA axis leads to activation of the vagus nerve, which relays the electrical 

signal to activate the spleen via the splenic nerve. Stimulation of the spleen releases 

acetylcholine to activate α7 nAChR expressed on macrophage and monocytes in the organ 

causing reduced expression of pro-inflammatory cytokines such as TNF- α (221, 248, 249).   
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1.3.2 White matter injury 

1.3.2.1. Physiological mechanisms 

WM structures are axon bundles with myelin sheathes that allow high speed signal conduction in the 

neural network, typically between various structures of the brain and the spinal cord (250-252). The 

integrity of WM structures is known to be vital for learning and cognitive functions (253), loss of 

integrity responsible for aging related deficits (254, 255) in both human patients and experimental 

animals. Demyelination of WM may be responsible for the ensuing deficits in functional performance 

and learning impairments in stroke patients and experimental animals (173, 256-258). 

WM typically has lower CBF compared to the grey matter, has little collateral supply and is subject to 

swelling and edema immediately following stroke (259). Unlike the rapid loss of neurons in grey matter 

which fully develops within 70 hours following stroke in patients (73), gradual progression of WM injury 

occurs over the course of days to weeks following stroke (193). Ischemic injury impairs the expression 

of myelin basic protein (MBP), a structural protein essential for the maintenance and generation of 

myelin sheath in WM bundles, as early as two days following stroke (260). Apoptotic degradation of 

myelin producing cells, oligodendrocytes, in the infarct area occurs after neuronal injury and the 

breakdown of the BBB (134) while significant demyelination is not detected until 7 days following 

stroke (261-263). More importantly, significant WM damage is observed for at least 3 years following 

stroke (193). Progressive demyelination is associated with an increased number of neutrophils and 

microglia in surrounding areas suggesting an intimate role for inflammation in chronic WM injury (172). 

Currently no therapeutic intervention is approved for the management of this progressive WM damage 

in stroke patients. 

1.3.2.2. Clinical and pre-clinical findings 

The severity of WM damage has a stronger correlation with the functional recovery potential of stroke 

patients compared to that of grey matter (264). Therapeutic interventions aiding the extensive 

reorganization of WM in the peri-infarct region (265) and minimizing progressive demyelination in the 

infarct area are therefore considered beneficial strategies to promote post stroke recovery (134). 
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Administration of brain-derived neurotrophic factor (BDNF) starting at 24 hours post stroke significantly 

improved MBP expression in the infarct area at 28 days post stroke (266). Based on these findings, I 

propose that pharmacological treatments targeting mechanisms that are potentially beneficial for WM 

injury following stroke are therefore attractive candidates due to their extended therapeutic window 

and proven efficacy in experimental studies. 

1.3.2.3. Pharmacological modulation 

Based on the pathophysiological mechanisms of progressive WM injury, pharmacological modulation of 

monoamine neurotransmission could theoretically target chronic inflammation while also providing an 

improved molecular environment for the preservation and regeneration of myelinated structures (139). 

Pharmacologically induced monoamine release, via amphetamine administration, has been shown to 

improve performance in forelimb reaching and ladder rung walking tests in a rat model of MCAo (267). 

Behavioral improvements were associated with axonal growth in cortical and subcortical tissues 

following combined treatment with monoamine agonists and physical rehabilitation (267). Gamma 

Aminobutyric Acid (GABA) neurotransmission also plays a central role in neuroplastic changes and 

motor learning under normal and pathological circumstances (268). Disturbances in GABA-mediated 

inhibition may be detrimental to post-stroke functional recovery. Clarkson and colleagues have shown 

an increased tonic neural inhibition post stroke via activation of GABA receptors (269). Inhibition of 

GABAergic transmission via pharmacological antagonism as well as genetic removal of GABA receptors 

was shown to promote functional recovery after experimental stroke (269). 

The selective serotonin reuptake inhibitors (SSRI) fluoxetine and citalopram are clinically approved 

antidepressants that enhance neurogenesis (270, 271), trophic factor production (270), promote 

microtubule reorganization (272), and increased expression M2 phenotypes in microglia (273). 

Serotonin has a complex effect on early life development of neurons and oligodendrocytes (274). While 

serotonin deficiency due to dysfunctional serotonin receptors are associated with disrupted 

organization of cortical structures (275), excessive  activation of serotonin receptors due to early 

exposure to SSRIs such as citalopram and fluoxetine also hinders early life development of 
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oligodendrocytes and myelination (276, 277). Interestingly, SSRI treatment in development brain 

following injuries such as spinal cord injuries was associated with beneficial effects on preservation of 

oligodendrocyte cell death via anti-inflammatory effects (278). Indeed, recent experimental studies by 

Espinera et al showed increased expression of the neurogenesis, angiogenesis, and improved 

sensorimotor function following administration of citalopram in the acute phase (24 hours) of stroke 

(270). The preservative effect of SSRIs have been proposed to function via anti-inflammatory properties 

(279-281) including suppressed expression of inflammatory markers such as IL-1, IL-10, TNF-α, among 

others (282, 283), and inhibition of leukocytes recruitment (284). SSRIs also suppress inhibitory 

interneuron activity and may also reduce apoptotic degeneration of neurons connects to the infarct 

area thereby enabling future Hebbian and homeostatic plasticity changes (281). Together, these data 

suggest that pharmacological modulation of serotonin neurotransmission using SSRIs may be an 

attractive candidate for managing WM injury in the sub-acute and chronic phases of stroke. 

1.4. Experimental modelling of stroke  

Identifying novel therapies for the treatment of neurodegenerative disease is dependent on a clear 

understanding of the pathophysiology of the disorder and the mechanisms underlying the disease 

process. Appropriate disease models play a pivotal role in identifying the mechanisms of cell death and 

in identifying new therapeutic targets. Disease models are also essential for establishing the 

effectiveness of any new therapeutic strategies and for providing proof of concept which is a 

prerequisite to clinical testing in human patients. 

1.4.1 Animal modelling 

Use of animal models has allowed us to develop an understanding of the complex cascade of events 

following the interruption of blood flow that ultimately lead to cell death. In vivo, stroke modelling has 

utilized a variety of animals including non-human primates, pigs, cats, dogs, and rabbits (285). The most 

well characterized model for stroke studies is the rodents (12, 15, 285). Occlusion of the middle 

cerebral artery (MCA) is the most common form of focal ischemia in man and is the most commonly 

modelled experimentally (286).  
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1.4.1.1. Intraluminal monofilament MCA occlusion 

Since the introduction of the MCA ligation model by Robinson et al in 1975 (287), a large variety of 

rodent stroke models have been described (285). Each is distinguished from the other by unique 

improvements in validity, reliability, reproducibility, and practicality (15). Occlusion of the MCA is the 

most common form of focal ischemia in man and is the most commonly modelled experimentally (286). 

The vasculature of the MCA also has the advantage of being the most amenable for surgical 

intervention in experimental models. In addition, the cerebral anatomy of the rat shows good 

homology with humans, and the size of the lesion in rats is proportionally similar to large infarcts in 

humans (288). One of the major advantages of the filament model is the ability to control the size of 

the ischemic lesion, which enables investigation on the pathophysiological mechanisms at different 

stages and varying severity of ischemic injury (12, 15, 285). 

Disruption of blood flow via physical occlusion (e.g. by clip, monofilament or clot) of the MCA is the 

most frequently used rodent model of stroke (285). The intraluminal filament model, first described by 

Koizumi et al in 1986 (289), involves simple cervical dissection to expose the common carotid artery 

(CCA) and advancement of a monofilament to occlude the MCA (289, 290). The general surgical 

requirements have not significantly changed since the introduction of the model. Refinements have 

mainly focused on the design of the monofilament (12, 15, 291). Addition of silicone coating on suture 

filaments introduced a reliable methodology for complete occlusion all blood supply to the MCA (292), 

which was associated with increased reproducibility in rodent models (290, 291). As such, silicone 

coating on the suture filaments has now been widely accepted as standard practice in recent models 

(290, 291).  

Early studies were primarily performed in rats (12). The availability of transgenic mouse strains to 

investigate the role of single gene products on stroke pathology prompted the transfer of MCAo stroke 

modelling into mice (12). Mouse models also allow evaluation of compound effects in more than one 

species. The general concepts for MCAo modelling in mice resembled those for rat models with special 
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considerations for the sizes of the animals, for example the size of the monofilaments for surgery in 

mice is much smaller than those required for rats (293, 294). 

Occlusion of the MCA in humans leads to death in 20% of cases and differing degrees of disability in 

those who survive (23, 30, 35). While moderate ischemic injury produced by 45 mins occlusion of MCA 

does not reflect the long-term mortality rate of stroke patients, the survival rate in mice following 

severe ischemic injury produced by 60 minute occlusion mirrors the clinical situation more closely: 

survival is typically 100% over the first 3 days, dropping to 60% between 3 and 5 days following 60 

minute occlusion (A. McGregor, unpublished observation). 

Ischemic damage produced by intraluminal filament MCAo is confined to the cerebral vascular territory 

supplied by the MCA, including the ipsilateral striatum and its overlying cortex (Figure 1-5) (295). 

Changes in histopathology produced by MCAo in mice are comparable to chronic phase tissue damage 

observed in stroke patients (183). Common symptoms of stroke include motor function deficit, loss of 

language, paralysis and cognitive dysfunctions, hindering most stroke patients from performing daily 

activities without support for the community and family (296). Replicable deficits in motor, 

sensorimotor, and neurological functions can be measured as a result of the structural impairments 

(297). 

While the intraluminal filament model is considered highly reliable, reproducible and most frequently 

used in rodent modelling of stroke, a few limitations must be considered during surgical procedures and 

post-experimental analyses (285). Firstly, insertion of monofilaments into the luminal space of arteries 

is associated with a small risk of vessel rupture and associated subarachnoid hemorrhage. To address 

this potential limitation, most experimental protocols also provided descriptions for general monitoring 

of the animals during and post-surgery (293, 295). Secondly, the size and shape of the monofilaments 

are crucial for the surgical success of the MCAo model (292, 298, 299). A 10μm difference in 

monofilament diameter is sufficient to produce a significant difference in resulting lesion volume in 

mice (292). Ideal surgical preparations, therefore, would provide monofilaments matched to each 

individual animal to ensure comparable levels of occlusion. Equations have been proposed for 
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calculating the ideal sizes of the monofilaments required for mice of various sizes (292, 293). Due to the 

complex vasculature of the circle of Willis, other branches of the internal carotid artery other than the 

MCA are also prone to be affected during the surgical preparation (66, 293). Consequently, brain 

structures outside of those supplied by the MCA such the hypothalamus, thalamus, and hippocampus, 

are often subjected to ischemic injuries (300). Transection of the external carotid artery and the 

ophthalmaic artery may also be affected leading to feeding difficulties (301) and visual dysfunction 

(302). To minimize the potential effect of the forementioned complications, extensive optimization 

have been performed on protocols for the monofilaments used in the MCAo (291, 298, 299). 

Implementation of silicone coating limited to 4mm of the monofilament was proposed to substantially 

reduce the risk of occlusion outside of the MCA (291). 

1.4.1.2. Thromboembolic MCAo 

The thromboembolic stroke model has closer resemblance to a human ischaemic stroke compared to 

the filament models as a thrombotic clot is used to occlude the MCA, rather than a silicon or poly-l-

lysine coated thread (303). One of the major disadvantageous of this model is the inconsistent size 

damage produced. This typically results from two aspects of the model. Firstly, the development of 

ischaemic damage is a prolonged process, where induction of ischaemic damage may occur 24 hours 

post-surgery (304). Secondly, the introduced thrombus fragments are usually scattered in the arteriole 

bed and are not confined within the MCA. Consequently, ischaemic damage may develop areas outside 

of the MCA territory limiting the power of functional tests as the contribution to impairment  from 

damage to non-specific areas cannot be isolated (305). Despite its variability, the thromboembolic or 

clot model been proposed as the model of choice to investigate “piggy back” approaches where new  

therapeutic strategies are evaluated in conjunction with tPA (285). 

1.4.1.3. Endothelin-1 Model:  

Endothelin-1 is a potent vasoconstrictor that has been used to restrict cerebral blood flow via 

application to the MCA, peripheral tissues around the MCA or direct application to the cortical surface 

over the MCA (82, 306). This model is advantageous for its simplicity of lesion induction and reduced 
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stress on the animals compared to the filament MCAo model (285). Notably, surgical preparations for 

the ET-1 model can be performed in conscious animals, which closely mimics the clinical situation in 

patients (307, 308). Further, the lesion damage is highly localised and lesion size is dose dependent and 

is associated with cognitive and functional deficits that are detectable beyond 4 weeks post stroke (11, 

306, 308-311). ET-1 model in rats is highly popular due to its non-invasiveness, simplicity, and 

reproducibility (312). Superior localization of lesion in the ET-1 model enables flexible experimental 

design that involves therapeutic interventions targeting specific regions and functional deficits 

following stroke (312). 
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Figure 1-5: Lesion distribution following mild, moderate, and severe ischemic injury by MCAo in C57Bl/6j mice.  

 

Mild (30 min), moderate (45 min), and severe (60 min) ischemic injury by middle cerebral artery occlusion in C57Bl/6j mice consistently produced 

lesion within the striatum. Lesion in the overlaying cortex was found in moderate and severe ischemic injury (190). 
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1.4.2 Functional tests 

Functional deficits are direct consequences of brain tissue loss from an ischemic insult. Common 

symptoms of stroke include motor function deficit, loss of language, paralysis and cognitive 

dysfunctions, hindering most stroke patients from performing daily activities without support for the 

community and family (296). MCAo produces a large motor deficit with a very minor cognitive 

impairment and animals show prolonged deficits in skilled motor tasks but no impairment in attentional 

processing (256, 313, 314). Appropriate behavioral tasks must be relevant in terms of the anatomical 

areas which they serve. Behavioral tests must also be reliable in terms of the size of the response and 

the stability of the deficit and it is essential that any improvement in performance is related to tissue 

salvage. As proposed previously by the STAIR committee and RIGOR guidelines for experimental 

modelling of stroke the selection of ideal functional testing is vital for the efficacy of preclinical studies 

(7, 8). This section discusses some of the clinically relevant functional tests available in rodent modelling 

of ischemic stroke. 

1.4.2.1. Neurological scores 

Assessment of neurological function is the preferred diagnostic tool in clinical practice. The National 

Institute of Health Stroke Scale (NIHSS) is a 15 item test that comprehensively assesses all functional 

deficits that may be affected by ischemic injury including level of consciousness, pupillary response, 

gazing, visual, facial palsy, arm motor movement, leg motor movement, plantar reflex, limb ataxia, 

sensory, neglect, dysarthria, language function, changes from previous examination, and changes from 

baseline performance (296). Each item has a score between 0 to 4 with a score of 0 on any items 

indicating healthy unimpaired patients while scores closer to 4 indicates increase in severity of the 

functional impairment (296, 315).  

Measurement of neurological function has been adapted into pre-clinical experimental studies. Original 

adaptations included a 28 point (314, 316), 18 point (314), and 15 point neurological scores (190). While 

most pre-clinical studies includes investigation of neurological deficits as a routine practice (317), it was 
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soon found that neurological deficit scores was not ideal in experimental studies due to the high level of 

spontaneous recovery (9, 318). 

1.4.2.2. Gait & general motor deficit 

MCAo surgery results in locomotor deficits that can be detected in both gait and general motor 

movement. Gait and general motor movements are typically observational tests that measure deficits 

in spontaneous motor movements. Catwalk is a computer aided system that analyzes the walking 

pattern of the animals while traversing through a platform or walkway (314, 318). The catwalk identifies 

minor abnormalities in paw movements in each of the paws of the animals and is particularly 

advantageous for its high sensitivity (318). Major disadvantages include the cost of the equipment and 

possible variations in outcome detection for animals of different weights (318). The subjective 

acquisition of data on locomotor activity and the sensitivity of the tests make it one of the preferred 

methodologies for gait analyses. 

The cylinder test measures the spontaneous exploratory movement of the animals in a 10x9x15cm 

transparent cylinder (319). Preferential use of one limb over the other during rearing movements 

within the cylinder is video recorded and manually examined on a frame by frame basis (297, 319). Each 

testing session is usually composed to 20 rearing movements or 5 mins of exploration within the 

transparent cylinder (297, 319). Limb use asymmetry is measured as estimation for the locomotor 

impairment. The cylinder test is sensitive to functional deficits in moderate to severe lesion, and may 

not be ideal for mild ischemic injury. The cylinder test is advantageous for its simplicity, accuracy, and 

reproducibility as the test is video recorded and can be revisited on demand (318). 

The rotarod test or accelerrod test measures the animals’ ability to balance on a rotating rod. The time 

taken for the animals to fall off the rotarod is measured as estimation for locomotor deficit. Short fall 

latency is associated with severe injuries and longer fall latency is associated with mild injuries (318). 

The rotarod test is popular for its sensitivity to short and long term motor deficits (318). One of the 

major disadvantages of the rotarod test is the involvement of motor learning for the animals’ 

performance in the test. Fall latency improves significantly with additional training and is impaired with 
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several days of discontinuation (318). This mixed effect of locomotor activity and motor learning 

capability leaves the rotarod test undesirable as a test to examine gait and general motor deficits. 

1.4.2.3. Skilled motor function 

The staircase test or the paw reach test measures the skilled motor function of the animals using a 

staircase apparatus (313, 316, 320, 321). Each step of the descending staircase is loaded with sugar 

pellets as bait while the animals are placed in the staircase. Successful retrieval of sugar pellets, 

successful attempts to retrieve, and the depth of staircases reached by the animals are measured as 

estimation for impairments in skilled motor function (320). Impaired retrieval and decreasing depth of 

staircase reached relative to baseline performance is associated with more severe impairments in 

skilled motor function following MCAo. The staircase test is sensitive to long-term deficits in skilled 

motor function and is minimally affected by the spontaneous recovery of motor functions following 

stroke. One of the major disadvantages for the staircase test is the requirement for extended training 

and diet restriction during training and testing periods (314, 320). Particularly, diet restrictions 

following stroke may impose additional welfare straining on the experimental animals and 

experimental design with the staircase test should be thorough scheduled with caution. Despite its 

limitation, the staircase test is a desirable for its low cost, simplicity, and high sensitivity to motor deficit 

in mouse models of stroke.  

1.4.2.4. Sensorimotor function 

Sensorimotor deficits is a common functional deficit that is observed in both patients and rodents 

subjected to MCAo (132, 322). Measurement of sensorimotor deficits is therefore an important 

experimental endpoint for preclinical studies. Two of the most commonly used to measure 

sensorimotor function in mice are the sticky label removal test (316, 319, 321-323) and the corner test 

(297, 321, 322). The sticky label test measures the animals’ responsiveness to an adhesive label placed 

on the hairless parts of the back of the forepaws. The times taken for the animals to make contact and 

to remove the stickers are recorded as measurement for the sensorimotor deficit following stroke (322, 

323). A longer time to touch or removal latency is associated with worse sensorimotor function in these 
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animals. The sticky label removal test has a short 5 days training period prior to functional testing and is 

not prone to learning associated complications compared to other tests such as the rotarod test (323). 

The experimental protocol for the sticky label removal test is, therefore, simple and cheap to operate. 

Most importantly, the sticky label removal test has a minimal welfare impact on the animals and is 

highly sensitive to minor sensorimotor function deficits induced by mild ischemic injuries. To its 

advantage the sticky label removal test is the ideal test for examining early deficits following MCAo. The 

test also suffers from a major disadvantage in its susceptibility to spontaneous recovery of functions 

following stroke (323). Much of the MCAo induced sensorimotor function deficits detected by the sticky 

label removal test is lost within 2 weeks following stroke, making this protocol unsuitable for long term 

examination of sensorimotor function deficit. 

The corner test is an alternative protocol to examine sensorimotor function first proposed by Zhang et 

al (322). The test consist of two cardboard walls placed at 30° of each other, with a small opening at the 

junction of the walls to motivate the animals entering deep into the corner. Vibrissae activation upon 

entering deep into the corner causes the animals to turn around in the corner. Unilateral lesion of the 

left striatum and cortex causes a preferential turn towards the left side of the animals during the 

rearing movements (322). The asymmetry in rearing movement is recorded as measurement for 

sensorimotor function deficit, with highly asymmetric results indicating severe impairments (322). The 

corner test is reported to be sensitive to moderate to severe lesion in the striatum and cortex from up 

to 60 days following stroke, although this test also suffers greatly from the spontaneous recovery of the 

animals causing a large degree of variation between the animals at later time points (297, 318). Similar 

to the sticky label removal test, the corner test has minimal welfare impact and easy to perform and 

would serve as an attractive alternative method for measuring sensorimotor function deficits following 

stroke. 
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1.4.3 Advanced neuro-imaging 

1.4.3.1. CT & MRI 

Clinical diagnostics of stroke utilises both computerised tomography (CT), and the combination of T2 

and diffusion weighted magnetic resonance imaging (MRI) (324). CT has the unchallenged advantage in 

the resolution and sensitivity for early infarct compared to MRI scanning and is therefore the 

methodology of choice for acute diagnostic of ischemic stroke from haemorrhagic stroke (324). T2 

weighted, diffusion weighted (DW), perfusion weighted (PW), and magnetic resonance angiography 

(MRA) are useful for detailed penumbra outlining and pin-pointing coordinates for embolism occlusion 

in preparation for mechanical removal for stroke patients (324). All CT and MRI based imaging 

modalities are advantageous in clinical practice due to fast scanning times and the non-invasive nature 

of the scans (324-326). However, due to the high cost of MRI, prognostic examination using both MRI 

and CT is very rare after 24 hours post stroke. Experimental application of MRI studies has been limited 

due to the relatively high cost and practical complications associated with in vivo imaging in small 

animals (265, 326, 327). Despite this, experimental adaptation for MRI in small animals has been 

successful implemented and performed in pre-clinical and experimental studies of stroke (265, 326, 

327). 

1.4.3.2. DTI 

DTI is an extension of diffusion weighted imaging (DWI), which outlines the pattern of water movement 

throughout the brain (328-331). Myelinated structures in particular have a specific pattern of water 

diffusion. Water movement along myelinated fibres have little resistance while water movement 

perpendicular or through the myelinated fibres have high water diffusion resistance (328-331). The 

apparent diffusion coefficient in specific structures such as the myelinated fibres depicts an anisotropic 

pattern of water diffusion which enables the generation of diffusion ellipsoids (331). The diffusion 

ellipsoids generated using different gradients of DWI in turn provides a fractional anisotropy (FA) 

mapping of various structures of the brain (331). Quantitative analysis of FA is one of the most 

commonly implemented technique to identify structural deficits following ischemic stroke (331). 
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Decrements in FA are associated with disrupted white matter structure integrity (332). Quantitative 

analyses of fractional anisotropy within the human brain have been associated with improved 

functional performances in cognitive and motor functions following stroke (333). Other diffusion 

parameters available for analyses including mean diffusivity (MD), radial diffusivity (RD), and axial 

diffusivity (AD) (332). MD describes the average rate of water diffusion in the brain; RD describes the 

average diffusivity of water perpendicular to the main axis or primary diffusion direction within the 

brain; and the AD describes the average diffusivity of water parallel to the main axis or primary 

diffusion direction within the brain (332). The combined analyses of MD, AD, and RD provides a 

comprehensive overview on the structural deficits associated with injuries in the white matter 

structures following incidents such as a stroke.  

Recent advances in the techniques for DTI utilised the FA obtained by DWI to provide direct estimation 

of fibre orientation and fibre density using spherical deconvolution of the DW image (334, 335). The 

fibre orientation density (FOD) of specific brain structures or whole brains was in turn utilised to 

generate fibre tractography of myelin fibre tracts within structures such as the corpus callosum and the 

cortico-spinal tract (336, 337). Quantitative analyses of white matter tract integrity following stroke 

identified a strong correlation between the integrity of corpus callosum (336) and cortico-spinal tract 

(337-339) with a favourable functional recovery potential of stroke patients. Experimental adaptation of 

DTI analyses and tractography analyses have been described previously (340-342). While ex vivo DTI 

analyses to establish a correlation between the structural deficits and functional impairments following 

has been performed (340), the applicability and sensitivity of DTI analyses for therapeutic intervention 

induced structural improvements and their functional implications have not been thoroughly 

investigated. 

1.4.4 Pre-clinical investigation of delayed pharmacological intervention post stroke 

A number of reasons have been proposed for the failure of translational studies for stroke therapies. 

Broad categories include therapy limitation, experimental modelling limitations, and clinical trial 

limitations. 
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1.4.4.1. Limitations of neuroprotective therapies 

Therapeutic interventions targeting acute phase pathophysiological mechanisms are fundamentally 

limited by the constraint of time. As mentioned previously, the maturation of the ischemic core is 

observed to be completed within 70 hours post stroke (73). The effectiveness of neuroprotective 

therapies therefore diminish as time passes. As demonstrated by numerous experimental studies, 

administration of neuroprotective agents prior to ischemic insult minimized the structural injury caused 

by stroke (343). Pretreatment of neuroprotective therapies is impractical in most human patients that 

are not present in the hospital during the onset of the ischemic injury (344). Improved patient 

awareness, acute clinical care, and advanced diagnostic tools the number of stroke patients eligible for 

thrombolysis has improved significantly, yet more than 80% of all stroke patients remain ineligible for 

intervention (82, 345). The limitation of neuroprotective therapies is difficult to be overcome under 

clinical situations, where the stroke to needle time frequently exceeds 6 hours (345). While hyper-acute 

stroke centers often report a much shorter stroke to needle time, the overall percentage of stroke 

patients that were theoretically eligible to this narrow therapeutic window remains below 15% of all 

stroke patients (346). 

1.4.4.2. Delayed pharmacological intervention to enhance functional recovery 

The therapeutic efficacy of pharmacological interventions is dictated by the timing of drug 

administration via a complex interaction with the pathophysiology of stroke and patient accessibility to 

the therapy. As discussed in the previous sections, different sets of pathophysiological mechanisms 

takes place during the acute phase, sub-acute phase, and chronic phase of stroke (65, 117, 139, 259, 

347). Early pathophysiological mechanisms predominantly affects infarct development and tissue 

damage (65), while later complications compromises neuroplasticity processes associated with 

rehabilitative recovery (139, 347). Acute phase interventions have an interactive effect on 

pathophysiological mechanisms at every chronological stage after stroke. By extension, late 

interventions are expected to have limited influence on sub-acute or chronic phases of stroke only. This 

partially explains the clinical observation, where the administration of pharmacological interventions 

such as fluoxetine was more effective when given early after stroke (137, 348). 
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Patient accessibility is another time dependent factor that affects the therapeutic efficacy of a 

pharmacological intervention. As discussed in the previous sections, less than 10% of all stroke patients 

are eligible to rtPA due to delayed hospital admission (82). While limitations associated with rtPA was 

due to increased risk of haemorrhagic development, neuroprotective therapies have a narrow 

therapeutic window due to decreasing therapeutic efficacy overtime (349). Despite the differences in 

the underlying mechanisms between the treatments, the limited patient accessibility to 

pharmacological therapies was proposed to be a major factor responsible for the lack of success in 

translational stroke studies (14, 350). Similarly, late intervention from 1 week post stroke failed to 

produce significant improvements in functional performances of patients and experimental animals 

despite detectable ongoing inflammation out to 1 year after stroke (184). With early and late 

interventions failing to produce satisfactory outcomes, interventions targeting the sub-acute phase of 

stroke became attractive candidate that have high potential therapeutic efficacy and high patient 

accessibility. The therapeutic potential of sub-acute phase interventions was first highlighted by 

rehabilitative therapies, which showed significant improvements in functional performances with 

transcranial magnetic stimulation starting at 48 hours post stroke (133, 141). Therapeutic efficacy of 

sub-acute phase interventions is expected to be lower than acute phase interventions. However, with 

higher patient accessibility, delayed administration of pharmacological interventions targeting chronic 

inflammation and neuroplasticity changes are expected to significantly enhance functional outcome in 

stroke patients and experimental animals.  

1.5. Thesis outline 

1.5.1 Study objectives and hypotheses 

Since the 1990s, the scope of research has expanded and the societal impact of research (outputs, 

societal references, changes in society) has come to the fore (351, 352). Bornmann states that “society 

can reap the benefits of successful research studies only if the results are converted into marketable 

and consumable products (e.g., medicaments, diagnostic tools, machines, and devices) or services” 

(351).  
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Biological research therefore needs to move from the generation to the application of knowledge as 

research translation is a prerequisite for research impact. In order to identifying novel therapies for the 

treatment of stroke and encourage research translation, our laboratory has developed an in vivo 

strategy which integrates two key principles;  

1) The development of disease models with clinically relevant endpoints as a basis for investigation of 

potential therapies, and  

2) Identification and validation of new targets in these models to provide proof of concept which is a 

prerequisite to human testing.  

Following these principles, I intend to design pre-clinical studies to identify easily administered, well 

tolerated interventions that can promote recovery of function would significantly improve patient 

outcomes. Here I hypothesis that delayed pharmacological interventions starting at 3 days post stroke 

would be sufficient in suppressing chronic inflammation post stroke and enhances long-term recovery 

of functional performances. Specifically, activation of the CAP using an α7 nAChR agonist varenicline 

and modulation of monoamine neurotransmission using the SSRI citalopram starting at 3 days post 

stroke would be sufficient for the enhancement of functional performances, preservation of white 

matter structure, and suppression of post-stroke inflammation. Furthermore, I hypothesis that this drug 

induced change functional performances and its associated changes in white matter integrity is 

detectable using DTI.  
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1.5.2 Principal aims 

To test the hypotheses above, the principal aims of the studies in this thesis were: 

1. To optimize MCAo model of stroke in mice as a platform in which to perform long term pre-

clinical investigations. 

2. To establish an experimental parallel of DTI analysis in mice to detect structural and functional 

changes induced by pharmacological modulation. 

3. To provide proof of principle using this optimized model that delayed administration of 

varenicline and citalopram is beneficial for post-stroke recovery, preserves white matter 

structure integrity, and suppresses post-stroke inflammation. 



Chapter 2 

55 

Chapter 2. Characterization of Monofilament Middle Cerebral 

Artery Occlusion Model of Stroke in MacGreen mice 

2.1. Introduction 

2.1.1 Chapter synopsis 

The overall aim for my study is to establish a clinically relevant mouse model of stroke as a platform to 

perform pre-clinical investigations and obtain proof of concept for novel therapeutic strategies targeted 

towards neuroinflammation. Previous studies from our group have successful established and 

characterized the middle cerebral artery occlusion (MCAo) model of stroke in standard C57Bl/6j and 

transgenic strain of csf1R-EGFP (MacGreen) mice that express EGFP in activated macrophage, microglia, 

and monocytes (190, 295, 353, 354). To ensure the experimental protocol is reliable and reproducible I 

optimized my experimental protocol and re-established the mathematical equation to predict the ideal 

monofilament diameter for successful MCAo in mice of different weight. Furthermore, neurological 

scoring protocols were established in order to identify successful lesion generation following MCAo 

surgery.  

I also aimed to establish clinically relevant experimental endpoints that could be analyzed in parallel 

with other investigative methodologies used in clinical practice. Recent advances in the 

pathophysiology of stroke suggested that WM damage was strongly correlated with impaired long term 

recovery of function in patients (257). To provide accurate assessment of functional deficits in stroke 

patients, clinical studies and general clinical practice show increasing use of advanced neuroimaging 

techniques to measure WM structure integrity and injury following stroke. Pre-clinical studies for stroke, 

however, place strong emphasis on analyses of grey matter injury while very few investigates the effect 

of drugs on WM structures and their impact on functional recovery post stroke. To investigate the WM 

structure impairments following MCAo, Here I established three types of histological protocols to 

examine WM and myelinated fibers in experimental stroke. To investigate molecular changes including 

neurite outgrowth, cell growth, and dendro-somatic neuron structure integrity, I established the 
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experimental protocols for a triple immunofluorescence labelling of molecular markers including GAP43, 

Cyclin D1, and MAP2 respectively.  

2.1.2 Scientific background 

Rodent modelling of stroke is the most widely used approach for preclinical studies (15). Among all of 

the models of stroke, MCAo is considered the gold standard due to the high occurrence of MCA 

occlusion in stroke patients, the production of motor impairments comparable to that seen in patients, 

and the consistency and reproducibility as an experimental model of stroke (292, 355). Despite the face 

validity of the model, the predictive validity of MCAo remains unclear due to lack of success in 

translating benchtop success within experimental models of stroke to clinical practice (102). Further 

improvements of experimental modelling of stroke must be made to increase the translational 

potential of pre-clinical studies. Improvements in experimental design, careful selection of stroke 

models in various animal species, and implementation of clinical relevant experimental endpoints are 

some of the previously proposed approaches to add value to pre-existing models of ischemic stroke (7-

9). 

In order to investigate the underlying pathophysiological mechanisms of stroke, examine the efficacy, 

and generate proof of principle for new therapeutic approaches, I established a monofilament MCAo 

model of stroke in mice as part of my PhD Study. I have recently transferred this model to the 

transgenic MacGreen mice (190). MacGreen mice carry an enhanced green fluorescent protein (EGFP) 

gene downstream of the c-fms promoter. The c-fms gene encodes the receptor for macrophage colony 

stimulating factor (CSF-1) and is expressed selectively in macrophage and monocyte cell lineages (356). 

MacGreen mice provide a model system for the study of macrophage development and function in the 

periphery (356-359) and I propose that that provide a unique platform in which to investigate 

inflammation in the ischemic brain. Transferring this model to MacGreen mice allows the investigation 

of inflammatory response to and behavioral consequences of stroke in the same animals. 

I have previously characterized the susceptibility of MacGreen mice to different durations of MCAo in 

comparison to the commonly used C57Bl/6j (190). MacGreen mice show a comparable response to 



Chapter 2 

57 

ischemia and progression of damage to C57Bl/6j mice (190). Expression of EGFP, a biomarker for 

general inflammation, was related to stroke severity at both acute (24h) time points and several weeks 

(35 days) after experimental stroke. EGFP expression was found to be closely associated with Iba1 

expression, thereby confirming the origin of the EGFP expression within the M/M (190). The increased 

EGFP expression was attributed to both increased cell density and increased cell size of EGFP positive 

cells, indicating increased activation of M/M following ischemic injury. Use of the MacGreen mice to 

assess activation of M/M following stroke provides an accessible overview of the general inflammatory 

status within the mice brain following stroke. 

Following validation of this model, I continued to optimize protocols to improve the consistency of our 

experimental studies. Two major factors are known to affect the consistency of surgical outcomes 

following monofilament occlusion: surgery operator inexperience and unsuitable monofilament 

diameter (292). The selection of ideal monofilament diameter is a key pre-requisite for successful 

occlusion of the MCA. A linear relationship exists between the body weight of the animal and the 

diameter of the cerebral vessels in rodents (293, 360). Tureyen et al later identified that monofilaments 

have a very narrow range for error (292). Monofilaments that are 10µm larger or smaller than the ideal 

size of monofilaments for any given weight of animals significantly impacts the size of lesion generated 

from MCAo (292). Small breeding colonies such as those used in the current study are prone to a 

genetic bottle neck effect due to selective breeding of few breeding pairs (361). This has an 

accumulative effect on the neurovasculature of our small mice colony. Consequently, the previously 

established relationship between weight of the animals and ideal monofilament sizes is lost over a 

period of 5-10 years. To maximize the rate of surgical success, it is necessary to update our 

understanding about the ideal monofilament diameter for the optimization of MCAo. 

Successful lesion generation is key to model reliability. The Stroke Therapy Academic Industry 

Roundtable (STAIR) recommends that additional experimental procedures are implemented in 

preclinical studies to ensure successful vessel occlusion (7, 362, 363). Assessment of neurological 

functions is clinically utilized to assess functional deficits in stroke patients (296). Historically, I have 
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utilized a 15 point neurological scoring system post stroke to identify animals with successful MCA 

occlusion, Animals with neurological scores ≤10 (out of 15) generally show histological damage in MCA 

territory regions. Recent evaluation of our MCAo model in mice revealed that the current criteria for 

assessment of lesion using neurological scores failed to produce a satisfactory rate prediction on lesion 

production following MCAo. This study also aims to refine our current neurological scoring system in 

order to maximize its use in predicting successful lesion production following MCAo.  

The functional recovery potential of stroke patients and experimental animals are highly dependent on 

neuroplastic changes and WM structure integrity within the ipsilateral hemisphere (135, 338, 364, 365). 

As shown previously, the functional recovery potential of stroke patients is highly dependent on the 

severity and location of the lesion (135). MRI imaging in stroke patients also revealed that patients with 

more intact WM tracts are expected to have greater functional recovery following rehabilitation 

therapies (257, 336, 337, 365). To investigate the neuroplasticity and underlying structural 

modifications responsible for the varying degrees of functional recovery following experimental stroke, 

it is important to implement histological examination of structures such as WM tract and myelinated 

bundles.  

Histological examination of WM damage typically involves a silver staining, a tinctorial dye, or a gold 

staining protocol (366-368). Bielschowsky’s silver nitrate staining is a traditional silver staining that 

enables visualization of axons in the central nervous system (366). Silver nitrate staining functions by 

forming mirror like precipitations under axons that alters light reflection thereby enabling visualization 

of axons under the light microscope. Silver staining techniques are typically expensive, require great 

care and attention to detail such as clean glassware, pure distilled water, and careful maintenance of 

stock solutions for the staining to properly function (366). Due to this reason, most histological 

protocols for axon staining have been replaced by immunohistological alternatives for better reliability 

and cost efficiency (366). 

Luxol Fast Blue (LFB) is a copper phthalocyanine dye that is popular for visualization of myelinated 

structures in the CNS (366). LFB is a porphin derivative that interacts with porphyrins in myelinated 
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fibers mass of the CNS (79). LFB staining is cheap and simple staining protocol that is quick to perform 

and can be counter stained with Nissl or H&E staining for outlining of grey matter damage (366). 

Myelinated structures outline by LFB is highly differentiated with the background grey matter and is 

frequently used as a preferred methodology for visualization of myelinated structures in the CNS. 

BlackGold II staining is a newly proposed gold chloride staining protocol for myelinated structures (367, 

368). Gold chloride stains are proposed to function by a reduction reaction with the solvent extractable 

lipids in myelins providing them with a dark red or black coloration (367, 368). BlackGold II staining 

provide high contrast and high differentiation of myelinated structures including large fiber bundle and 

small axons against the background grey matter structures (367, 368). Staining protocols for BlackGold 

II staining is simple and quick but is also disadvantaged compared to other myelin staining due to its 

capricious nature. BlackGold II has not been widely implemented in experimental studies of stroke. 

To identify the optimal experimental protocol for histological analyses of myelinated fibers post stroke, 

the current study examined and compared the advantages and disadvantages for each of the three 

types of histological stains for myelination.  

A number of molecular markers of neuroplasticity changes are regularly implemented to examine the 

structural deficit and recovery following experimental stroke. The 43kDa growth associated protein 

(GAP43), which is actively expressed in growth cones and nerve terminals in response to neurite 

outgrowth (369). Decreased expression of GAP43 is observed following MCAo and associated with 

poorer functional outcome in experimental animals (133, 370). Localized enhancement of GAP43 

expression in the peri-infarct area is consistently found in mice subjected to ischemic injury suggesting 

localized neuroplasticity changes in response to stroke (371).  

Cyclin D1 is a regulatory protein of the cyclin-dependent kinases family that is synthesized and 

degraded during the G1 of cell cycles. Up-regulation of Cyclin D1 has been found in the peri-infarct of 

rats following MCAo and its enhanced expression was proposed to be associated with improved 

functional outcome following stroke (370).  
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The glutamate excitotoxicity is associated with breakdown of microtubules and the neuronal 

cytoarchitecture following stroke (370). Immunofluorescence labelling of the microtubule associated 

protein 2 was therefore proposed as a useful marker for cellular structural integrity following stroke 

(370). Quantitative analyses of Microtubule Associated Protein (MAP2) expression provides additional 

information on the molecular integrity of network structures following stroke and was shown to be 

sensitive to neuroprotection therapy induced tissue preservation following stroke (116, 372). 

To investigate some of the potential mechanisms responsible for the changes in histological structures, 

I intend to investigate the expression of molecular markers for neurite outgrowth, denodrisomatic 

neuron structure, and cell growth using a combination of molecular markers including GAP43, MAP2, 

and Cyclin D1 (373). 

2.1.3 Specific aims 

Here I hypothesize that neurological impairments, deficits in white matter, and changes the expression 

of molecular markers for neuroplasticity can be identified following ischemic injury generated by MCAo 

surgery. The overall aim of this chapter is to establish and optimize the experimental protocols to be 

used in subsequent studies. The specific aims of this chapter were: 

1. To refine the relationship between body weight and model diameter of monofilaments to 

produce successful MCA occlusion in mice. 

2. To investigate which components of the 15 point neurological scoring system predict successful 

MCAo in mice. 

3. To establish experimental protocols for histological examination of WM damage using a silver 

staining, a copper phthalocyanine dye, and a gold chloride staining. 

4. To establish experimental protocol for triple immunofluorescence labelling of GAP43, MAP2, 

and Cyclin D1 to investigate the molecular markers for neuroplasticity changes following stroke. 
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2.2. Material and methods: 

2.2.1 Experimental design considerations 

The vasculature of adult mice continues to increase in size as body weight increases and there is an 

intimate relationship between the weight of the animal and production of a successful MCAo (292). 

Previous experience within the laboratory using this model of stroke indicates that selection of animals 

within a weight range (25-30g) produces the highest rate of successful occlusion. Animals below 25g 

have a significantly lower survival rate and manufacture of very small diameter filaments is technically 

difficult. Animals above 30g have variable MCA diameters and the success rate of MCAo is reduced due 

to this variability. 

Previous experience shows that animals recover better and mortality is reduced post operatively if the 

animals were given additional pain relief, along with local analgesia, starting 1 day before surgery and 

continuing for 3 days afterwards. The choice is driven by the analgesic least likely to confound our 

results. Opiates are known to influence lesion volume (374) and NSAIDs are not appropriate in studies 

where we are investigating the effect of experimental drugs on inflammatory processes. Paracetamol 

has little anti-inflammatory effect but a comparable analgesic effect to NSAIDs (375-377). Previous 

results have shown that analgesia pre and post-surgery prevents excessive reduction in body weight 

and mortality and has no significant impact on lesion volumes or behavioral performance. Paracetamol 

(Panadol®, GSK, U.S, 30mg/ml) was chosen as the analgesic of choice and was provided in the drinking 

water to all animals one day prior to stroke surgery and was available for 3 days post-stroke surgery.  

2.2.1.1. Calculating ideal monofilament size for MCAo 

A validation study was first performed to optimize the mathematical equation to calculate the ideal size 

of monofilament for C57Bl/6j between 25-30g in weight (Figure 2-A). A total of 6 cohorts were included 

in the current study. Four cohorts (n=12) of male C57Bl/6j mice (25-30g) were subjected to MCAo using 

monofilaments generated with the previous equation, y=3x+90. Histological examination using thionin 

was performed on tissue collected at 24 hours post-surgery. An updated equation was generated using 

data collected from mice with confirmed lesions and was applied for two more upcoming cohorts (n=10, 
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and n=8 respectively). Nissl histology, mortality rate, body weight, and monofilament sizes were 

examined and recorded for all animals. All surgical and experimental preparations were performed by 

Siyi Chen. 

2.2.1.2. Use of SHIRPA neurological scores to predict surgical efficiency 

I evaluated the predictive power of current neurological scores to identify animals with successful 

lesions (Figure 2-B). One cohort of male MacGreen mice (n=17, 25-30g) were subjected to MCAo and 

culled at 24 hours post-surgery. Neurological scores were recorded before and after stroke, and 

immediately before euthanasia. Nissl histology was performed to confirm successful lesion generation 

in all animals.  

2.2.1.3. Optimization of myelin histology staining protocol 

I established experimental protocols to perform histological examination of WM tracts using 

Bielschowsky’s silver staining, Luxol Fast Blue staining, and BlackGold II staining (Figure 2-C). Each 

staining protocol was performed on two coronal sections at the level of the striatum (stereotaxic levels) 

from MacGreen mice subjected to 45 min MCAo collected at 24 hours post-stroke. Qualitative analyses 

were performed using light microscopy images acquired using a Nikon TE2000 inverted microscope. 

2.2.1.4. Optimization of immunofluorescence labelling antibody 

I established experimental protocols for triple immunofluorescence labelling of Cyclin D1, MAP2, and 

GAP43 in MacGreen mice (373) (Figure 2-D). Due to the presence of endogenously expressed GFP in 

MacGreen mice, the secondary antibody fluorophores were selected to be at 405nm, 594nm, and 

647nm respectively. All immunofluorescence labelling trials were performed on coronal sections (level) 

of striatum of MacGreen mice subjected to 45 min MCAo collected at 24 hours post-stroke. I first 

performed single immunofluorescence labelling for each of the primary antibodies to select an optimal 

primary antibody concentration. Upon selection of primary antibodies, I performed double 

immunofluorescence labelling for all combinations of the antibodies to be included to exclude the 

possibility of cross labelling of primary and secondary antibodies. Finally, I performed triple 
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immunofluorescence labelling for Cyclin D1, MAP2, and GAP43 in MacGreen mice for qualitative 

examination of antibody expression following stroke. All qualitative examinations were performed on 

fluorescence images acquired using an FV1000 confocal microscope. 

2.2.2 Animals 

2.2.2.1.  Ethics 

All animal work was carried out in accordance with the Animal Welfare act 1999 and was approved by 

the University of Auckland Animal Ethics committee (Approval number: R842 and R1245).  

2.2.2.2. C57Bl/6j mice 

C57Bl/6j mice were obtained from stock colonies at The University of Auckland. The maintenance and 

routine care of the animals was carried out by the animal house staff. 

2.2.2.3.  MacGreen mice 

Founder MacGreen mice were gifted by the Queensland Brain Institute, University of Queensland, 

Australia. Generation of the strain has been described elsewhere (356). The MacGreen colony was 

maintained as homozygote and all offspring were positive for the transgene. The ongoing presence of 

the transgene within the colony was confirmed every 2 months from tail biopsies using standard PCR 

methods. Tail tipping was performed under isoflurane anesthesia. DNA extraction from tail biopsies was 

performed using REDExtract-N-Amp Tissue PCR kit (Sigma-Aldrich, USA) using forward 5’-

CTGGTCGAGCTGGACGGCGACG-3’ and reverse 5’-CACGAACTCCAGCAGGACCATG-3’ primers, producing a 

650bp product. 

2.2.2.4.  Housing and feeding 

Housing Bio-bubbles were maintained at 20oC with 12 hours day and night cycle. Mice were supplied 

with normal rodent chow and water ad libitum.  
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Figure 2-1: Experimental outline. 

 

A) monofilament equation optimization (n=12 for cohorts 1-4, n=10 for cohort 5, n=8 for cohort 

6). Sample size were selected to mimic average sample sizes of each cohort during pre-clinical 

studies involving t-test of two treatment groups with a statistical power of 80%. B) Neurological 

score prediction of surgical efficiency, C) myelin histology protocol establishment, and D) triple 

immunofluorescence labelling of MAP2, GAP43, and Cyclin D1.  
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2.2.3 Monofilament preparation 

2.2.3.1. Monofilament preparation 

Monofilaments were manually produced by coating a 8-0 nylon suture with silicone dental paste. Briefly, 

8-0 nylon ophthalmic suture was processed into 11mm segments. Silicone resin, produced by mixing a 

dental impression material (Xantopren M, Heraeus Kulzer, Dormagen, Germany) and specified activator 

for hardening (Mucosa Optosil Universal Plus Activator, Heraeus Kulzer, Dormagen, Germany) in a 1:1 

ratio, was applied onto the terminal 4mm of the suture to produce a capsule shaped coating (Figure 

2-2). The paste was allowed to harden at room temperature before examination under a Nikon TE2000 

light microscope. Images were taken at 4x magnification and the diameter of the monofilaments was 

measured a) near the tip of the silicon coating; and b) around half way along the silicon coating using 

ImageJ (National Institutes of health, USA). Monofilaments with diameter differences greater than 5μm 

between points A and B were discarded. The average diameter of A and B was recorded as the diameter 

of the archived monofilament. A library of filaments with smooth surface and diameter between 175-

205μm were kept for use in surgery.  

2.2.3.2. Monofilament equation 

A linear relationship exists between the body weight of the animal and the diameter of the cerebral 

vessels in rodents (292). To calculate the ideal monofilament diameter for mouse colony used in the 

current study, we generated an updated equation that plotted the relationship between average body 

weight of mice and the monofilament diameter required for successful generation of lesion. Ideal sizes 

of monofilaments in the first 4 cohorts (n=12 for each cohort) were calculated using the old equation 

used in previous studies: y=3x+90. Successful lesion generation, the body weight of each animal, and 

the size of monofilaments used to successfully generate lesions were recorded. Scatter plots were 

generated (Version 7, GraphPad Prism, 2016) to visualize the relationship between body weight and 

monofilament size and linear regression performed by Prism based on the diameter of monofilaments 

and corresponding weights of animals with confirmed lesions. The slope and x/y intercept was 

calculated and a linear equation (y=mx+c ± m) was acquired to predict the ideal size of monofilament 
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for successful MCA occlusion. The updated equation, y=5x+66, was in turn utilized in two more cohorts 

of animals (n=10, and n=8) to confirm the accuracy and applicability of the newly generated equation. 

2.2.4 Middle cerebral artery occlusion surgery 

2.2.4.1. Pre-surgical preparation 

On the day of surgery, animals were anesthetized with 5% isoflurane in 100% oxygen, and a surgical 

level of anesthesia maintained at 2% isoflurane. Hair was removed from the surgical site using a battery 

operated shaver and residual hair removed with hair removal cream (Veet®, Reckitt Benckiser, Australia). 

Exposed skin was cleaned with an isopropyl alcohol swab (Derma Sciences Canada, Inc) and a post-

operative analgesic, Marcain (Bupivacaine HCl and epinephrine, Astra Zeneca France, 2mg/kg) was 

administered subcutaneously. The core temperature of the animals was maintained at 36.5oC ± 0.5oC by 

means of a rectal probe connected homeothermic heating blanket throughout the course of the surgery 

(Harvard Apparatus, U.S.A.). 

 

  



 

Chapter 2 

67 

 

Figure 2-2: Schematic and representative image of a resin coated monofilament.  

 

11mm segments of 8-0 nylon suture were coated with silicone resin. Successful silicone coating is between 165-180μm in diameter occupying 

approximately 4mm of the monofilament.

180 m 

4mm 

11mm 

175-205μm 

4mm 

Silicone Resin 

8-0 nylon suture fragment 
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2.2.4.2. MCAo surgery details. 

Following surgical preparation a midline cervical incision was made to expose the right CCA, external 

carotid artery (ECA), superior thyroid artery (STA) and the internal carotid artery (ICA). The CCA, ECA 

and STA were tied off with 6-0 surgical suture and a small clamp was placed on the CCA upstream of the 

surgical site to restrict blood flow through the CCA. A small opening was made in the CCA 10mm from 

the bifurcation of the ICA and ECA and a monofilament was inserted into the CCA. The monofilament 

was carefully advanced into the ICA to block the origin of the MCA (Figure 2-3 for surgery schematic). 

Following introduction of the monofilament, anesthesia was discontinued and animals were placed in a 

humidified incubator (approx. 25oC) for the duration of the occlusion.  

At the end of the occlusion period, animals were briefly re-anesthetized and the monofilaments were 

removed. The surgery site on the neck was sutured closed with a 6-0 nylon suture (Ethicon, U.S.A.). 

Topical analgesia (Xylocaine® gel, Astra Zeneca, Australia), was applied to the surgery site. Saline (0.9%, 

1ml) was administered subcutaneously as a replacement for the fluid lost during surgery. Induction of 

anesthesia and insertion of the monofilament took approximately 15 mins. 

Sham animals received the same surgical procedure except monofilaments were removed immediately 

after insertion.  

2.2.4.3. Post-operative care 

Animals were recovered in a humidified incubator (approx. 25oC) for approximately 2 hours until they 

were moving voluntarily before being returned to their home cages. In addition to the usual rodent 

chow in the cage hopper, baby cereal (Farex®, Heinz, Australia) was provided in small, shallow dishes on 

the floor of the home cages as a palatable and easily-accessible source of food for 3 days post 

operatively. 
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Figure 2-3: Schematic illustration of the middle cerebral artery occlusion surgical 

procedure.   

 

(A) Midline cervical dissection on the neck exposes the common carotid artery. The CCA, STA 

and ECA are tied off with a 6-0 nylon suture to prevent backflow of blood into the surgery site. 

The monofilament is inserted via the opening on the CCA, and advanced into the ICA to block 

the origin of the MCA for designated period of time. The final position of the filament (shown in 

red) within the Circle of Willis is shown in (B). 
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CCA  =  Common Carotid Artery 
ICA =  Internal Carotid Artery 
MCA  =  Middle Cerebral Artery 
STA  =  Superior Thyroid Artery 
ECA  =  External Carotid Artery 
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2.2.5 Neurological evaluation 

The general post-operative welfare of the animals was monitored daily. Animals were weighed and 

their gross neurological deficits were assessed daily using a 15 point scoring system adapted from a 

modified clinical assessment (190). This assessment examined general condition (2), mobility (2), 

spontaneous circling behavior (1), righting reflex (1), forepaw reach (2), forepaw placement (2), posture 

re-adjustment on inclined platforms (3), swivel movement of during when rotating by base of tail (2), 

(see  

 

 

Table 2-1). Normal animals display a neurological score of 15 while animals subjected to MCAo typically 

have neurological scores ranging between 8 and 10. 

2.2.6 Tissue preparation 

2.2.6.1. Tissue collection: 

Animals were euthanized by pentobarbital overdose (Pentobarb® 300, ProVet, New Zealand, 90-

150mg/kg i.p) at 24 hours post-surgery. Transcardial perfusion was performed. The chest cavity was 

opened and tissue cleared away from the heart. A 20 gauge butterfly needle was inserted into the left 

ventricle, and the right atrium was snipped to release blood from circulation. The circulation was 

washed with 50-100ml of chilled 0.9% saline (Masterflex® L/S® variable speed modular drive, U.S. 

20ml/min), then 100ml of chilled 4% paraformaldehyde solution (Scharlau, Spain) for fixation. Following 

fixation, the head of the animal was removed and the brain carefully excised from the skull. The brain 

was subsequently post-fixed in 4% paraformaldehyde at 4oC overnight. Paraformaldehyde was replaced 

with 30% sucrose cryoprotectant on the next day and stored at 4oC until processed. 
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2.2.6.2. Brain processing 

A freezing microtome (Microm HM450, ThermoScientific, USA) was used for sectioning of brain tissue. 

Brains were mounted onto the freezing platform using Tissue-Tek (Sakura Finetek, The Netherlands) 

and cut into 30μm thick sections. Processed sections were then placed in series of 6 wells in a 24-well 

plate (Corning Inc., USA). Brain sections were stored in cryoprotectant in freezer ready for future use. 

Each well contained a representative series of sections from the forebrain through to the cerebellum.  
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Table 2-1: Neurological score (SHIRPA) scoring sheet.  

 

 

  



Chapter 2 

73 

2.2.7 Histological staining 

2.2.7.1. Thionin staining protocols 

One rostro-caudal series of free-floating sections from each mouse was removed from cryoprotectant 

and mounted onto Polysine microscope slides (LabServ, U.S) in 0.1M Phosphate Buffer (PB). The 

sections were left to air dry at room temperature for 48 hours before placed in xylene solutions 

(delipidation, 2x 5 min in 100% xylene), alcohol series (rehydration, 1x 5 min in 100%, 90%, 80% and 70% 

EtOH), thionin solution (staining, 20 min in 0.01% thionin), acetic acid (differentiation, 2 Dips in 0.2% 

Glacial Acetic Acid), and alcohol series (1x 5 min in 70%, 80%, 90%, and 100% EtOH) xylene (dehydration, 

2x5 min in 100% xylene) (see Appendix 2 for protocol). At the end of the staining process, slides were 

coverslipped using DPX (Scharlau, Spain) mounting medium and left to dry in the fumehood over night 

before examination under microscope. 

Successful lesion production was confirmed as qualitative identification on pallor of thionin staining in 

the striatum. Rate of successful lesion production was calculated using the equation and final results 

were presented as fractions of the total number of animals in each cohort: 

                                                         

                                          

2.2.7.2. Bielschowsky 

Bielschowsky’s silver staining was used to visualize nerve fibers, axons, neurofibrillary tangles, and 

senile plaques. A modified protocol from previous literature was used in the current study (see 

Appendix 3 for protocol) (366). Briefly, two brain sections at Bregma +0.74mm and Bregma -0.1mm 

were mounted onto Polysine microscope slides (LabServe, U.S.A.) in 0.1M PB. Following mounting, the 

sections were heat treated at 60oC for 30 min prior to air-drying at room temperature for 48 hours. Air 

dried brain sections were deparafinized, rehydrated, before incubation in 10% silver nitrate 

(SigmaAldrich, U.S.A.) at 40oC for 30 mins. Sections were removed and washed in distilled water prior to 

further incubation in silver nitrate solution carefully titrated with ammonium hydroxide at 40oC for 60 

mins. Sections were then titrated in developer solutions composed of 40% formaldehyde, citric acid, 
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nitric acid, and distilled water before fixation with ammonium hydroxide and sodium thiosulfate. At the 

end of the staining, the sections were dehydrated and cover slips were mounted with DPX.  

2.2.7.3. Luxol Fast Blue 

Luxol Fast Blue staining (Sigma Aldrich, Cat #: S3382) was used to visualize WM in the ischemic brain. A 

modified protocol from previous literature was used in the current study (see Appendix 4 for protocol) 

(366). Briefly, two brain sections at Bregma +0.74mm and Bregma -0.1mm were mounted onto Polysine 

microscope slides (LabServ, U.S.A.) in 0.1M PB. Upon mounting, the sections were heat treated at 60oC 

for 30 mins prior to air-drying at room temperature for 48 hours. Air-dried brain sections were de-

fatted with a 1:1 alcohol/chloroform solution and incubated in 0.1% LFB solution at 37oC overnight. The 

stained sections were differentiated using 0.05% Li2CO3 and 70% EtOH. Following LFB staining, the 

sections were then incubated in 0.01% Cresyl violet for counter staining before the sections were 

dehydrated and mounted with DPX. 

2.2.7.4. Black Gold II 

BlackGold II (Millipore, CAT#: MPAG400, U.S.A.) was used to visualize WM in the ischemic brain. A 

modified protocol from previous literature was used in the current study (see Appendix 5 for protocol) 

(367, 368). Briefly, two brain sections at Bregma +0.74mm and Bregma -0.1mm were mounted onto 

Polysine microscope slides (LabServ, U.S.A.) in 0.1M PB. Upon mounting, the sections were heat treated 

at 60oC for 30 mins prior to air-drying at room temperature for 48 hours. Air-dried brain sections were 

briefly rehydrated in tap water prior to incubation in 3% Black Gold II solution at 60-65oC for 25 mins. 

With satisfactory impregnation, sections were removed from the BlackGold II solution and briefly 

washed in tap water prior to fixing of staining in 1% sodium thiosulfate. The stained sections were 

dehydrated and mounted in DPX.  

2.2.7.5. Light microscopy & tile scan imaging 

Low (4x and 10x objective) and high (20x objective) magnification images of the striatum and cortex 

were taken for qualitative examination of histological damage. Image acquisition was performed using 
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an NIS elements AR software program (Nikon Instruments Inc, Japan) installed on a Nikon TE2000 

inverted microscope (Biomedical Imaging Research Unit, University of Auckland). 

Tile scan images of entire brain sections were acquired for qualitative examination of histological 

damage at 9 stereotaxic levels (Figure 2-4). All tile scan images were acquired using a Nikon TE2000E 

inverted microscope (Biomedical Imaging Research Unit, University of Auckland) using a 10x objective 

lens. The NIS Elements AR system (Nikon Instruments Inc, Japan) was used to control the motorised 

stage on the microscope for automated movement and tiling of images. The total number of 1280x960 

pixel (fine) images needed to reconstruct a tile scan for an entire brain section was estimated using the 

NIS Elements AR system. Each acquired image was manually focused during image acquisition and 

reconstruction of tile image was automatically conducted by the NIS Elements AR system. Acquired 

images were corrected for background noises using an image of the coverslip. 

2.2.8 Immunohistological labelling 

2.2.8.1. Free floating immunohistochemistry procedure 

Two sections from each stereotaxic level at: Bregma +2.58, +1.54, +0.98, +0.74, -0.1, -1.06, -2.06 and -

2.94mm were taken from a single series of brain sections. Sections were washed three times in 

phosphate buffer saline (PBS), to remove cryoprotectant, and three times in PBS + 0.2% tritonX (PBST), 

to increase membrane permeability of antibodies. Each wash was 5 mins long and performed at room 

temperature. Sections were subsequently incubated in primary antibodies, diluted with PBST and 

serum of secondary antibody host, overnight at room temperature. After primary antibody incubation, 

sections were washed 3 times with PBST and incubated with secondary antibody, diluted with PBST, for 

4 hours in the dark. At the end of incubation, sections were washed with PBS and mounted onto frosted 

microscope slides. Coverslips were mounted with CitiFluo mounting medium (CitiFluor Ltd, UK) and left 

at 4oC in the fridge overnight. The edges of the coverslips were sealed with nail polish the next day and 

kept at 4oC in the fridge for storage. See table 2.6 for antibodies. 
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Figure 2-4: Stereotaxic template for the 9 levels of brain sections that were examined in volumetric analyses. 

 

Mouse brain sections at stereotaxic levels: Bregma +2.58, +1.54, +0.98, +0.74, -0.1, -1.06, -2.06, -2.92, -4.48 are presented. One sample of coronal 

section at each of the presented levels was taken for the volumetric estimations. 
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2.2.8.2. EGFP 

Green Fluorescence protein (GFP) is endogenously expressed in monocyte and trophoblast lineage cells 

in the MacGreen mice (356). Amplification of EGFP signals were not conducted in the current study. 

2.2.8.3. GAP43 

Details of antibodies used are: GAP43 (Goat anti-GAP43, 1:100, Santa Cruz, U.S.A., Cat#: sc7457), MAP2 

(Goat anti-MAP2, 1:1000, Abcam, cat#: ab92434) with donkey anti-goat 647, 1:500, Abcam, Cat#: 

ab150131. 

2.2.8.4. MAP2 

Details of antibodies used are: MAP2 (Chicken anti-MAP2, 1:1000, Abcam, cat#: ab92434) with donkey 

anti-chicken 594, 1:500, Jackson Immunoresearch, Cat#: JI703585155; 

2.2.8.5. Cyclin D1 

Details of antibodies used are: Cyclin D1 (rabbit anti-cyclin D1, 1:100, Abcam, Cat#: ab16663) with 

donkey anti-rabbit 405, 1:200, Abcam, Cat#: ab175649 

2.2.8.6. Fluorescence microscopy 

Single labelled immunofluorescence images were acquired using a Zeiss Axioplan2 fluorescence 

microscope (Biomedical Imaging Research Unit, University of Auckland). Two images from both the 

ipsilateral and contralateral striatum were acquired for qualitative analyses of the immunofluorescence 

labelling pattern. Image acquisition was performed under 10x lens objective with optimal exposure 

time obtained from minimized noise and over-saturation. Excitation wavelengths of 405, 594, 647, and 

488nm were used for cyclin D1, MAP2, GAP43, and GFP analyses respectively. 

2.2.8.7. Confocal microscopy 

Confocal microscopy was utilized to examine expression patterns of GAP43, cyclin D1, MAP2, and GFP 

expression in all animals. Confocal microscopy images were acquired using an Olympus FV1000 

confocal microscope (Biomedical Imaging Research Unit, University of Auckland) at excitation 
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wavelengths at 647, 405, 594, and 488nm respectively. Excitation voltage for all lasers was set to 

maximize fluorophore excitation while minimising background noises. 3D reconstruction for brain tissue 

within the field of view was performed by producing a z-stack library of excitation signals collected at 

1μm intervals in the z-axis. 3D animations, z-stack images and orthogonal examination of points of 

interest were generated using the Olympus Fluoview 3.0 software after data collection. 

2.2.9 Statistical analyses 

Values presented in this study are mean ± S.E.M. One-way ANOVA regression analyses was applied to 

investigate the mathematical relationships between presurgical body weight of mice and the diameter 

of monofilament that successfully produced occlusion (Prism v7, GraphPad, California, U.S.A, 2016). 

Statistical significance was accepted at p<0.05. Basic descriptive statistical analyses were performed on 

each of the assessment criteria measured in our neurological scores to predict successful lesion 

production. 
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2.3. Results 

2.3.1 Optimization of equation for ideal monofilament sizes for MCAo 

To generate an updated equation for predicting the ideal diameter of monofilament for different 

weights of animal, we first performed 45min MCAo in four cohorts of animals (n=12 per cohort) using 

monofilament diameters predicted by the equation, y=3x+90 where y = diameter of monofilament, and 

x = pre-surgical body weight of the animal. Successful lesion production was confirmed using Nissl 

histology at 24 hours post-stroke with qualitative examination on areas of pallor of staining. The 

success rate of lesion production in the first four cohorts was reported to be 41.5%, 14%, 56%, and 24% 

respectively (seeTable 2-2). The overall mortality rate of the first four cohorts was 16%, 0%, 8%, and 8% 

respectively. A trend towards a decrease in the average time taken to complete MCAo surgery was also 

observed over the first cohorts, from 30 mins to 35 min, 20 min, and 20 mins in cohort 4. 

Pre-surgical body weight and monofilament sizes for animals with confirmed lesion in the first 4 cohorts 

were recorded and an updated regression equation was plotted to estimate the relationship between 

weight and sizes of monofilaments (Figure 2-5). A positive linear relationship was found between the 

size of monofilaments and the weight of C57Bl/6j mice with confirmed lesion in the ipsilateral striatum. 

The updated equation for calculating ideal sizes of monofilament was: y=66.49+4.95x ± 4.95, R2=0.70 

(Figure 2-5), where y is the diameter of the monofilaments, and x is the pre-surgical weight of the 

animals. The average diameter of monofilaments for C57Bl/6j mice between 25-30g was calculated to 

be between 185-210μm. 

To verify the newly prediction equation, two further cohorts of 10 and 8 animals were subjected to 

MCAo using monofilament diameters predicted by the updated equation. Improvements in the success 

rate of lesion production were observed in both cohorts. The percentage of animals with successful 

lesion was 70% and 100% respectively, while the mortality rate remained at 0% in both cohorts. The 

average time taken to complete MCAo surgery was 20 and 15 mins respectively. 
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Table 2-2: Success rate, mortality rate, and time taken to complete MCAo surgery prior 

and after implementation of updated equation for calculating ideal sizes of monofilaments 

in MCAo. 

 

Cohort number Cohort Size (n) 
Average Surgery  

Time (min) 

Mortality Rate 

(% of n) 

Success Rate 

(% of n) 

1 12 30 min 2/12 5/12 

2 12 35 min 0/12 2/12 

3 12 20 min 1/12 6/12 

4 12 20 min 1/12 3/12 

New Equation Implemented 

5 10 20 min 0/10 7/10 

6 8 15 min 0/10 8/8 
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Figure 2-5: Relationship between the pre-surgical weight of mice with confirmed striatal 

lesion and sizes of monofilaments. 

 

Linear regression showed a strong positive linear relationship between pre-surgical body weight 

and monofilament sizes updated equation generated after the first four cohorts. y=66.49±4.95x, 

r
2
=0.70, F1,11=21.08, p<0.01. 
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2.3.2 Optimization of neurological scores for predicting successful lesion production 

To evaluate the efficiency of our 15 point neurological score in predicting successful generation of 

ischemic damage following MCAo, an additional cohort of animals (n=17) were subjected to 45 min 

MCAo. Lesions were confirmed using Nissl histology at 24 hr post-surgery and neurological deficits were 

recorded immediately post stroke. Successful lesion generation was identified as animals with pallor of 

thionin staining within the striatum. Of the 17 animals 9 were confirmed to have ischemic damage in 

the striatum and 8 were surgical misses. Each criterion of the 15 point neurological score is assessed on 

their accuracy on predicting successful generation of lesion. For example, animals with circling behavior 

are predicted to have successful lesions produced. Confirmation of lesion with thionin histology 

indicates an accurate prediction, while a surgical miss indicates a false prediction of lesion using circling 

as a criterion. Accurate and false predictions of lesion in animals showing no functional deficits, for 

example no circling behavior, are also generated. Average accuracy of lesion prediction for each 

criterion was calculated for quantitative comparisons. 

Analyses of each criterion within the 15 point score revealed each aspect has a different contribution in 

predicting successful lesion production (see  

 

Table 2-3). The righting reflex, deficits in motility, and rotation were not affected by MCAo as all 

surviving animals were found to have acquired scores for each of the scoring criteria. 50% false positive 

rates were observed for paw placement and the inclined platform. All three animals with deficits in 

visual forepaw reach were confirmed to have damage in the striatum while the predictive accuracy of 

visual forepaw reach for lesion production was found to be at 65%. Circling had the highest predictive 

power out of all criteria assessed in the neurological score with 89% accuracy.  

Historically within our lab group, a neurological score ≤10 was used as a cut off for mice with successful 

lesion production. Prediction of surgery success or surgical miss using this old criterion was accurate 59% 

of the time. To further improve the predictive accuracy of neurological scores, components of the 

existing neurological scores with predictive accuracy greater than 60% were incorporated into a 
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combined evaluative system. Circling, total neurological score ≤10, and visual forepaw reaching were 

included in the new crieria. Animals are predicted to have lesions when deficits are observed in at least 

two of the three criteria. Prediction of lesion using the new protocol has 89% accuracy.  
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Table 2-3: Predictive accuracy of each neurological score assessment criteria 

 

Animal 
# 

General 
Condition 

Motility Circling 
Righting 
Reflex 

Visual 
Forepaw 

Reach 

Paw 
Placement 

Inclined 
Platform 

Rotation Rotation 
SHIRPA 

<11 
Circle + Paw Reach + SHIRPA 

1 T T T F F T F T F T T 

2 F F T T T F T F T F T 

3 T T T F T T F T T T T 

4 F T T F F T F T F F T 

5 F F T T T F T F T T T 

6 T T T F F T F T F T T 

7 F F T T T F F F T F T 

8 F F T T T T T F F T T 

9 T T T F F T F T T T T 

10 F F T T T F F F F F T 

11 T F F T T F F F F F T 

12 T T F F F F T T T T F 

13 T T T F T T T T T T F 

14 F F T T T F T F F F T 

15 T T T F F T F T T T T 

16 T T T F T T F T F T T 

17 F F T T T F F F F F T 

Overall 9/17 9/17 15/17 8/17 11/17 9/17 6/17 9/17 8/17 10/17 15/17 
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2.3.3 Optimization of myelin histology staining protocol 

Many protocols have been developed for the histological visualization of WM tracts and myelinated 

fibers in the brain. Three main staining protocols are frequently used: silver staining, gold staining, and 

chemical staining (366-368). I established a working protocol for each category of myelin histology to 

examine myelinated structures in future studies. The appearance of myelinated structures visualized 

using these techniques was in agreement with previous literature, see Table 2-4 (366, 378, 379).  

I first trialed a modified version of Bielschowsky’s silver nitrate staining (Figure 2-6A). Myelinated fiber 

bundles and WM tracts of the corpus callosum displayed a light brown stain. Differentiation of the 

staining pattern was obvious for large structures and fiber bundles but the stain failed to highlight small 

fibers and axons in striatum and cortex. Staining intensity and differentiation was not sufficient for 

detailed analyses. Further increases in incubation time and differentiation s increased staining intensity 

but also increased background staining therefore decreasing differentiation of fiber bundles to 

surrounding grey matter, Figure 2-7. 

LFB staining showed a light blue color for myelinated axons and fibers in the corpus callosum and 

striatum (Figure 2-6B). Differentiation was not sufficient to identify small fibers and axons in the cortex 

and striatum. Differentiation was clear between WM and grey matter and of sufficient quality for 

quantitative analyses. Further alterations in incubation time and changes in differentiation solutions 

failed to improve staining quality. Increased incubation time also increased background staining 

thereby decreasing differentiation, Figure 2-8. 

BlackGold II stained brain sections highlighted large myelinated bundles in the corpus callosum, 

striatum, and cortex in dark red r, while the surrounding grey matter remained transparent (Figure 

2-6C). Small myelinated axons and fibers were also visible in the striatum and cortex as thin black fibers. 

Due to the dark colored staining in myelinated fibers and transparent background, the contrast 

provided by BlackGold II was high and the differentiation between large myelinated structure, small 

fibers, and unmyelinated tissue was very clear (Figure 2-9). 
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Figure 2-6: Bielschowsky’s silver staining (A, D), Luxol Fast Blue (B, E), and BlackGold II (C, F) staining of myelinated fibers in a mouse 

brain. 

 

Myelinated fibers highlighted by Bielschowsky’s silver staining differentiate from surrounding grey matter by a light brown color. Larger myelinated 

fiber bundles and WM tracts of corpus callosum and anterior commissure are visible with good contrast while smaller myelinated fibers and bundles 

were not visible (A). Myelinated fibers highlighted by Luxol Fast Blue staining differentiate from surrounding grey matter by a light blue color. LFB 

staining has strong staining intensity while also having poorer contrast with surrounding grey matter. Larger myelinated fiber bundles and WM tracts 

of corpus callosum and anterior commissure were visible with good contrast while smaller myelinated fibers and bundles were not visible (B). 

Myelinated fibers highlighted by BlackGold II staining differentiate from surrounding grey matter by a dark red color. BlackGold II staining had strong 

staining intensity, good contrast with surrounding grey matter. Small and larger myelinated fiber of the striatum and cortex, WM tracts of corpus 

callosum and anterior commissure were visible with good contrast (C). Loss of myelinated tissue in ipsilateral hemipsheres were highlighted by areas 

of lower staining intensity in Bielschowsky (D), LFB (E), and BlackGoldII (F) staining. 
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Figure 2-7: Increasing incubation time of Bielschowsky’s silver staining of the mice striatum. 

 

Myelinated fibers of highlighted by Bielschowsky’s silver staining with 60min (A), 90min (B), and 120min (C) incubation in ammonium silver 

solutions. A) 60min incubation successfully highlighted myelinated fiber bundles of the striatum and corpus callosum. Staining showed moderate 

differentiation and low contrast due to coloration. Increasing incubation time to 90min (B) and 120min (C) failed to increase contrast and impeded 

differentiation.  
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Figure 2-8: LFB staining with decreasing incubation time in differentiation solution.  

 

Excessive incubation of LFB stained sections in the differentiating solution for 60 seconds (A) washed off all LFB staining all staining. Moderate 

incubation at 10sec (B) highlighted myelinated fibres of the striatum and corpus callosum with low contrast and differentiating from surrounding grey 

matter. Further reduction in incubation time at 2 seconds (B) failed to improve contrast and differentiation.   
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Figure 2-9: High magnification images for Black Gold II Staining. 

 

The differentiation between large myelinated structure, small fibers, and unmyelinated tissue in cortex (B) and striatum (C) was very clear.  
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Table 2-4: Myelin histology comparison between Bielschowsky, LFB and BlackGoldII 

Staining. 

 

 Bielschowsky LFB BlackGold II 

High Contrast No Yes Yes 

High Differentiation Yes Yes Yes 

Visible fine processes No No Yes 

Low Background Yes No Yes 

Preparation Time 2 days 1 day 2 hours 

Cost $200/25g $100/25g $650/150mg 
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2.3.4 Optimization of immunofluorescence labelling antibody 

To examine neurite outgrowth, cell growth, and axonal structural integrity following MCAo, a triple 

immunofluorescence labelling with GAP43, Cyclin D1, and MAP2 was implemented. Prior to evaluation 

in experimental studies, protocols for triple labelling was first optimized. 

Immunofluorescence labelling for individual antibodies were first performed to identify the optimal 

concentrations for each primary antibody (Figure 2-10). Negative control showed high level of 

background staining of the tissue with MAP2 and GAP43 (Figure 2-10). Cyclin D1 has high level of bleed 

through in negative control sections with no primary antibody. High power confocal microscopy (Figure 

2-11) showed that the source of the signals were from endogenous EGFP expression in MacGreen mice. 

Single antibody labelling of MAP2 showed high levels of background staining in negative control 

sections (Figure 2-10). Strong and specific immunofluorescence labelling was found at 1:250, 1:500, and 

1:1000 dilutions. Concentration dependent increases in signaling strength were apparent between 

1:1000 and 1:500 dilutions, hence the latter was chosen for the optimal concentration for future 

experiments. Single antibody labelling of GAP43 showed high level of background fluorescence in 

negative control sections (Figure 2-10). Concentration dependent increases in signal intensity were 

observed between 1:500, 1:250, and 1:100 dilutions. Significant increases in signal intensity were 

observed between 1:250 and 1:100 dilutions. A final concentration of 1:100 was therefore selected. 

Validation experiments were then carried out for all double labelling combinations (Figure 2-12). High 

levels of background signal were observed for Cyclin D1 as expected from single labelling results. Low 

background levels were observed for GAP43. Signal bleed through was not present between any 

combination of double labels. Triple immunofluorescence labelling of GAP43, Cyclin D1, and MAP2 

revealed different expression patterns between the three markers. High background signal intensity 

associated with cyclin D1 labelling was present in triple immunofluorescence labelling without goat 

anti-rabbit 405 secondary antibody (Figure 2-13). 
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Figure 2-10: Single primary antibody immunofluorescence labelling of Cyclin D1 (A-D), 

GAP43 (E-H), and MAP2 (I-L).  

 

A high level of background staining was present in the negative control for rabbit anti-cyclin D1 

(A). Specific labelling for rabbit anti-cyclin D1 was not apparent with increasing concentrations 

of primary antibodies at 1:1000 (B), 1:250 (C), and 1:100 (D) dilutions. High background 

staining was present in negative control sections stained with goat anti-GAP43 (E). A 

concentration dependent increase in signal intensity was observed between 1:500 (F), 1:250 (G), 

and 1:100 (H) primary antibody dilutions. High background staining was present in negative 

control sections stained with chicken anti-MAP2 antibody. Tissue specific signals were apparent 

at 1:1000 (J), 1:500 (K), and 1:250 (L) primary antibody dilutions. 
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Figure 2-11: 20x confocal images of GFP (A), Cyclin D1 (B), and two channel overlay of the two markers (C) in the ipsilateral striatum of 

MacGreen mice subjected to 45 min MCAo. 

 

High level of background signals is observed in cyclin D1 immunofluorescence labelling (B). A large portion of the background signals appeared to be 

signal bleed through from endogenous GFP expression (C). Specific labelling of rabbit anti-cyclin D1 was visible with careful examination. Arrows 

indicate cells and structures with positive cyclin D1 signals.
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Figure 2-12: Confocal images (20x) of double immunofluorescence labelling for Cyclin D1 

vs GAP43 (A-D), MAP2 vs Cyclin D1 (E-H), and GAP43 vs MAP2 (I-L).  

 

Cross sectional images of the striatum at Bregma +0.74mm for all double immunofluorescence 

combinations for cyclin D1 (blue, 1:100), MAP2 (red, 1:250), and GAP43 (yellow, 1:100). No 

primary controls showed high level of background signals for Cyclin D1 in comparisons with 

GAP43 (A, B) and MAP2 (E, G). Cyclin D1 specific signals was visible with careful 

examination in both combinations of double labelling (GAP43, D; and Cyclin D1, H). Moderate 

level of background signals was present in no primary control of GAP43 when examined with 

Cyclin D1 (A, C) and MAP2 (I, K). Tissue specific signals observed were clearly visible for 

GAP43 with or without Cyclin D1 (B, D) and MAP2 (J, L). MAP2 immunofluorescence showed 

moderate background signals in no primary controls (E, F, I, and J). Specific signals for MAP2 

were observed with or without Cyclin D1 (G, H) and GAP43 (K, L). Non-specific cross reaction 

between primary and secondary antibodies is not observed between any of the three double 

immunofluorescence labelling combinations examined. 
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Figure 2-13: 20x confocal images of triple immunofluorescence labelling for Cyclin D1, GAP43, and MAP2. 

 

Cross sectional images of the striatum at Bregma +0.74mm for triple immunofluorescence combinations for cyclin D1 (blue, 1:100), MAP2 (red, 

1:250), and GAP43 (yellow, 1:100). Negative controls with no primary antibodies showed high level of bleed through signals for Cyclin D1 (A). No 

primary control during triple immunofluorescence labelling showed noticeable background signals for Cyclin D1 (C) but not GAP43 (B) and MAP2 

(D). Specific labelling signals for all three markers and identification of all 3 cell types were achievable under triple immunofluorescence analysis (F).
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2.4. Discussion 

2.4.1 Optimal ranges of monofilaments for MCAo surgery in mice 

The monofilament MCAo model is both reliable and reproducible (11, 299). It has also been recognised 

that both experience and familiarity of the surgical operator with the surgical procedures and an 

optimal monofilament dimension in various strains of mice significantly impact the final outcome of the 

MCAo surgery (285, 292, 298, 299). It is therefore vital that extensive validation is performed for every 

newly trained operator of the MCAo model. Validation studies are designed to assess the familiarisation, 

success rate of lesion generation, and to calculate the optimal equation for monofilament selection. 

Experimental variables examined therefore included the average time taken for the MCAo surgery, 

average mortality rate during to surgical preparation for each cohort, success rate of lesion production, 

and the relationship between the weight of the animals and diameter of monofilament. Decrement in 

anaesthesia time appeared to be correlated with reductions in the mortality rate of animals included in 

different cohorts. While the correlation between time under anesthesia and mortality rate was not 

investigated in the current study, I expected a shorter surgical time to have lower welfare impact on the 

animals therefore presenting a higher chance of survival for the animals following MCAo.  

Regression analysis on the bodyweight of animal and diameter of monofilament that successfully 

generated ischemic damage in our C57Bl/6j mice was also carried out to refine the relationship and 

increase success rates. The refined equation for ideal monofilaments had 25-35µm disparity on the 

diameter of ideal monofilaments and had significantly improved the rate of success for MCAo surgery 

to 70% and subsequently 100% in the final cohorts of the validation experiment (292, 298). A gradual 

change in the neurovasculature and vascular anatomy in small colonies such as those established in the 

animal unit are expected to occur over years of reproductive cycles (292, 298). Inter-colonial and inter-

strain differences in neurovasculature have been previously proposed in the literature (11, 292, 380, 

381). The cumulative changes in neurovasculature over years of small colony breeding have likely 

resulted in the altered equation for ideal monofilament sizes as shown in the current study. 

Accumulating experience and confidence of the operator on the MCAo surgery is also expected to have 
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a significant impact on the size of monofilaments being used. Inexperienced operators are more likely 

to select suboptimal monofilaments for surgery (1, 291). It is therefore important that the equation for 

ideal diameters of monofilament is frequently revised.  

2.4.2 Neurological scores prediction of lesion production 

Scoring neurological deficits is a commonly utilized technique in clinical assessment to evaluate the 

severity of functional impairment of patients following stroke (296). Assessment of neurological 

functions in stroke patients provides clinicians with detailed overview on the severity of functional 

impairment following stroke. Functional recovery in stroke patients is also frequently quantified using 

the NIHSS to compare intervention induced changes in clinical trials (280, 382). Due to its wide 

application in clinical practice, a modified version of neurological scores has also been applied to 

experimental stroke studies (317). The neurological assessment scale used in the current study is a 

modified version of a neurological scale that assesses general condition, motility, circling, righting reflex, 

visual forepaw reach, paw placement, inclined platform, and rotation following stroke (295). The 

applicability of NIHSS differs to the neurological scales used in the current study as NIHSS is more 

robust in identifying functional deficits following stroke. As proposed by the Stroke Therapy Academic 

Industry Roundtable, neurological assessment alone may not be robust enough measure of outcome in 

experimental studies and that additional functional testing is recommended for a reliable assessment of 

functional performances following stroke (362, 363).  

One of the major limitations is the close association of neurological scores with general welfare 

conditions in mice following stroke, as reported previously in the original transcript of neurological 

scoring by Hunter et al (317). In agreement with previous studies, I also found that deficits in 

neurological scoring criteria including inclined platform, motility, general condition, rotation, paw 

placement, and righting reflex were indistinguishable between animals with striatal lesion and those 

without. Simple scalar examination of performance appeared to be insufficient for quantification of 

motor impairments in mice following stroke. 
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To prevent animals that have inconsistent damage or surgical miss from being carried forward to 

treatment studies it is recommended that additional experimental procedures are implemented to 

confirm successful generation of lesion in all animals included in the study (362, 363). My results 

showed that the majority of the criterion examined in our current 15 neurological scale was not useful 

in identifying lesion in mice. Specifically, circling behavior, visual forepaw reach, and overall 

neurological scores 10 showed high levels of predictive accuracy in predicting successful lesion 

production following MCAo. Using a combined screening methodology that examines the overall 

neurological scores, circling behavior, and impairments in visual forepaw reach I predicted the 

successful generation of a lesion with 89% accuracy.  

The standard procedures to ensure successful vessel occlusion involve utilization of Doppler flowmetry 

to measure reductions in CBF (355, 383). Past experience in our lab with this technique has raised minor 

concerns regarding an extended surgical preparation time under anesthesia. Though mathematical 

correlations of increasing surgery time and mortality cannot be drawn from the current study, I did 

observe higher mortality rates in cohorts with extended surgery time under anesthesia. To minimize the 

welfare impact of our surgical preparation for MCAo, I proposed that the use of circling behavior and 

visual forepaw reach from our neurological scale criteria is an attractive alternative to the additional 

instalment of Doppler Flowmetry system. 

2.4.3 Histological examination of WM structure using Bielschowsky Silver staining, Luxol 

Fast Blue, and BlackGold II 

Diagnostic examination of stroke patients typically evaluates lesion severity and location using 

techniques such as CT and MRI (384, 385). Recent advancements in imaging modalities further our 

understanding of WM structures in post-stroke recovery (386). Qualitative analyses of WM tracts such 

as the corpus callosum and corticospinal cord using advanced imaging modalities established a strong 

correlation between the structural integrity of WM tracts and the recovery potential of stroke patients 

following rehabilitation therapies (336, 337, 339). Despite their popularity in clinical practice, advanced 

imaging is rarely implemented in experimental studies due to the high costs (387). Histological 
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examination of structural deficits remains the most popular methodologies in experimental studies. 

Currently, classic Nissl histology is widely used to examine lesion location and volume as a surrogate for 

CT and MRI in experimental studies (366). Though WM histology has been thorough established in 

experimental stroke studies (340), histological evaluation of WM histology has not been standardized as 

an essential experimental endpoint in pre-clinical investigations of stroke. This study proposed that the 

histological correlate of advanced imaging, used to evaluate WM structures, should be implemented to 

provide structural evidence for stroke induced functional deficits.  

To establish a working protocol for visualization of WM structure and myelinated fibers, I trialed three 

histological staining protocols (366, 367). Myelinated structures visualized using Bielschowsky’s silver 

staining were restricted to large commissures and myelinated fiber bundles of the striatum. Staining 

differentiation was not sufficient to visualize small myelinated processes (366). Taking into account the 

high cost of the staining ingredients, Bielschowsky’s protocol was not an attractive candidate for 

evaluation of myelination in the current study (see Table 2-4 for summary).  

Luxol fast blue binds the non-solvent extractable phospholipids of myelin producing a blue coloring 

(366). I implemented a Cresyl violet Nissl counter stain to outline histological damage. In agreement 

with previous literature, LFB highlighted the commissures and large myelinated fiber bundles in the 

striatum (366, 379, 388). LFB is advantageous over silver and gold staining due to the cheap cost of 

ingredients, however using the current staining protocol, LFB staining did not identify small myelinated 

fibers in the cortex and striatum. Poor differentiation, low contrast, and high background staining 

suggest LFB is not an ideal candidate for evaluation of myelination in the current study (see Table 2-4 

for summary). 

Gold Chloride staining of myelinated fibers has a long history in visualization of WM structures but has 

received limited attention due to its high cost (367). Though their underlying mechanism has not yet 

been fully understood, it is proposed that the gold chloride solutions are reduced by formaldehyde 

fixated solvent extractable lipids in myelin (367, 368). In agreement with previous studies, a dark red 

coloration was observed in commissures and large myelinated bundles in the striatum while smaller 
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fibers were observed as dark processes in the cortex and striatum, thereby presenting a high level of 

differentiation and contrast between the white and grey matter (367, 368, 389). It should be noted, 

that while the current study did not use Nissl histological staining as counterstain, thionin staining could 

be used to highlight structural damage within the ipsilateral hemisphere (368). The experimental 

protocol for BlackGold II staining was a simple and bulk staining of slides could be conducted within 2 

hours. Despite the high cost and relatively short shelf life in solution form, the quality of staining and 

convenient protocol offered by BlackGold II was selected as the staining method of choice for 

histopathology examination of myelin in future studies (see Table 2-4 for summary). 

2.4.4 GAP43, MAP2, Cyclin D1 triple immunofluorescence labelling 

Post-stroke neuroplasticity is a complex process that involves neurogenesis, axon sprouting, 

synaptogenesis, angiogenesis, BBB remodeling, (347, 390, 391). While common molecular markers such 

as NeuN, VEGF, and GFAP provide an general overview of the molecular environment within the 

ipsilateral hemisphere (270, 392, 393), the combined use of multiple molecular markers such as GAP43, 

MAP2, and Cyclin D1 provides a detailed assessment of the mechanisms that may be responsible for 

differences in functional performance between subjects (373). GAP43 is a substrate protein involved in 

transducing intra- and extracellular signals to regulate cytoskeletal organization in the nerve ending and 

is frequently used as a marker of neurite outgrowth (369, 394, 395). MAP2 is a structural protein 

frequently used as a marker of neuronal injury (296, 373). Cyclin D1 is upregulated during the G1 phase 

of the growth cycle, is necessary for DNA repair and initiation of DNA replication, and is often used to 

examine newly recruited and localized neurons and oligodendrocytes in the ischemic core and peri-

infarct (280, 384, 396). 

To establish a protocol that assesses the molecular changes associated with stroke and subsequent 

pharmacological modulation, I investigated the expression of GAP43, MAP2, and Cyclin D1 following 

MCAo in MacGreen mice. The fluorophores (Alexa 405nm, GFP (488nm), Alexa 594nm, and Alexa 647) 

were specifically selected to avoid signal crossover between excitation and emission wavelengths. 
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Tissue specific signals were observed for GAP43, MAP2, and GFP at 647, 594, and 488nm emission 

wavelengths respectively. 

High level of fluorescence signal bleed through was observed for Cyclin D1 at 405nm. GFP has two 

emission wavelength peaks found at 400nm and 498nm respectively (397). Signal detection at 405nm 

would therefore receive emission signals from EGFP and cyclin D1 labelling, resulting in a high level of 

background signal. Using confocal microscopy, I generated overlying patterns of Cyclin D1 and GFP to 

identify Cyclin D1 specific signals for quantitative and qualitative analyses. It should be noted, however, 

that a simple thresholding function is not a suitable methodology for quantitative measurement of 

Cyclin D1 at 405nm. An additional subtraction step would be required to eliminate GFP positive cell 

signals from images acquired at 405nm. Manual identification of Cyclin D1+/GFP- cells would also be 

required for quantitative measurement of Cyclin D1 in this triple immunofluorescence labelling 

experiment.  

Qualitative examination in the current study results showed decreased expression of MAP2 within the 

infarct area indicating ischemia induced structural damage. The suppressed expression of MAP2 

broadly corresponds with the recruited EGFP+ cells in the infarct area. The relationship between 

activated M/M and remodeling of microtubule networks in oligodendrocytes and neurons was not 

investigated in the current study. Enhanced inflammatory responses and the detrimental effect of 

activated M/M on MMP2 and MMP9 activation is expected to be involved in the destruction of 

microtubule network highlighted by MAP2 (171, 398). The disrupted expression of MAP2 and enhanced 

expression of MMP2 and MMP9 is in turn expected to have a detrimental effect on functional 

performances post stroke (171, 373, 398).  

Qualitative examination also showed increased expression of GAP43 and Cyclin D1 in the peri-infarct 

area suggesting active processes of neurite outgrowth and cell proliferation within the peri-infarct as 

soon as 24 hours post stroke. As demonstrated in the previous literature, neuroplasticity changes in 

GAP43 (373, 399) and Cyclin D1 expression (370, 373) occurs as soon as 24 hours post stroke. The 

enhanced expression of both markers is proposed to be beneficial for functional performances post 
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stroke (373). The localization of EGFP and GAP43/CyclinD1/MAP2 has not been investigated in the 

current study. Given the predominant phagocytic phenotype of M/M post stroke (175), it is expected 

that enhanced expression of EGFP may be associated with reduced expression of MAP2, Cyclin D1, and 

GAP43. Early examination of EGFP with MAP2, Cyclin D1, and GAP43 may also help to identify ongoing 

phagocytic processes and direct involvement of M/M in the remodeling of the neurovascular unit post 

stroke. Triple immunofluorescence labelling of MAP2, Cyclin D1, and GAP43 in presence of 

endogenously expression EGFP would therefore allow future studies to examine the impact of 

inflammation on neuroplasticity changes post stroke. 

2.4.5 Conclusion: 

In summary I successfully establish a reliable and reproducible MCAo model of stroke in mice. I 

optimized the mathematical equation to predict the ideal monofilament sizes for MCAo in mice 

between 25-30g and yielded 100% success rate in generating lesions in the final cohort of the validation 

experiment. I conducted detailed evaluation of neurological scoring in experimental stroke and 

identified that visual paw reach impairment and circling behavior immediately following stroke were 

strong indicators of successful lesion production. I proposed that the presence of any two of the 

following measures: impaired paw reaching, circling behavior, overall neurological score ≤10 predicts 

successful lesion production with 89% accuracy. Optimization of experimental protocols also identified 

that BlackGold II staining was the preferred method for examination histopathology of myelinated 

fibers due to its high contrast and high differentiation of staining patterns. Triple immunofluorescence 

labelling of MAP2, GAP43, and Cyclin D1 enables future studies to investigate the effect of 

inflammation on neuroplasticity changes post stroke. To verify the face validity of our mouse model of 

stroke, I conducted proof of concept studies using the current model to investigate the therapeutic 

potential of delayed pharmacological interventions targeting post-stroke recovery.  
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Chapter 3. Delayed Varenicline Administration Reduces 

Inflammation and Improves Forelimb Use Following Experimental 

Stroke 

3.1. Introduction 

3.1.1 Chapter synopsis  

Delayed hospital admission, which limits the application of recanalization treatments, is a major hurdle 

in the translational of experimental stroke research to the clinic. Novel treatment strategies that display 

extended therapeutic windows (efficacy beyond 4.5h post stroke) are therefore an attractive drug 

development approach.  

The current study investigates the potential of pharmacological interventions targeting 

pathophysiological mechanisms, such as post-stroke inflammation, in the sub-acute (days to weeks 

after) and chronic phases (weeks to months after) of stroke to enhance post-stroke recovery. The 

current study proposed that a delayed pharmacological intervention starting at 3 days post-stroke 

would be sufficient in producing significant improvements in the functional recovery post-stroke.  

The previous chapter optimized the experimental protocols for the established MCAo model of stroke 

in mice to account for the cumulative changes in mice colonies over time. These studies use the 

optimized mouse model of stroke outlined in the previous chapter as a platform to investigate whether 

delayed treatment with a novel anti-inflammatory therapy improves short-term recovery of function. 

One manuscript has been generated from the data of this chapter and published in the journal of stroke 

and cerebrovascular diseases (135). 

3.1.2 Scientific background  

Brain injuries, such as stroke, are associated with profound activation of inflammatory pathways. Whilst 

inflammation is important in resolving injury, prolonged inflammation hinders tissue repair and 

ultimately, patient prognosis (400-402). 
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Immune responses and inflammation are regulated in part by neural mechanisms (202). The 

parasympathetic nervous system can inhibit cytokine release and prevent tissue injury via an efferent 

neural signalling pathway termed the CAP (202, 403). Stimulation of the vagus nerve attenuates 

production of TNF- and other pro-inflammatory cytokines from macrophages in the spleen through a 

mechanism dependent on α7 nAChRs (202, 249, 404, 405). Activation of the 7 nAChR suppresses 

activation of leukocytes such as the M/M thereby limiting the extent of inflammatory responses within 

the CNS (249, 406). 

It remains unclear why this homeostatic mechanism fails to limit the extent of brain inflammation that 

occurs after stroke. Previous studies have identified that dysfunction of the ANS is closely associated 

with and affected by ischemic stroke (203, 407). While a complex reciprocal relationship exists between 

the onset of ischemic stroke and ANS dysfunction, where one may impact the other and vice versa, 

previous studies have established that activation of ANS prior to ischemic stroke appeared to have a 

neuroprotective effect via vasodilation and increase of cerebral blood flow (408). Clinically, low heart-

rate variability and chronic inflammation correlate with poor neurological outcomes in stroke patients 

(409-413). Due to its intimate relationship with the immune system, suppressed ANS activity and 

reduced HRV have been proposed to be partially responsible for the enhanced activity of sympathetic 

nervous system (SNS) after stroke (407). This autonomic imbalance leads to suboptimal splenic 

activation which excessively recruits macrophages, monocytes, and neutrophil into the ischemic core 

shortly following stroke (109, 169, 187). As indicated previously, suppression of excessive inflammatory 

responses via splenectomy was neuroprotective thereby indicating that autonomic regulation may be 

an effective therapeutic strategy in managing post-stroke inflammation (414). 

Autonomic regulation via stimulation of the vagus nerve has been shown to be a viable strategy for 

targeting diseases with an inflammatory component such as rheumatoid arthritis and hemorrhagic 

shock (231, 415). Vagal nerve stimulation within 30 mins of injury has also been shown to reduce brain 

damage in experimental models of stroke (233, 240, 416). More recently direct activation of α7nAChRs 

has been investigated as a less invasive and more applicable therapeutic strategy to reduce brain 
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inflammation and ultimately promote functional recovery after stroke. Both 7 nAChR agonists and 

allosteric modulators display neuroprotective and anti-inflammatory effects in rodent models of 

cerebral ischemia (242, 243) and traumatic brain injury (417). To date, these studies have initiated 

administration within 6 hours of injury and none have demonstrated functional improvement beyond 7 

days post stroke (243). It is not known whether activation of nAChRs in the sub-acute phase (>24h) 

after stroke can also modulate brain inflammation and promote recovery of function.  

Pharmacological activation of α7 nAChR in experimental studies often utilize selective full agonists such 

as CNI-1493 (213, 418), GTS-21 (419-421), and PHA568487 (243, 244) to pin point the underlying 

mechanisms responsible for their therapeutic benefits. Given a wide range of background research 

provided in previous literature, the current study proposes that the use of a currently clinically 

approved pharmacological agent would hasten the process of translational studies when therapeutic 

benefits are proven in proof of concept and experimental studies. Varenicline is currently used as a first 

line nicotine replacement for smoking cessation therapies (422). It is a full agonist for the α7 nAChR 

agonist, partial agonist for the α4β2 and α3 nAChR (423-425). While previous studies investigated the 

therapeutic potential of α4β2 nAChR activation in smoking cessation, little is known regarding the 

therapeutic potential of α7 nAChR agonist property of varenicline for suppression of inflammation in 

neurological disorders such as stroke. Here I hypothesize that delayed administration the 7 nAChR 

agonist varenicline starting at 3 days post stroke would enhance spontaneous motor function via 

suppression of inflammation. 

3.1.3 Specific aims 

The MacGreen mouse has been shown previously to provide a model system in which to investigate 

brain inflammation following experimental stroke (190). The specific aims of this study were: 

1) To investigate whether delayed administration of the 7 nAChR agonist varenicline would reduce 

brain inflammation following stroke in CSF-1R-EGFP mice. 
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2) To investigate whether delayed administration of the 7 nAChR agonist varenicline would improve 

forepaw use in spontaneous exploratory movement following stroke.  

3.2. Material and methods 

3.2.1 Experimental design considerations 

Male MacGreen mice (25-30g) were subjected to 45 min occlusion of the right MCA as described in 

section 2.2.5.3. Mini-osmotic pumps (Alzet® 1007D, Canada) containing 0.9% saline (n=10) or varenicline 

tartrate at 2.5mg/kg/day (n=10) were implanted subcutaneous between the scapulae on day 3 post-

stroke (as described in section 3.2.4). The spontaneous exploratory movement of all animals was 

assessed at baseline one day prior to stroke and on days 2, 4, 6, 8 and 10 post-stroke using the cylinder 

test (297). Functional testing was chosen to be performed every two days to minimize the effect of 

rehabilitative training on functional performances and maximize the frequency of longitudinal 

monitoring on spontaneous motor function over the study period. Animals were killed at 10 days post-

stroke and brain tissues were harvested for Nissl histology, immunofluorescence analyses for EGFP and 

GAP43 (as described in section 3.2.9). The study was chosen to be terminated at 10 days for as early 

activation of molecular precursors for neuroplasticity changes and early improvements in functional 

performances were expected to be observable at this time (368, 426). A relatively short longitudinal 

study would therefore be ideal for preliminary proof of concept studies. See Figure 3-1 for a summary 

of experimental procedures. 

MacGreen mice were used in the current study, to allow visualization of post-stroke inflammation 

following varenicline treatment. Experimental analysis of endogenously expressed EGFP in the 

MacGreen brain provides a useful marker for the accumulation and recruitment of M/M and ultimately 

the general inflammatory status post stroke (190).  

Due to its short half-life in mice (1.4h) (334), varenicline was administered by mini-osmotic pump to 

maintain a steady plasma concentration. Drug administration starting on day 3 post stroke was chosen 

because: 1) avoid pharmacological interaction of varenicline treatment with pathophysiological 
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mechanisms in the acute phase (within 24 hours post stroke); and 2) to avoid the additional welfare 

complications associated with surgical preparation, which is required for subcutaneous insertion of 

mini-osmotic pump, soon after MCAo surgery. The dose of varenicline used in this study was based on 

previous studies in mice (427-429). 

SEM was chosen to be used over SD as a standard form of presentation during manuscript publication. 

Sample size of 10 was chosen to acquire a power of 80% in a longitudinal study with two different 

treatment groups. 

3.2.2 Animals 

Standard animal ethics (see section 2.2.2.1), colony maintenance for MacGreen mice (see section 

2.2.2.3), housing and feeding (see section 2.2.2.4) were implemented in this Chapter. 

Male MacGreen mice (25-30g) were assigned to experimental groups (varenicline or saline, n=10 per 

group) using a randomization table generated by Excel. 45 mins occlusion of the right MCA was 

performed in all the animals. 

3.2.3 Cerebral ischemia 

Standard procedures were followed for the preparation of monofilaments (see section 2.2.3), 45 mins 

occlusion of the right MCA (see section 2.2.4), and post-operative care (see section 2.2.4.3). 

3.2.4 Drug delivery 

MacGreen mice were assigned to treatment groups (varenicline or saline, n=10 per group) using a 

randomization table generated by Excel. Varenicline tartrate (YES Pharma Ltd, Israel) was dissolved in 

0.9% saline with a few drops of 0.4M NaOH added to aid dissolution. The quantity of drug required to 

deliver 2.5 mg/kg/day for 10 days was calculated from the individual body weight of each mouse. Mini-

osmotic pumps (Alzet® 1007D, Canada) were filled with saline or varenicline (2.5mg/kg/day) one day 

prior to insertion surgery and incubated overnight at 37oC. Mice were briefly anaesthetized 3 days after 

stroke surgery and osmotic pump subcutaneously implanted between the shoulder blades.   
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Figure 3-1: Summary of experimental design. 

 

MacGreen mice were subjected to MCAo and received subcutaneous implant of miniosmotic pump containing saline or varenicline on day 3 post-

stroke. Animals were killed at 10 days post-stroke for nissl histology, GFP and GAP43 immunofluorescence examination. Spontaneous exploratory 

movement were assessed using cylinder tests on day -1, 2, 4, 6, 8, and 10. 
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3.2.5 Welfare monitoring 

Neurological scores and changes in body weight were assessed as part of welfare monitor throughout 

the study. Standard evaluation of neurological functions (see section 2.2.5 for protocol) and body 

weight monitoring was performed on days 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, and 10 post stroke. 

3.2.6 Cylinder test 

Forelimb asymmetry was assessed in the cylinder test using a modification of the protocol previously 

described by Li et al (297). Briefly, animals were placed in a Perspex cylinder (10cm x 15cm) and two 

mirrors were placed behind the cylinder at 90o relative to each other to allow visualization of all 

movements. A video camera was used to record all lateral exploratory movements during a 5 min trial. 

One trial was carried out per day on days -1, 2, 4, 6, 8, and 10 relative to stroke surgery. A total of 10 

rearing movements were examined on a frame-by-frame basis by an observer blinded to the conditions 

of the study to identify weight-bearing limbs during lifting, climbing, stepping, and landing movements. 

Each movement was categorized as predominantly left sided, right sided, or neutral. Rearing 

movements with more left or right limb usage were designated as predominantly left or right sided 

respectively (297, 319). Rearing movements with the same number of left and right limb usage were 

designated as neutral. The Perspex cylinder was cleaned with 70% ethanol to remove olfactory cues 

prior to each test. 

3.2.7 Tissue collection and preparation 

All animals were euthanized at 10 days post-surgery for tissue collection. Standard methodologies were 

implemented for tissue collection and preparation (see section 2.2.6).  

3.2.8 Histological analyses 

3.2.8.1. Thionin staining protocols 

Standard protocols were followed for thionin histological staining (See section 2.2.7.1) 
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3.2.8.2. Volumetric analyses 

Volumetric analyses were performed to examine the extent of histological damage in all animals. 

Volumetric analyses were conducted using the Neurolucida software program (MicroBrightField, U.S.A) 

installed on a Nikon E800 upright microscope (Center for Brain Research, University of Auckland). 

Lesion areas were traced with Neurolucida while live imaging under the microscope using the 10x 

magnification lens. Areas of interest and total area of both hemispheres were traced at 9 stereotaxic 

levels at Bregma +2.58, +1.54, +0.98, +0.74, -0.1, -1.06, -2.06, -2.94mm, and -4.64 and an estimated 

volume was calculated for: lesion volume, contralateral hemisphere volume and ipsilateral hemisphere 

volume. Volumetric calculations were automatically conducted by the Neurolucida software program. 

Differences in lesion, and hemispheric volumes between citalopram and saline treated animals were 

compared using 2-way analysis of variance. 

Incidence maps for lesion highlighted by thionin staining at Bregma +0.98mm were generated. The 

outlines of lesion were manually traced with a 4x lens on the Nikon E800 upright microscope (Center for 

Brain Research, University of Auckland). Manual traces of lesion outlines were transferred onto an 

electronic atlas template using Photoshop. The final versions of incidence map was colored by the rate 

of occurrence for lesions in specific regions of the brain at Bregma +0.98mm. Areas of lesion that are 

present in 75-100% animals are colored black. Areas of lesion that are present in 50-74% of the animals 

were colored dark grey; and areas of lesion that were present in 25-49% of the animals were colored 

light grey. 

3.2.8.3. Light microscopy & tile scan imaging 

Standard protocols were followed to acquire images for histological stains (see section 2.2.7.5). 

3.2.9 Immunofluorescence labelling 

3.2.9.1. Free floating immunohistochemistry procedure 

Standard protocols were followed for immunofluorescence labelling (see section 2.2.8.1). 
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3.2.9.2. EGFP 

Green Fluorescence protein (GFP) is endogenously expressed in activated monocytes/macrophages of 

MacGreen mice (356). Activated cells of monocyte/macrophages lineage appear green under the EPI-

fluorescent microscope. To amplify GFP signals, we labelled a single series brain sections at Bregma 

+2.58, +1.54, +0.98, +0.74, -0.1, -1.06, -2.06 and -2.94mm from all animals with GFP anti-bodies. 

Primary antibody for GFP labelling was rabbit anti-GFP antibodies (Cat#: ab290, AbCam®, U.K.) diluted at 

1:5000 ratio in PBS+0.2% triton with donkey serum. Secondary antibody used was donkey anti-rabbit 

antibodies (Alexa® Fluor 488 donkey anti-rabbit IgG, Invitrogen®) diluted at 1:500 ratio in PBS+0.2% 

triton. 

3.2.9.3. GAP43 

A second series of free floating sections were incubated with an antibody to GAP43 (Rabbit anti-GAP43, 

1:2000, Abcam, UK, Cat#: 12274) for the quantitative analyses of neurite out growth in citalopram and 

saline treated animals. The secondary antibody used was AlexaFluor 594 (goat anti-rabbit 594, 1:500, 

Invitrogen, U.S.A. Cat#: A11012). 

3.2.9.4. Volumetric analyses 

Volumetric analyses were performed to examine the total volume of tissue with increased EGFP 

expression. Incidence maps for EGFP expression at Bregma +0.98mm were generated. Standard 

protocols were followed for volumetric analyses and incidence map generation (see section 3.2.8.2). 

3.2.9.5. Cell count and signal intensity 

The number of EGFP positive cells within core and peri-infarct regions of the striatum and cortex was 

assessed semi-quantitatively. Two sections from each animal at Bregma -0.1mm were analyzed at 20x 

magnification. Three images were taken from predefined areas (1.2mm2) using the Nikon Eclipse 

TE2000E inverted microscope equipped with a Nikon Digital Sight cooled color camera at 500ms 

exposure with 20x lens objective. The number of EGFP positive cell bodies counted manually to 

determine an estimated cell density/mm2. The signal intensity of EGFP and GAP43 immunofluorescence 
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was estimated by converting the acquired images to 8 bit grey scale. A thresholding function was 

manually defined using ImageJ and the relative area displaying increased EGFP and GAP43 expression, 

integrated optical density and mean area intensity were measured using ImageJ to acquire fluorescence 

unit/µm2. 

3.2.10 Statistical analyses 

Values presented in this study are mean ± S.E.M. The randomization code was broken after all data was 

acquired to allow allocation to experimental groups. All data collected were processed using Excel. All 

statistical analyses were conducted using SPSS (PASW Statistics 18, 2009) and SigmaPlot (version 12.0, 

Systat Software, Inc.). Two-way repeated measures ANOVA with post-hoc analyses were performed to 

assess differences in weight and forelimb asymmetry between saline and varenicline treated animals. 

Experimental data for histological and immunohistological analyses were analyzed using student’s t-test. 

Non-parametric one way repeated measures ANOVA was performed to examine changes in 

neurological scores in varenicline and saline treated animals. Mann-Whitney ranked test was used to 

compare neurological scores between varenicline and saline treated animals at each time point 

investigated. The statistical level of significance was established at p<0.05. 
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3.3. Results 

3.3.1 Varenicline treatment does not affect rate of recovery for neurological deficits  

This study investigated whether delayed administration of varenicline reduced inflammation and 

enhanced short-term functional recovery in CSF-1R-EGFP following experimental stroke. 1 varenicline 

treated animal and 2 saline treated animals were lost during the study due to welfare requirement. 

Additional animals were not included to replace the lost animals as remaining animals was sufficient for 

a t-test comparison with a power of 80%. All animals showed a decrease (12.2 ± 1.8 %) in body weight 

immediately following and up to 2 days post-stroke. A gradual recovery of body weight was observed 

from day 3 to day 10 post-stroke (F11,155=19.27; p<0.01, Figure 3-2A). No significant difference was 

observed in the pattern of body weight recovery between the two treatment groups (F1,155=1.012; 

p=0.336; Figure 3-2A). 

Daily assessments of gross neurological deficits were performed using a 15 point scoring system (Figure 

3-2B). All animals showed a reduction in neurological score immediately after stroke (8.7±0.40, 

t=19.386; p<0.01) and comparable partial recovery at day 4 post stroke (10.7±0.18). While the average 

neurological score of varenicline-treated mice (10.5±0.5) was significantly lower than saline-treated 

animals (11.7±0.18) at day 6 post stroke (t=2.018; p<0.05) both groups of animals displayed comparable 

neurological deficits on day 10 post stroke (score =11.9±0.15, t=0.0396; p=0.969). 
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Figure 3-2: Changes in body weight, neurological score and impaired forelimb following stroke in varenicline and saline treated mice. 

 

(A) Varenicline treatment did not influence weight loss following stroke (F1, 155=1.012; p=0.336). (B) Recovery of gross neurological deficits were 

comparable between both treatment groups, however, varenicline-treated mice showed delayed recovery compared to control animals at day 6 post 

stroke (t=2.018; p<0.05). (C) Unilateral impaired forelimb use was observed in both groups immediately after stroke (t=6.457; p<0.01). Varenicline 

significantly increased use of the impaired forelimb 10 days post stroke (t=2.747; p<0.01). Data are presented as mean ± SEM. Two-Way repeated 

measures ANOVA was used to evaluate differences between treatment groups and the Bonferonni test was used for post-hoc comparisons. Statistical 

significance was established at p<0.05. 



Chapter 3 

115 

3.3.2 Chronic varenicline administration increased impaired forelimb use 

All animals showed comparable baseline performance in the cylinder task prior to stroke surgery (saline: 

28.3±6.0%; varenicline: 35.0± 2.2%, t=9.21; p=0.323). An apparent right handedness was observed 

during baseline examination for animals of both treatment group. Matehmatical adjustments for 

handedness as comparable performances were observed between the treatment groups. Forelimb 

asymmetry was examined every 2 days post stroke (Figure 3-2C). Following stroke, but prior to 

treatment, animals displayed comparable reductions in use of the forelimb contralateral to MCA 

occlusion (3.3%±2.1%; t=6.457; p<0.01). Saline treated animals showed no change in forepaw 

asymmetry at any time-point following stroke and use of the impaired forelimb remained around 7.5% 

(F4,34=1.103; p=0.373). In contrast, varenicline-treated animals displayed a statistically significant 

increase in use of the impaired forelimb at day 10 post stroke (30.0±10.6%; t=2.457; p<0.05). 

3.3.3 Delayed varenicline administration did not affect lesion volume 

Qualitatively, saline treated and varenicline treated MacGreen mice exhibited comparable patterns of 

ischemic damage. All animals subjected to 45 min MCAo displayed striatal and cortical damage (Figure 

3-3A, upper panel). No damage was observed around the area of the MCA in any of the animals 

investigated. Quantitative histopathology demonstrated no significant differences in the area of 

ischemic damage across 9 stereotaxic levels through the rostro-caudal extent of the brain in saline and 

varenicline-treated mice (F1, 116=0.00261; p=0.96; Figure 3-3B).  
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Figure 3-3: Patterns of ischemic injury in saline and varenicline-treated MacGreen mice. 

 

(A) Incidence maps at the level of the striatum (Bregma +0.98mm) show comparable histological damage in both experimental groups 10 days 

following a 45 min MCA occlusion, which was confirmed by quantitative histology (B). Data are presented as mean ± SEM, n=8-9 per group, 

*p<0.05.
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3.3.4 Varenicline treatment reduced EGFP signal intensity in the ipsilateral hemisphere 

MacGreen mice subjected to sham stroke surgery showed a low basal level of EGFP expression, data 

previously published elsewhere (190). MacGreen mice subjected to 45 min MCAo displayed increased 

EGFP expression in the ipsilateral hemisphere, but no change in contralateral expression at 10 days post 

stroke.  

Saline and varenicline-treated mice exhibited qualitatively different patterns of EGFP expression. Saline-

treated animals displayed increased EGFP expression in both striatal and cortical regions while EGFP 

expression was increased in predominantly striatal regions in varenicline-treated mice (Figure 3-4A). A 

patchy pattern of EGFP expression was observed in the cortex or both varenicline and saline treated 

animals. Striatal signals appeared to be uniform in varenicline treated animals while saline treated 

animals appeared to have excessive expression of EGFP in the ischemic core of the striatum. EGFP 

positive cells appeared to have enlarged cell bodies and retracted processes in saline-treated animals. 

In contrast, a smaller number of EGFP positive cells with smaller cell bodies was observed in varenicline-

treated animals (Figure 3-4B). 

Quantitative analyses showed that the while the volume of tissue showing upregulated EGFP 

expression was comparable between treatment groups (t=0.611; p=0.547; Figure 3-5A), Significant 

reduction in EGFP signal intensity was observed in both ipsilateral cortex (t=2.987; p<0.01) and striatum 

(t=2.099; p<0.05) of varenicline-treated animals (Figure 3-5B). Manual cell counts confirmed that 

varenicline treatment did not affect the density of EGFP positive cells in these brain regions (F=0.152; 

p=0.697; Figure 3-5C). 
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Figure 3-4: Patterns of EGFP expression in saline and varenicline-treated MacGreen mice 

10 days after MCA occlusion. 

 

(A) Incidence maps at the level of the striatum (Bregma +0.98mm) show a lower incidence of 

EGFP upregulation in cortical regions in varenicline-treated compared to control animals. (B) 

Tile-scan images showing EGFP expression in the ipsilateral hemisphere of median animals in 

saline and varenicline treatment groups (scale=500µm). Images were taken at the level of 

Bregma +0.74mm. Note the decrease in signal intensity in cortical and striatal areas in 

varenicline-treated animals. Inserts show EGFP positive cell morphology within boxed regions 

of the respective tile scan images.  
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Figure 3-5: Quantification of EGFP expression in saline and varenicline treated MacGreen mice. 

 

(A) No statistical difference was observed between lesion volume (t=0.0327; p=0.974) and EGFP expression volume (t=0.611; p=0.547) between 

treatment groups at 10 days after stroke. EGFP volumes were typically 2.5 fold greater than the volume of infarct outlined thionin histology. (B) EGFP 

signal intensity was decreased in the ischemic cortex (t=2.987; p<0.01) and striatum (t=2.099; p<0.05) following varenicline-treatment compared to 

control animals but was unchanged in peri-infarct areas. (C) There was no significant difference in the number of EGFP expressing cells per unit area 

in regions of interest between the two treatment groups (F=0.152; p=0.697). Data are presented as mean ± SEM, n=8-9 per group, *p<0.05.  
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3.3.5 GAP-43 expression was increased in the striatum of varenicline-treated animals 

In order to further investigate the relationship between inflammation and recovery of function, I 

performed immunohistochemistry with GAP43, a 43 kDa growth associated protein expressed in the 

plasma membrane of sprouting axons (430, 431) on a parallel brain sections.  

Qualitative examination of brain sections showed GAP43 was expressed throughout both hemispheres 

at 10 days post stroke but was down-regulation within and around the infarct area (Figure 3-6A). In 

contrast, GAP43 expression appeared further decreased in cortical but increased in striatal regions in 

varenicline-treated animals compared to saline –treated controls (Figure 3-6B)  

Net changes in GAP43 signal intensity were compared between the ipsilateral and contralateral 

hemisphere While there was no difference in the intensity of GAP43 expression in boundary (peri-

infarct) regions of the striatum or cortex, a significant increases in GAP43 signal intensity was observed 

in core regions of the striatum in varenicline-treated animals compared to saline control (t=2.373; 

p<0.05; Figure 3-6C). In addition, the density of GAP43 positive cells within this region of varenicline-

treated animals was reduced compared to corresponding regions in control-treated animals (Figure 

3-6D; t=2.337; p<0.05). No difference in GAP43 positive cell density was observed in any other regions 

investigated (striatum peri-infarct (t=0.632; p=0.528), cortex (t=1.808; p=0.073), and cortex peri-infarct 

(t=0.281; p=0.779).   
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Figure 3-6: GAP43 expression in saline and varenicline-treated MacGreen mice 10 days 

after MCA occlusion treated animals. 

 

Representative photomicrographs showing GAP43 expression in the ipsilateral cortex and 

striatum of (A) saline and (B) varenicline-treated mice (scale = 500µm). Images were taken at 

the level of Bregma +0.98mm. Inserts show higher magnification images from boxed regions of 

the respective photomicrographs (scale = 50µm). (C) GAP43 signal intensity (corrected for 

contralateral expression) was significantly increased in the ischemic core of the striatum in 

varenicline-treated animals (t=2.373; p<0.05). (D) The number of GAP43 expressing cells in the 

ischemic core of the striatum was significantly lower in varenicline-treated animals compared to 

saline controls (t=2.337; p<0.05). Data are presented as mean ± SEM, n= 8-9 per group, 

*p<0.05. 
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3.4. Discussion 

Acute administration of selective 7 agonists and allosteric modulators has been shown to afford 

neuroprotection and produce anti-inflammatory effects in models of ischemic stroke (242, 244, 432). 

While the pharmacological modulation of nicotinic agonist receptors following stroke as 

neuroprotective agents showed promising outcomes in other experimental studies (242-244, 432), no 

investigations to date have studied the possibility of modulating chronic inflammation post stroke after 

the initial inflammatory response. This study showed that delayed administration of varenicline, an 

established therapy for nicotine addiction improved impaired forepaw use, suppressed recruitment and 

accumulation of M/M, and enhanced expression of GAP43 at 10 days following stroke. 

I first investigated whether delayed administration of the 7 nAChR agonist varenicline produced 

functional improvements following experimental stroke. MCA occlusion in MacGreen mice produces 

reliable and reproducible ischemic damage and model the key motor impairments in human stroke 

patients (190). While all animals’ demonstrated comparable neurological scores 10 days after stroke, 

statistical analysis showed no significant differences in the recovery of neurological scores between 

varenicline and saline treated animals. Varenicline has been reported to display appetite suppressing 

properties and to attenuate weight gain following smoking cessation (433, 434). A similar pattern of 

body weight change was observed in both groups of animals over the experimental period, confirming 

varenicline did not augment post-stroke weight loss at the dosage examined and that compromised 

welfare did not cause delayed recovery. 

While scoring of gross neurological deficits is a useful tool for the acute assessment of stroke severity, 

tests that can detect differences between stroke and sham animals several weeks after stroke provide a 

more robust measure of functional recovery (317). The cylinder test has been shown to be effective for 

assessing motor impairments in ischemic stroke models in rats (319, 435) and mice (297) in the weeks 

following stroke. Saline-treated animals showed a limited degree of spontaneous recovery in impaired 

forelimb use out to 10 days following MCA occlusion. In contrast, varenicline-treated animals displayed 

a significant recovery in impaired forepaw use to 80% of baseline at day 10 post stroke. Quantitative 
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histological analysis confirmed that varenicline did not affect the volume of structural damage and that 

improved functional performance did not result from preservation of tissue. 

MacGreen mice carry an EGFP gene downstream of the c-fms promoter. The c-fms gene encodes the 

CSF-1 receptor and is expressed selectively in macrophage and monocyte cell lineages (356). I have 

shown previously that EGFP expression is increased in the ipsilateral hemisphere of MacGreen mice up 

to 35 days post stroke. The increased EGFP expression post-stroke resulted from changes in both M/M 

cell density and morphology (190).  

The current study demonstrated that varenicline treatment starting 3 days after stroke reduced EGFP 

expression in the ipsilateral striatum and cortex at day 10. Reduced EGFP expression was associated 

with a change in fluorescence per unit area, but no change in cell density, suggesting varenicline 

treatment altered M/M cell morphology. Morphological appearance is an important indicator of 

functional activation (436). Qualitative observations that EGFP+ cells in varenicline-treated animals 

appeared less amoeboid in shape than in control brains suggests a change from an activated to a more 

resting phenotype (437). Taken together with the observed improvements in functional performance, 

these results imply that an extended time-window exists in which to modulate brain inflammation and 

support the hypothesis that reducing inflammation in the sub-acute phase after stroke can promote 

recovery after stroke. 

I hypothesized that a reduced inflammatory response in the sub-acute phase after stroke may promote 

an increase in the expression of growth and plasticity proteins. Our data showed that areas 

demonstrating reduced EGFP expression in the striatum also displayed up-regulation of GAP43, a 

marker of neurite outgrowth (369, 430, 431). This reinforces the observations of previous studies 

showing that increased GAP43 expression was associated with improved functional performance up to 

4 weeks after stroke (340, 430, 438, 439). GAP43 expression was however predominantly observed in 

penumbral rather than core regions in these studies (340, 430, 438, 439). Concurrently a reduction in 

the number of GAP43+ cells was also observed suggesting increasing rates of neuroplasticity changes in 

compensation for the reduced volume of intact tissue. There are no directly comparable studies within 
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the literature to support our GAP43 observations, however, Xie et al reported increased GAP43 levels in 

core regions 24 hours post stroke and improved neurological function up to 30 days following ischemic 

post conditioning (440). Varenicline treatment therefore appears to share some mechanistic similarities 

with ischemic preconditioning in that both interventions appear to be immunomodulatory and reduces 

microglial activation post stroke. Nevertheless, the extensive neuronal cell death in core regions does 

raise questions about the cellular expression of GAP43.  

While the origin of GAP43 signals was not investigated in the current study, its expression has been 

proposed to be of both neuronal and astrocytic origin (441). More recently, Gorup and colleagues 

reported that post-stroke, GAP43 expression appeared to be exclusively co-localized with the neuronal 

marker NeuN (399). It is possible that the elevated GAP43 expression observed in core striatal areas in 

our study may originate from newly generated neurons as neurogenesis can occur in the experimental 

timeframe examined (11, 442, 443). GAP43 expression may therefore be attributable to processes such 

as axonogenesis and synaptogenesis that occur during the integration of newly generated neuronal 

cells (399, 441). 

Among the many supportive functions of astrocytes following stroke, glial scar formation constitutes a 

large portion of astrocyte recruitment and activation (444). Conversely, delayed inhibition of glial scar 

formation (via inhibition of astrocytic PI3K/Akt/mTOR pathways) has been shown to enhance motor 

recovery following spinal cord injury (445). It is possible that the reduced inflammation post stroke may 

facilitate functional recovery by attenuating glial scarring (446). Paradoxically, reduced glial formation 

and its associated effect on astrocytes recruitment is expected to have a negative influence on the 

expression of GAP43 post-stroke, contradicting the observations from the current study. Without 

further clarification on the expression of astrocytic markers such as GFAP, I proposed that the astrocytic 

expression of GAP43 likely played a minor or negligible role in varenicline induced changes in GAP43 

expression in the current study. 

While I propose that the beneficial effects observed in this study are mediated through activation of 7 

nAChRs and ultimately activation of the CAP, it cannot be discounted that the action of varenicline at 
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other nAChR subtypes may also contribute (447). Varenicline is a full agonist at 7 and partial agonist at 

4β2, α3β2, α6β2 nAChR receptors (424). Dopamine release via 4β2 nAChRs in the striatum may, 

therefore, conceivably contribute to improvements in motor function (423). As observed in normal 

rodents, basal locomotor activities appear to be acutely activated in normal rodents (448, 449). 

Observed improvements in spontaneous exploratory movements could therefore be partially attributed 

to activation of striatal 4β2 nAChRs (450). 

Agonists at 2 subunit containing nAChRs have also been shown to produce hypothermic effects in 

mice (451). Therapeutic hypothermia initiated in the acute phase after stroke has been shown to be 

both neuroprotective and anti-inflammatory (452). While body temperature was not measured in the 

days following drug administration, varenicline is a less potent inducer of hypothermia than other 

nicotinic agonists including epibatidine and nicotine (453). At the dosing regimen used in the current 

study, varenicline is likely to have produced minimal effects on body temperature (453). Further studies 

are required to determine whether varenicline reduces pro-inflammatory cytokine production and to 

establish the phenotype of M/M cells.  

Varenicline is also a potent agonist at 5-HT3 receptors and possesses neuroprotective and 

immunomodulatory properties (454, 455). It is possible therefore that the dual properties of partial 

efficacy at 5HT3 receptors and α7 blockade synergistically contribute to the potential 

immunomodulatory properties of varenicline (456). 

While the precise mechanisms underlying the beneficial effects in this study remain unresolved, our 

observations suggest that blockade of inflammatory responses and stimulation of cell survival signaling 

pathways may underlie the improved functional recovery in varenicline-treated animals. Additional 

studies with selective antagonists are required to confirm the observed benefits are 7 nAChR 

mediated. My current observations suggest that blockade of inflammatory responses and stimulation of 

cell survival signaling pathways underlies improved functional recovery in varenicline-treated animals. 
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3.5. Conclusion 

This study shows that delayed administration of varenicline, an established therapy for nicotine 

addiction suppressed inflammation, enhanced neurite outgrowth, and improved impaired forepaw use 

following experimental stroke. This study adds to the current literature that nicotinic agonists have 

beneficial effects in experimental model of focal ischemia and demonstrates that an extended time-

window exists in which inflammation can be modulated pharmacologically. Further studies are 

warranted to determine whether these beneficial effects are sustained beyond the drug administration 

period, and whether varenicline can confer longer-term improvements in function in the weeks 

following stroke. Thus this drug may provide benefits for stroke for stroke patients who arrive late to 

hospital and are not suitable for thrombolytic therapy. 



Chapter 4 

127 

Chapter 4. Delayed Administration of Citalopram is Associated with 

Long-Lasting Improvements in Skilled Motor Function after Stroke 

4.1. Introduction 

4.1.1 Chapter synopsis 

Chapter 3 demonstrated the effectiveness of varenicline in improving performance in a simple motor 

task and established that an extended time window exists in which to pharmacologically enhance short-

term recovery of function following experimental stroke. Varenicline treatment was associated with 

decreased brain inflammation, however the precise mechanisms of action and whether varenicline can 

produce long-term recovery of function remains unclear. To better understand the sub-acute phase 

disease pathology and physiological mechanisms for functional recovery post stroke, the next step of 

my study aimed to establish and validate clinically relevant endpoints using a pharmacological agent 

that has been previously suggested to be beneficial for post stroke recovery.  

The majority of my previous work has focused on assessing grey matter damage. More recently, the 

degree of WM damage has been shown to better correlate with long term recovery of function in 

patients (257, 391). Investigation of WM integrity may therefore provide more useful information on 

how pharmacological interventions influence recovery post stroke. The current study investigates the 

efficacy of the SSRI antidepressant, citalopram, to improve long-term recovery in a skilled motor task 1, 

2, 4, 6, and 8 weeks after stroke. Further, the effect of citalopram on WM structure integrity, 

inflammation, and neurite outgrowth in mice subjected to MCAo is also investigated.  

4.1.2 Scientific background 

There is growing clinical and preclinical evidence that functional recovery after stroke may be 

modulated by concomitant administration of other centrally acting medications (139). Modulation of 

monoamine neurotransmission, via amphetamine administration, improves performance in forelimb 

reaching and ladder rung walking tests in a rat model of MCA occlusion (137). Clinical application of 
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amphetamine, however, is limited due to potential side effects including addiction, loss of appetite, 

insomnia, and anxiety (137, 139, 457).  

The therapeutic potential of SSRI in both clinical and pre-clinical studies has been extensively 

investigated (61, 63, 458). Randomized controlled trials have been conducted to investigate the ability 

of fluoxetine (60, 62, 382, 459) and citalopram (460, 461) to improve upper limb recovery of function 

post stroke. The TALOS trial demonstrated an overall beneficial effect of citalopram on functional 

performance and possible neuroprotective effects when administered within 7 days post stroke (462). 

The FLAME trial (382) and other double blind randomized control trials (60, 62, 459) for fluoxetine 

administered within 7 days post stroke have repeatedly demonstrated beneficial effects on functional 

performance in stroke patients up to 6 months after the injury. 

SSRI antidepressants modulate serotonin neurotransmission via inhibition of reuptake thereby 

increasing the synaptic concentration of serotonin (60). Increased cortical excitability (281, 426, 461, 

463) is associated with an increased incidence of Hebbian plasticity in the post stroke brain, thereby 

directly contributing to increased neuron survival (270), synaptogenesis (272, 464), and neurite 

outgrowth (464) following stroke. Additionally, SSRIs are known to increase neurogenesis (167, 270, 

465) and are proposed to be neuroprotective following stroke (462). 

Inflammation is hypothesized to be one of the critical pathophysiological mechanisms underlying 

depression (59) and SSRIs possess anti-inflammatory effect (63, 280, 281, 283). One of the direct 

consequences of excessive inflammation is secondary damage to WM tracts (172, 173, 262, 364, 466). 

The ongoing degeneration of WM structures (193) coincides with the temporal activation of leukocyte 

recruitment and activation (148, 169, 194, 467). Leukocytes have been shown to be directly involved in 

oligodendrocytes apoptosis (134), break-down of myelinated structures and release of MBP (260, 263) 

in addition to injuries in remote regions of the brain following ischemia (466). 

The anti-inflammatory effects of SSRIs have been proposed to contribute to both the observed 

neuroprotection in experimental stroke models and the improvements in functional performance in 

patients (60, 63, 283, 348). This neuroprotective effect on WM was proposed to function via reduced 
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expression of MMP2 (398) and other inflammatory markers involved in the degradation of WM tracts 

(173, 468). Fluoxetine and citalopram increase the proportion of M/M displaying an M2 phenotype (273) 

and decrease the production of pro-inflammatory cytokines in animal models of depression (280). As 

discussed previously, reduction of inflammatory responses post stroke is associated with improved 

functional performances (159, 469). Other mechanisms include increased neurotrophic factor release 

(271), increased synaptogenesis (272), increased GAP43 expression and neurite outgrowth (270, 470), 

and increased expression of BDNF (266, 270) leading to increased neurogenesis and axon density 

following stroke (471). 

As discussed in Chapter 3, the timing of pharmacological interventions for stroke is vital to improved 

patient access. Previous studies have demonstrated that delivery of fluoxetine and citalopram starting 

at 24 hours post stroke effectively improved functional outcome in stroke patients under clinical 

settings (348, 382, 462). In contrast, delayed administration of fluoxetine at 7 days post-stroke failed to 

yield significant improvements in NIHSS and BI scores out to 180 days post stroke (137, 348). Few 

studies have investigated delayed administration in experimental studies, however, Espinera et al 

showed improved performance in forelimb adhesive removal test at 2 weeks when administered 24 

hours following experimental stroke. Functional improvements were associated with increased 

neurogenesis and angiogenesis (270). Here I hypothesis that a delayed administration of the SSRI 

citalopram would enhance skilled motor function in mice subjected moderate ischemic injury via 

suppression of inflammation, preservation of white matter structure, and enhanced neurite outgrowth. 

4.1.3 Specific aims 

The current study investigates whether an intermediate therapeutic window between 24 hours and 7 

days of 3 days improves long-term recovery of function in our experimental stroke model. The aims of 

the current study were therefore: 

1) To investigate whether administration of citalopram starting 3 days after experimental stroke 

improved skilled motor function assessed at 6 weeks. 
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2) To investigate the effect of citalopram on WM structure integrity, inflammation, and neurite 

outgrowth in mice subjected to MCAo. 

4.2. Material and methods 

4.2.1 Experimental design considerations 

Animals were treated with daily i.p. injections of 0.9% saline (n=12) or citalopram hydrobromide at 

10mg/kg/day (n=13) at 10mg/kg/day starting from 3 days post-stroke. Fluoxetine and citalopram were 

both identified as potential candidates as SSRI in management of stroke. Citalopram is a first line 

antidepressant for elderly patients that is more selective and potent as an antidepressant (472). 

Citalopram was selected due to a safer smaller range of adverse effects compared to that of fluoxetine 

(472). 

Neurological deficits were examined on a regular basis as a measurement of general welfare of the 

animals. To minimize the effect of spontaneous recovery, functional examination of skilled motor 

function was chosen as the preferred method of functional examination as it is theoretically more 

sensitive to long term recovery following treatment. The staircase test for skilled motor function was 

used to examine a long-lasting motor deficit that may be differentiated by pharmacological therapy up 

to 63 days post stroke. Animals were required to be kept at a fasting state during training and testing of 

the staircase test. Food was provided to the animals ad libitum between 4.30 and 8.30pm daily. To 

avoid the welfare impact of diet restriction following MCAo surgery, training for staircase test was 

completed three days prior to MCAo surgery and the functional testing for skilled motor function 

resumed at 1 week after surgery. Animals were euthanized at 63 days post-stroke and tissue was 

harvested for Nissl histology (thionin), myelin histology (BlackGold II), immunofluorescence analyses for 

EGFP, MAP2, GAP43, and Cyclin D1 examination. See Figure 4-1 for a summary of experimental 

procedures. 

MacGreen mice were used in the current study, to allow visualization of post stroke inflammation 

following citalopram treatment. Experimental analysis of endogenously expressed EGFP in the 
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MacGreen brain provides a useful marker for the accumulation and recruitment of M/M and ultimately 

the general inflammatory status post stroke (190). MacGreen mice with weights between 23-28g were 

selected in the current study to account for body weight growth during three weeks of training for the 

staircase test. Historical data indicate an average growth in body weight by 1g for each animal. 

Selection criteria were therefore adjusted in compensation for the expected growth. 

Despite its short half-life (t1/2 =1.5h in mice) (473), citalopram was administered by injection in the 

current study rather than mini-osmotic pumps. Mini-osmotic pumps were not used in the current study 

as the osmotic gradient within the mini-osmotic pump shifts to absorb body fluid of the animals back 

into the mini-osmotic pump at the end of drug delivery. Additionally, extended exposure to the mini-

osmotic pump also increases the risk of leakage. Use of mini-osmotic pumps in a longitudinal study with 

a washout period would therefore require surgical removal of mini-osmotic pumps from the animals at 

the end of drug delivery. To avoid welfare impact of additional surgical preparation the use of mini-

osmotic pumps was excluded. Daily i.p. injection is one of the most commonly used methodologies for 

chronic administration of citalopram in mice (270, 474, 475). While the impact of daily injections on 

functional testing is recognised (476), the transient stress associated with this minor procedure was 

deemed to be more acceptable from a welfare perspective than the additional surgery required to 

remove spent miniosmotic pumps after 4 weeks of drug delivery. To minimize the effect of i.p. injection 

on functional performance, daily i.p. injection of citalopram and saline were performed after daily 

examination of functional performances and prior to feeding at 4.30pm. 

Animals in the current study were maintained on a restricted diet to increase the animals’ motivation to 

perform in the staircase test. The goal of diet restriction was to maintain the animals’ body weight at 

approximately 85% of normal weight during ad libitum feeding (313, 320). Diet restriction by limiting 

access of group housed animals to ad libitum feeding was preferred over food dispensing by weight to 

avoid stress due to social isolation (313, 320). 
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4.2.2 Animals 

Standard animal ethics (see section 2.2.2.1) and colony maintenance for MacGreen mice (see section 

2.2.2.3) was implemented in this Chapter. 

4.2.2.1. Housing and feeding 

All animals were housed in single sex cages. Housing Bio-bubbles were maintained at 20oC with 12 hour 

day and night cycle.  

All animals were required to be on restricted diet to promote motivation for functional tests (313). 

Food restriction was implemented to maintain 80% free feeding weight for each animal. Food 

restriction comprised food deprivation for 20 hours a day. Normal rodent chow was provided ad libitum 

between 4.30pm and 8.30pm daily. All animals were subjected to food restriction for three weeks prior 

to MCAo surgery. Animals were returned to ad libitum diet three days prior to MCAo surgery until day 6 

after surgery when diet restriction was resumed. 

4.2.2.2. Animal selection 

Male MacGreen mice, (23-28g) were assigned to experimental groups (citalopram or saline) using a 

randomization table generated by Excel. Forty-five minute MCAo was performed contralateral to the 

dominant limb of the animal. Dominance was based on performance during the final week of training 

for the staircase test (see section 4.2.7 for details). Mice showing indistinguishable performance 

between the two limbs received MCAo in the right hemisphere. 
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Figure 4-1: Schematic overview of experimental design for delayed citalopram treatment following ischemic stroke.  

 

MacGreen mice were subjected to 45 min MCAo to impair their dominant forelimb. Animals were administered daily injections of saline (n=12) or 

citalopram hydrobromide (10mg/kg/day, i.p , n=13) starting from 3 days post-stroke. Skilled motor function was assessed using the staircase test. 

Animals were killed at 63 days post-stroke and tissue was harvested for Nissl histology, myelin histology, immunofluorescence analyses for EGFP, 

MAP2, GAP43, and Cyclin D1 examination. 
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4.2.3 Cerebral ischemia 

Standard procedures were followed for the preparation of monofilaments (see section 2.2.3) and post-

operative care (see section 2.2.4.3). 

Monofilament occlusion of the MCA was performed in adult male MacGreen mice to produce 

functional impairments in the dominant limb (see section 4.2.7 for criteria). The right or left MCA was 

occluded using methodology described in the previous Chapters (see section 2.2.4). 

4.2.4 Drug administration 

Mice were randomly assigned to receive daily intra-peritoneal (i.p.) injections of citalopram HBr 

(10mg/kg/day, PharmaCo, Cat: #1427) dissolved in 0.9% saline or saline alone, starting from day 3 post-

stroke for 28 consecutive days. The dose of 10mg/kg/day was chosen with reference to previous studies 

investigating the neuroprotective and SSRI’s effect of citalopram in mouse models of ischemic stroke 

(270), seizure (474), and depression (477). 

4.2.5 Welfare monitoring 

Neurological scores and changes in body weight were assessed as part of welfare monitor throughout 

the study. Standard evaluation of neurological functions (See section 2.2.5 for protocol) and body 

weight monitoring were performed on days 0, 1, 2, 3, 4, 5, 6, 7, 14, 21, 28, 35, 42, 49, 56, and 63 post 

stroke. A Kaplan Meier curve was plotted to show survival of animals from each treatment group 

throughout the study (Figure 4-3A).  

4.2.6 Exclusion criteria 

A total of 40 animals were assigned to the current study. Animals were excluded from the study if: 1) 

Animals performance in functional test training did not approach the pre-designated level (see section 

4.2.7 for details); n=2) The animals did not survive until the end of the study; n=3) The animals received 

daily i.p. injections but did not survive until the end of the study, n=10). A total of 25 animals were 

included in the study (Saline = 12, Citalopram = 13). A total of n=10 was required for a two way ANOVA 

comparison of 2 treatment groups with statistical power of 80%. With final sample sizes exceeding that 



Chapter 4 

135 

required for statistical analyses, additional animals were included in the current study to account for 

potential losses of animals throughout the study.  

4.2.7 Staircase test 

The staircase test was used to assess skilled motor function after stroke according to a modification of 

the method previously described (Figure 4-2) (313, 320). Briefly, the animals were placed in a staircase 

apparatus consisted of an elevated central platform, with two staircases situated on both sides of the 

platform. Two food pellets (Purified Dustless Precision Pellets® for Rodent, Able Scientific, Cat#: F0071) 

were placed on each of the 8 steps of the staircase as bait. Pellets placed on the highest steps are 

easiest to retrieve, while the 8th step is the hardest to reach. To increase the incentive for food retrieval, 

ad libitum feeding was available to the animals between 4.30pm and 8.30pm throughout the training 

and testing weeks of the staircase test.  

Functional assessment of skilled motor function was performed between 10am and 4pm daily prior to 

daily i.p. injections of saline or citalopram, and feeding at 4.30pm. Each animal were habituated in the 

staircase apparatus for 5 min prior to each training and testing session. The staircase apparatus was 

cleaned with 95% ethanol between each session and animal. A total of 15 days of training was carried 

out over 3 weeks’ time. One food pellet was placed in the middle and either end of the central platform 

in the staircase apparatus to incentivize animals on entering the staircase apparatus during the first two 

days of training. Each animal received three 5 min training sessions per day for the first three days and 

two 15 min training sessions per day for the last two days in training week one. Post-stroke testing 

began on day 7 post-stroke. Animals were subjected to one 10 min trial per testing day. The second and 

third training weeks were composed of 2 X 10 min sessions in the testing apparatus. Performances 

during the final three days of training were recorded as baseline performance for each animal. A 

minimum of three pellets retrieved from each side of the staircase was required for the animals to be 

included in the current study. The side of the apparatus with the highest number of food pellets 

retrieved was designated as the dominant limb of the animal. Mice displaying equal number of food 

pellets retrieved were defined as left handed.  
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Post-stroke performance in the staircase test was blocked into testing weeks. The first two days of each 

testing week were designed as retraining/re-acclimatization sessions for the testing apparatus. Data 

collected during the retraining sessions were not analyzed in the final report. Scores in the final three 

days were averaged as a score of the testing week. Post-stroke testing of the staircase test was 

performed on weeks 1, 2, 4, 6, and 8. The total number of food pellets successfully retrieved, the depth 

of staircase reached, and the number of food pellets displaced from either sides of the staircase was 

recorded as measurement of skilled motor performance. MCAo surgeries were performed to produce 

functional deficits in the dominant limb of each animal. To account for the observed handedness in 

each animals, reporting of skilled motor function were categorised into functional performance of the 

impaired and non-impaired limbs respectively. Average performances for the final three days of training 

and testing weeks were plotted and analyzed. 
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Figure 4-2: Staircase test apparatus. 

 

Animals were placed in the apparatus for 5 mins prior to training sessions for habituation. Two 

20g Dustless Precision Pellets were placed on each step of the staircase. Animals were trained to 

climb onto the platform in the staircase apparatus and reach down either sides of the staircase to 

retrieve food pellets from the apparatus. 
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4.2.8 Tissue collection and preparation 

All animals were euthanized for tissue collection at 63 days post-surgery. Standard methodology was 

implemented for tissue collection and preparation (see section 2.2.6).  

4.2.9 Histological analyses 

4.2.9.1. Thionin staining protocols 

Standard protocols were implemented for thionin staining (see section 2.2.7.1) 

4.2.9.2. Black Gold II 

Standard protocols were implemented for BlackGold II staining (see section 2.2.7.4).  

4.2.9.3. Volumetric analyses 

Standard protocols were followed for volumetric analyses and generation of incidence maps in thionin 

stained sections (see section 3.2.8.2). 

4.2.9.4. Light microscopy & tile scan imaging 

Low (4x and 10x objective) and high (20x objective) magnification images of the striatum and cortex 

were taken for qualitative examination of thionin and BlackGold II staining. Standard microscopy 

settings were implemented for image acquisition of thionin histology (see section 3.2.8.3)  

Quantitative analysis of BlackGold II staining was performed on brain sections at Bregma +0.74mm and 

Bregma -0.1mm. Tile scan images of both sections were acquired using a Nikon TE2000 inverted 

microscope equipped with a Nikon Digital Sight DS-Ri2 CMOS sensor color camera. A thresholding 

function was applied to the tile scan images, of which the % area of signal, area, and integrated signal 

density were measured. The acquired integrated density of each scan were adjusted and standardized 

into mm2 and compared with reference to the lesion area highlighted by thionin staining. 
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4.2.10 Immunofluorescence Labelling 

4.2.10.1. Free floating immunohistochemistry procedure 

Immunofluorescence labelling was utilized to visually examine the expression of cells and structures 

expressing GFP, GAP43, MAP2, and Cyclin D1 in the citalopram and saline treated animals, see table 

Table 4- for summary. Standard protocol for triple immunofluorescence labelling was implemented (see 

section 2.2.8.1). 

4.2.10.2. EGFP 

A second series of free floating sections were incubated with an antibody to GFP to amplify GFP signals. 

Standard protocol for EGFP signal enhancement was implemented (see section 3.2.9.2). 

4.2.10.3. Volumetric analyses 

Volumetric analyses were performed to examine the total volume of tissue with increased EGFP 

expression. Incidence maps for EGFP expression at Bregma +0.98mm were generated. Standard 

protocols were followed for volumetric analyses and incidence map generation (see section 3.2.8.2).  

4.2.10.4. Cell count and signal intensity 

The number of EGFP positive cells within core and peri-infarct regions of the striatum and cortex was 

assessed semi-quantitatively. Two sections from each animal at Bregma -0.1mm and Bregma +0.74mm 

were analyzed. Standard protocols were implemented for quantification of EGFP cell count and signal 

intensity (see section 3.2.9.5). 

4.2.10.5. Confocal microscopy 

Confocal microscopy was utilized to examine expression patterns of GAP43, cyclin D1, MAP2, and GFP 

expression in all animals. Standard microscope setting were implemented for confocal microscopy (see 

section 2.2.8.7). 
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Table 4-1: Summary of primary and secondary antibodies used in immunofluorescence 

labelling. 

 

Markers 
Primary Antibody Secondary Antibody 

Description Concentration Description Concentration 

EGFP Rabbit anti-GFP 

AbCam®, U.K. 

Cat#: ab290 

1:5000 donkey anti-rabbit 488 

Invitrogen® 

A-21206 

1:500 

MAP2 Chicken anti-MAP2 

AbCam®, U.K. 

Cat#: ab92434 

1:1000 Donkey anti-Chicken 594 

Jackson Immuno-research 

Cat#: JI703585155;  

1:500 

GAP43 Goat anti-GAP43 

Santa Cruz, U.S.A. 

Cat#: sc7457 

1:100 Donkey anti-Goat 647 

AbCam®, U.K. 

Cat#: ab150131;  

1:500 

Cyclin D1 rabbit anti-cyclin D1 

AbCam®, U.K. 

Cat#: ab16663 

1:100 Donkey anti-Rabbit 405, 

 AbCam®, U.K. 

Cat#: ab175649 

1:200 
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4.2.11 Statistical analyses 

Values presented in this study are mean ±S.E.M. The randomization code was broken after all data was 

acquired to allow allocation to experimental groups. All data collected were processed using Excel. All 

statistical analyses were conducted using SPSS (PASW Statistics 18, 2009) and SigmaPlot (version 12.0, 

Systat Software, Inc.). Two-way repeated measures ANOVA with post-hoc analyses were performed to 

assess differences in weight, and skilled motor function between saline and citalopram treated animals. 

Experimental data for histological and immunohistological analyses were analyzed using Two way 

ANOVA with Bonferonni test for pairwise comparisons. One way repeated measures ANOVA was 

performed to examine changes in neurological scores in citalopram and saline treated animals. Mann-

Whitney ranked test was used to compare neurological scores between citalopram and saline treated 

animals at each time point investigated. A log-rank test was performed for the Kaplan-Meier survival of 

both treatment groups. The statistical level of significance was accepted at p<0.05.  
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4.3. Results 

4.3.1 Improved weight recovery and comparable neurological deficits in citalopram treated 

animals 

A total of 40 animals were assigned to the current study and 15 animals failed to survive to the end of 

the study, two mice were removed prior to MCAo due to failure to reach satisfactory baseline 

performance in the staircase test. Three mice died following MCAo, and prior to drug administration at 

day 3 post stroke. A total of 10 mice assigned to experimental groups failed to survive until the end of 

the study (Figure 4-3A). Similar rates of survival was found in both treatment groups (p=0.951, 

t=0.00375) A total of 25 animals (Saline = 12, Citalopram = 13) were included in the study with an 

exclusion rate of 37.5%. 

Comparable changes in body weight were observed in both treatment groups. Significant weight loss 

was observed over the first 3 days of stroke (p<0.01, t=13.021) and partial recovery at day 6 (p<0.01, 

t=7.080) in citalopram and saline treated animals. A second decrease in body weight was observed 

when food restriction was initiated at day 7 post stroke (p<0.05, t=3.527). Citalopram treated animals 

had significantly higher body weight on day 35 (p<0.05, t=2.32) and day 42 (p<0.05, t=1.985) post stroke.  

Neurological deficit was assessed daily in the first week after stroke, then weekly on day 14, 21, 28, 35, 

42, 49, 56, and 63 post stroke, (Figure 4-3C). Comparable changes in neurological scores were observed 

between both treatment groups (p=0.726). MCAo surgery was associated with neurological deficits in 

all animals immediately after stroke (p<0.05, t=5.263). Recovery of neurological function was observed 

over the first three days post-stroke (p<0.05, t=5.033). Further improvements were not observed for 

the rest of the week. Gradual improvements in neurological scores were observed during the second 

week. No significant changes in neurological score were observed from week 2 until the end of the 

study.  
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Figure 4-3: Welfare monitoring of citalopram and saline treated animals during the study.  

 

A) Kaplan-Meier plot showing survival of saline and citalopram treated animals was comparable over time (p=0.951, t=0.00375). B) Stroke surgery 

significantly reduced body weight over the first three days post-stroke (p<0.01, t=13.021). A gradual recovery of body weight was observed throughout 

the first week (p<0.01, t=5.139) until the commencement of restricted feeding for functional testing. Citalopram treated animals had significantly 

higher body weight at weeks 5 (p<0.05, t=2.32), and 6 (p<0.05, t=1.985) post-stroke. C) Ischemic injury resulted in immediate impairments in 

neurological score in all animals change graph axis label to neurological score from SHIRPA (p<0.05, t=5.263). Saline and citalopram treated animals 

had comparable patterns of recovery in neurological scores throughout the study (p=0.726, t=0.354). 
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4.3.2 Long-lasting improvements in skilled motor function in citalopram treated animals 

The staircase test was used to examine skilled motor function in all animals at 1, 2, 4, 6, and 8 weeks 

post stroke. The average number of pellets consumed (p=0.549, F1,149=0.37), displaced (p=0.823, 

F1,149=0.0513) and the maximum depth of step reached (p=0.717, F1,149=0.135) by unimpaired limbs 

were not different between treatment groups (Figure 4-4). 

Forty-five mins of MCAo resulted in a significant reduction in the average number of food pellets 

retrieved by all animals (p<0.01, t=4.47, Figure 4-5A). However, citalopram treated animals retrieved 

significantly more pellets than saline treated animals at week 1 (p<0.05, T=1177) and week 2 (p<0.05, 

T=1131.5). While the number of food pellets retrieved was not different between the two treatment 

groups at 4 weeks after stroke (p=0.293, T=1270), statistical significance was again observed two weeks 

after citalopram treated stopped (week 6 post stroke; p<0.05, T=1156). Differences in successful 

retrieval of food pellets between the 2 groups diminished following 4 weeks of washout (week 8 post 

stroke; p=0.905, T=1356.5).  

MCAo significantly reduced the depth of step reached by saline treated animals (p<0.05, t=3.302, Figure 

4-5B). Citalopram treated animals were able to reach significantly further on week 6 (p<0.05, t=2.192) 

and 8 (p<0.05, t=2.338) after stroke compared to saline treated animals. 

A comparable number of pellets were displaced between the two treatment groups for the first 6 

weeks after stroke (Training, p=0.828, t=0.218; Week 1, p=0.730, t=0.346; Week 2, p=0.768, t=0.296; 

Week 4, p=0.432, t=0.432; Week 6, p=0.26, t=1.136). In contrast, citalopram treated animals displaced 

more food pellets than saline treated animals 8 weeks after stroke (p<0.05, t=2.044; Figure 4-5C). 
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Figure 4-4: Skilled motor function of the unimpaired forelimb. 

 

Comparable performance in number of pellets consumed (A; p=0.549, F1, 149=0.37), depth of stair reached (B; p=0.717, F1, 149=0.135), and number of 

pellets displaced (C; p=0.823, F1, 149=0.0513) by the unimpaired limb was observed between citalopram and saline treated animals.  
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Figure 4-5: Skilled motor function of the impaired forelimb. 

 

A) Citalopram significantly increased the number of food pellets retrieved by the impaired limbs at 1 (p<0.05, T=1177), 2 (p<0.05, T=1131.5), and 6 

(p<0.05, T=1156) weeks after stroke. B) Citalopram treated animals were able to reach further on week 6 (p<0.05, t=2.192) and 8 (p<0.05, t=2.338) 

after stroke compared to saline treated animals. C) Citalopram treated animals displaced a significantly higher number of food pellets 8 weeks after 

stroke compared to those by saline treated animals (p<0.05, T=83.5). 
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4.3.3 Comparable lesion volumes between saline and citalopram treated animals 

Examination of histological damage was performed using thionin histological staining. Qualitative 

examination showed MCAo induced damage in the striatum and cortex of animals of both treatment 

groups (Figure 4-6 A & B). Incidence maps showed more cortical damage in saline treated animals 

compared to citalopram treated animals. All of saline treated animals had lesion in the cortex (Figure 

4-6A) while 50% of citalopram treated animals had cortical lesions (Figure 4-6B). Quantitative analyses 

of thionin histology showed no statistical differences in lesion volume or lesion distribution between 

the treatment groups at 63 days post-stroke (p=0.245, t=0.744, Figure 4-6C). Difference in tissue 

atrophy (% tissue loss) in the ipsilateral hemisphere striatum between treatment groups was not 

statistically significant (p=0.073, t=1.529, Figure 4-6D).  

4.3.4 Reduced EGFP expression in citalopram treated animals 

The general inflammatory status of MacGreen mice was evaluated via the expression of EGFP in the 

ipsilateral and contralateral hemispheres (Figure 4-7). Qualitative analyses of EGFP expression showed 

enlarged cell bodies and retracted processes for EGFP+ cells of the ipsilateral hemisphere compared to 

a more ramified morphology in the contralateral hemisphere. Increased EGFP expression was observed 

in the cortex and striatum of all saline treated animals (Figure 4-7A). On the other hand, only 50% of all 

citalopram treated animals had increased EGFP expression in the cortex (Figure 4-7B). Upregulation of 

EGFP expression was observed in the striatum of all citalopram treated animals. Quantitative analyses 

demonstrated that the volume of ipsilateral hemisphere tissue with increased EGFP expression was not 

different between the saline and citalopram treated animals (p=0.486, t=0.0364, Figure 4-7). Further 

analyses showed a reduced density of EGFP positive cells (p<0.05, t=3.934, Figure 4-7C) and reduced 

signal intensity of EGFP expression (p<0.05, t=1.797, Figure 4-7D) in the cortex of citalopram treated 

animals compared to saline treated animals.  
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Figure 4-6: Lesion distribution and volumes in saline and citalopram treated animas at 63 

days. 

 

Incidence maps showing patterns of ischemic damage in saline (A) and citalopram (B) treated 

animals. Regions with histological damage in 25-49% of the animals were colored light grey; 50-

74% of animals, dark grey; 75-100% of animals, black.  

All saline treated animals had lesions in the cortex (A) while exact percentage of citalopram 

treated animals had cortical lesions. Quantitative analyses showed comparable lesion volumes 

(C; p=0.245, t=0.744) and volumes of tissue loss (D; p=0.073, t=1.529) in saline and citalopram 

treated animals. 
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Figure 4-7: Distribution of increased EGFP expression in saline and citalopram treated 

animals at 63 days post stroke. 

 

Incidence maps showing patterns of EGFP expression in saline (A) and citalopram (B) treated 

animals. Regions with histological damage in 25-49% of the animals were colored light grey; 50-

74% of animals, dark grey; 75-100% of animals, black. All of saline treated animals had lesion 

in cortex (A) while exact percentage of citalopram treated animals had cortical lesions. A 

significant reduction in the number of EGFP positive cells (C; p<0.01, t=3.934) and signal 

intensity of EGFP expression (D; p<0.05, t=1.797) was found in the cortex of citalopram treated 

animals. 
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4.3.5 Enhanced expression of GAP43, MAP2, Cyclin D1 immunofluorescence marker was 

observed in regions with reduced EGFP expression 

I performed triple label immunofluorescence using MAP2, GAP43, and CyclinD1 to visualize molecular 

markers of neurite outgrowth (Figure 4-8). MAP2 had a high level of baseline expression in the 

contralateral hemisphere of all animals (Figure 4-8B). In contrast, Cyclin D1 (Figure 4-8C) and GAP43 

(Figure 4-8D) was expressed at low levels in the contralateral hemisphere of all animals.  

Qualitatively, MAP2 staining appeared reduced in the in the ipsilateral striatum of saline treated 

animals (Figure 4-8G) compared to citalopram treated animals (Figure 4-8L). In contrast, Cyclin D1 

(Figure 4-8H) and GAP43 (Figure 4-8I) staining appeared to be increased within peri-infarct. Qualitative 

analyses showed increased number of MAP2 (Figure 4-8L), Cyclin D1 (Figure 4-8M), and GAP43 (Figure 

4-8N) expressing cells in the infarct area and peri-infarct in citalopram treated animals compared to 

that of saline. Overlay of MAP2, Cyclin D1, and GAP43 showed low levels of MAP2 and Cyclin D1 co-

expression in the contralateral hemisphere (Figure 4-8E) and in citalopram treated animals (Figure 

4-8O). 

Quantification of GAP43, MAP2, Cyclin D1 cell numbers and signal intensity was not perfumed due to 

the high levels of auto-fluorescence observed within the ipsilateral hemisphere.  
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Figure 4-8: Triple immunofluorescence labelling of MAP2, GAP43, and Cyclin D1 with endogenously expression EGFP. 

 

Contralateral expression of GFP, MAP2, Cyclin D1, and GAP43 in citalopram treated animals (A-E). Fluorescent images of MAP2 (G & L), GAP43 (I 

& N), and Cyclin D1 (H & M) expression in the ipsilateral striatum of saline and citalopram treated animals at 63 days post stroke. Qualitative analyses 

suggests that the expression of MAP2, GAP43, and cyclin D1 was increased in citalopram treated animals (O) compared to saline treated animals (J). 

Enhanced MAP2, GAP43, and Cyclin D1 expression appeared to be most prominent in areas with reduced EGFP expression (F, K). Arrows indicate 

positively labelled cells.



Chapter 4 

152 

4.3.6 White matter preservation in citalopram treated animals 

To investigate the structural changes responsible for the observed differences in functional 

performance, WM structural integrity was investigated using BlackGold II histology stains (Figure 4-9). 

Qualitative examination of BlackGold II staining showed large areas of myelinated fibers in the 

contralateral striatum of saline (Figure 4-9A) and citalopram (Figure 4-9C) treated animals. Myelinated 

striatal tissue in saline treated animals displayed severe demyelination and axon swelling in the 

ipsilateral striatum (Figure 4-9B). Furthermore, swollen axons in the ipsilateral hemisphere appeared to 

occupy a larger proportion of the striatum. Axon swelling and demyelination in the striatum was less 

severe in citalopram treated animals compared to that of the saline treated animals (Figure 4-9D). 

Myelin fibers retained an organized appearance as compact bundles throughout the ipsilateral striatum. 

These observations were further confirmed with quantitative analyses, which showed significantly 

larger portion of striatum showing positive BlackGold II staining in saline treated animals (57.79±5.63%) 

compared to that of citalopram treated animals (42.75±4.34%; p<0.05, t=2.052; Figure 4-9E). 

Demyelination of striatal tissue was analyzed by comparing intact striatum tissue in citalopram and 

saline treated animals (Figure 4-9F). Citalopram treated animals appeared to have larger areas of intact 

striatal tissue (2.29±0.33mm2) compared to saline treated animals (1.48±0.08mm2), however the 

difference just failed to reach statistical significance (p=0.056, t=1.685, Figure 4-9 D).  
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Figure 4-9: White matter damage in the striatum of saline and citalopram treated animals. 

 

Brains sections taken from Bregma +0.9mm were stained with BlackGold II staining for 

examination of myelin histology. Significant demyelination and axonal swelling was observed in 

saline treated animals (A) compared to citalopram treated animals. The proportion of striatal 

tissue displaying positive BlackGold II staining was significantly reduced in citalopram treated 

animals compared to that of saline (B; t=2.052, p<0.05). Citalopram treated animals appeared to 

have a larger area of healthy striatal tissue compared to that of saline, although statistical 

significance was not reached (C; t=1.685, p=0.056). 
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4.4. Discussion 

The FLAME trial investigating the use of fluoxetine in ischemic stroke highlighted the exciting possibility 

that SSRIs can enhance motor recovery (382). Since its publication, more than 50 clinical and preclinical 

studies have been carried out to further examine the beneficial effects of SSRI treatment following 

stroke (60, 61, 63). SSRIs improved performance in a variety of functional endpoints including the NIHSS 

and Barthel index (BI) rating scales in human patients (137, 348), and sensorimotor function, skilled 

motor function, and forelimb asymmetry in rodent studies (270, 426, 478). Together, evidence suggests 

that early administration of SSRI at 24 hours post stroke was beneficial for post stroke recovery (137, 

270, 348, 382, 462) while delayed administration at 7 days post stroke had no effect (137, 348).  

The current study examined the effect of citalopram, administered by daily i.p. injection at 

10mg/kg/day starting from 3 days post-stroke for 28 days. Citalopram treatment was associated with 

significant increases in body weight and improved performance in a skilled motor function task post-

stroke. Skilled motor function was significantly improved one week after drug administration 

commenced, as shown by the increased number of successfully retrieved food pellets in citalopram 

treated animals. This citalopram-associated improvement in skilled motor function was also long lasting 

and persisted until 2 weeks after drug administration had stopped. Citalopram associated 

improvements in pellet consumption or successful pellet retrieval resolved at 4 weeks post washout. 

Concurrently, citalopram treated animals also consistently reached deeper stairs than the saline group 

2 and 4 weeks after drug wash out. This long lasting effect of citalopram was also associated with an 

increased number of failed attempts of food pellet retrieval at 8 weeks post stroke. Together, the 

results of the current study confirm that an intermediate dosing time frame of 3 days can promote a 

sustained improvement in motor function. While cognitive testing was not assessed in the current study, 

increased frequency of unsuccessful retrieval in citalopram treated animals also indicates signs of 

enhanced motivation on performance during a skilled task. As motor improvements diminished in the 

washout period, animals appeared to have partially retained citalopram associated improvements, 

which may be attributed to increased motivation or improved neuro-connectivity. 
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Loss of animals following MCAo surgery has been previously documented to occur predominantly 

within 7 days following stroke (11, 288). In agreement with this, the loss of animals in citalopram 

treated animals was observed to have occurred within 7 days following stroke or 4 days following drug 

administration. Loss of saline treated animals, however, mostly occurred after 1 week post stroke. 

Citalopram has been previously shown to be highly tolerable in both human patients and experimental 

animals. This would therefore explain the comparable overall rate of mortality in citalopram and saline 

treated animals. The apparent difference on the timing of mortality between the two treatment groups 

may be explained by two possibilities. Firstly, MCAo surgery involves surgical incision on the neck of the 

animals, which impedes the animals’ ability for fluid intake following surgery. Increasing fluid intake via 

subcutaneous injections has also been shown to decrease mortality in longitudinal studies. 

Subcutaneous injections of saline starting at 3 days post stroke would therefore have a beneficial effect 

in the early days after stroke. Profile of adverse events for citalopram in mice and human include: 

anxiety, constipation, diarrhoea, dry mouth, hypotension, insomnia, nausea/vomiting, 

sedation/drowsiness, and urination problems (472). Another possible explanation for an apparent 

acceleration of mortality in our mice following stroke included the welfare complications of 

hypotension following stroke, thereby limiting rapid recovery from the pre-existing ischemic injury. This 

effect likely to have only affected mice that were severely injured following MCAo surgery, that was 

also destined to be lost at a later time point as observed in the saline treated animals. In agreement 

with previous experimental and clinical studies on the use of citalopram following stroke (53, 270), the 

current study did not show signs of increased mortality following stroke. The apparent differences on 

the timing of mortality, however, warrants a need for further investigation. 

Neuroplasticity (465, 479, 480) and chronic inflammation (481, 482) post-stroke are two of the major 

underlying pathophysiological mechanisms that determines the recovery potential in experimental 

animals and stroke patients. Acute inflammatory responses are proposed to be set the scene for 

neuroplastic and neurorestorative changes post stroke, while uncontrolled chronic inflammation post-

stroke is considered detrimental (483). SSRI has been proposed to have an anti-inflammatory effect via 

direct activation of lymphocytes, which had been found to express serotonin transporters (59, 280, 282). 
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Increased extracellular level of serotonin was previously shown to decrease lymphocyte proliferation 

(484) and T-cell activation (485). SSRI induced changes in the cAMP dependent protein kinase pathway 

has also been proposed to be involved in the regulation of apoptosis (486), and production and 

secretion of inflammatory cytokines (487). To investigate the effect of citalopram treatment on post 

stroke inflammation, the recruitment and accumulation of M/M in the ipsilateral hemisphere of 

citalopram and saline treated animals was investigated. Significant reduction in the number of M/M 

and a reduction in EGFP intensity in the ipsilateral cortex of citalopram treated animals were observed 

suggesting reduced recruitment and accumulation of M/M and suppressed activation respectively. 

While the morphology of EGFP+ cells was not directly assessed in the current study, the reduced signal 

intensity of EGFP was previously proposed to be a surrogate measure of morphology following stroke 

(190). The reduced signal intensity and cell density of EGFP+ cells in the current study therefore suggest 

suppressed recruitment and activation of M/M to the ipsilateral hemisphere of citalopram treated 

animals compared that of saline. 

The majority of M/M recruited to the ipsilateral hemisphere display a phagocytic phenotype following 

stroke (175, 262). Activated M/M are in turn found to be co-localized with fragments of myelinated 

fiber markers such as myelin basic protein, suggesting an active involvement of in the demyelination 

and structural remodeling of myelinated fibers following stroke (173). Indeed, myelinated fiber tracts in 

the striatum of saline treated animals appeared to be enlarged with a diffuse outline indicating on-

going demyelination and axon swelling. Comparatively, axon swelling observed in citalopram treated 

animals was less severe. In agreement with this, areas of increased EGFP expression broadly 

corresponded to areas of myelin damage highlighted by BlackGold II staining. It was therefore proposed 

that the reduced recruitment and activation of M/M had a preservative effect on the integrity of WM 

tracts in the striatum of citalopram treated animals.  

The current study demonstrated that administration of citalopram starting at 3 days post stroke 

produced long-lasting benefits in the skilled motor function of mice subjected to stroke. In combination 

with the previous study published by our group (488), I confirm that pharmacological enhancement of 
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functional recovery post-stroke may be effective up to three day after stroke.  Timing of intervention in 

this study was designed to avoid the acute phase pathophysiological mechanisms in the acute phase of 

stroke. In consideration with the diminishing therapeutic efficacy of pharmacological intervention 

overtime (137, 267) it is expected that earlier administration of citalopram would be associated with 

greater improvements in functional performances, tissue preservation, and suppression of 

inflammation in the infarct core. 

SSRIs are used as first line therapy to manage depression in stroke patients (56). However, fluoxetine 

has been shown to enhance functional performance in patients with no clinical symptoms of post-

stroke depression (461). These results suggest that enhanced functional performance does not solely 

occur due to increased mood and/or motivation. Our findings show that citalopram treated animals had 

more failed attempts during food retrieval at 4 weeks after washout. This implies citalopram associated 

improvements lasted longer than the observed functional improvements. Indeed, the mood enhancing 

effect of citalopram was reported to be long lasting in both patients and experimental models of 

depression (472). Future experimental studies should therefore take into consideration the 

neuropsychological and neuropsychiatric consequences of cerebral ischemia (472, 489). 

One of the major limitations of the current study is the use of a single temporal endpoint during the 

longitudinal study. As observed in our staircase test results, citalopram associated motor improvements 

dissipated approximately 2 weeks prior to the end of the study. Histological and immunofluorescence 

examination of grey and WM injury at the end of the study may therefore have underestimated the 

structural changes responsible for enhanced performance in citalopram treated animals. The ideal 

experimental design would include non-invasive in vivo imaging of grey and WM injury over time to 

provide structural correlation for any observed changes in functional and behavioral performance post 

stroke. 

Additionally, analysis of EGFP expression in the current study broadly examine the recruitment and 

activation of M/M throughout the brain (190). Investigation of inflammation in the current study 

therefore highlights inflammatory responses in both grey and WM following stroke. To provide a 
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comprehensive evaluation on the effect of inflammation on WM injury, future studies should consider 

the use of immunofluorescence co-labelling of markers for inflammation, e.g. Iba1 and CD11b, and WM 

markers, e.g. myelin basic protein (260, 261, 468). 

4.5. Conclusion: 

In summary, citalopram was associated with long-lasting improvements in skilled motor function. 

Consistent with these beneficial effects, citalopram suppressed chronic inflammation post stroke and 

preserved the structural integrity of myelinated fiber tracts within the striatum. Collectively our results 

provide evidence that citalopram has extended therapeutic window and multi-target directed effects 

that may be of benefit in stroke patients. 

To account for some of the limitations in the current study, I then implemented advanced neuro-

imaging in our mouse model of stroke. In vivo DTI analysis allows longitudinal monitoring of grey and 

WM changes following experimental stroke. I first establish the experimental protocol of ex vivo DTI in 

our mouse model of stroke. The next chapter outlines the use of ex vivo DTI to examine the effect of 

delayed varenicline administration on grey and WM injury, inflammation, and functional performances 

post stroke.  
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Chapter 5. Delayed Administration of Varenicline Impaired 

Sensorimotor Function, Increased Inflammatory Cytokine 

Expression, and Disrupted Myelinated Fiber Tracts in the 

Ipsilateral Hemisphere 

5.1. Introduction 

5.1.1 Chapter synopsis 

The previous chapter showed that delayed administration of citalopram produces long term 

improvements in skilled motor function post stroke. Functional changes were accompanied by 

neuropathological changes including modulation of inflammation and preservation of WM. Collectively 

our results provide evidence that citalopram has multi-target directed effects that may be of benefit in 

enhancing post stroke recovery. 

Preliminary studies on the potential of varenicline to promote recovery of function (Chapter 3) were 

limited to investigating effects on spontaneous exploratory movement and plasticity assessed by GAP43 

at 10 days following stroke. The current chapter extends these observations and examines the effect of 

delayed varenicline administration on sensorimotor and skilled motor deficits, WM structure integrity, 

and inflammatory cytokine expression profile up to 45 days following stroke. 

Our previous experimental studies relied upon histological staining of myelinated structure and 

immunofluorescence labelling examination of biomarkers to examine neuroplasticity and structural 

recovery of WM following stroke. While both techniques provide insight on the pathophysiological 

changes post stroke, the wider application of the results to human stroke studies is limited. Standard 

analytical methodologies in clinical situations utilize non-invasive imaging modalities including CT and 

MRI. This chapter describes the use of ex vivo diffusion tensor imaging in a pre-clinical investigation of 

therapeutic efficacy of a novel pharmacological intervention. 
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5.1.2 Scientific background 

Stroke patients and experimental animals experience a limited degree of spontaneous recovery in the 

weeks and months following stroke (138). This limited spontaneous recovery results from 

neuroplasticity changes where modulation of neural networks and structural alterations occur in 

healthy areas of the brain to compensate for tissue loss in the lesion (347). Current rehabilitative 

therapies aim to utilize this spontaneous recovery via intensive and repetitive training regimes (140, 

480, 490, 491).  

How much lost function a patient could theoretically recover was found to be dependent on stroke 

severity and more importantly, the integrity of WM tracts within the damaged hemisphere (336). 

Patients with more WM damage have a narrower margin of recovery compared to those with more 

intact WM tracts (338). Factors including chronic post-stroke inflammation (492) and post-stroke 

depression (56) are known to be detrimental to this repair process and provide potential targets for 

interventions. The structural reorganization associated with the functional recovery reportedly takes 

months and years to occur, offering a wide window for therapeutic intervention that is potentially 

available to all surviving stroke patients within a clinical setting (139).  

Analytical examination of structural deficits following stroke is one of the most important diagnostic 

tools in clinical practice (387). With the help of advanced in vivo neuroimaging techniques such as CT 

and MRI, clinicians are can obtain detailed information on the severity and location of ischemic strokes 

and determine best treatment options (265, 387, 493, 494). More recently, advanced imaging 

modalities such as DTI have been implemented to measure the integrity of WMs in stroke patients in 

order to predict the recovery potential of stroke patients months after stroke (326, 329, 336, 495).  

Though experimental protocols for ex vivo and in vivo neuro-imaging of rodent brains have been 

established, MRI and DTI evaluation is not often performed due to the cost and requirement for 

advanced data analysis (385). Experimental stroke studies typically implement histological and immuno-

histological techniques to examine the pathological consequences of ischemic injury. While post-

mortem analyses provided important insight on the underlying pathological mechanisms of stroke in 
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experimental studies, its application in clinical studies is not viable. Consequently, there is a mismatch 

in outcome measures between pre-clinical and clinical investigations. This has been proposed as one of 

the many factors contributing to the disappointing record for translation of stroke therapies in the past 

30 years (102).  

One approach to increase the ‘translatability’ of our model is to align our experimental studies with 

clinical reality and establish parallel endpoints. The development of non-invasive imaging modalities to 

detect and characterize neuroplasticity after experimental stroke is critical to the development of 

potential neurorestorative therapies and their application in the clinic.  

Volumetric measurement of lesion and anatomical structures are regularly implemented in clinical 

settings using T2 weighted imaging (387, 494). Structural analysis of WM using DTI from have previously 

established correlations between FA, mean MD, AD, and RD and changes in functional performance in 

stroke patients (338, 365, 385) and experimental animals (342, 496). Similarly, in vivo analyses on the 

integrity of neural networks on a global scale are associated with improved functional performance in 

stroke patients (339, 495, 497, 498). Connectome analyses on the structural integrity of the neural 

network in experimental animals would therefore provide additional information on the potential for 

functional recovery in experimental animals and stroke patients (499-501).  

Ischemic injury enhances expression of cytokines responsible for cell growth & differentiation, immune 

and inflammatory responses such as IL-1, IL-6, and TNF-α (152). Temporal expression of inflammatory 

cytokines has been previously summarized for patients and experimental animals, see Error! Reference 

source not found. for short summary on the potential inflammatory cytokines with altered expression 

after stroke (183). Expression of inflammatory cytokines is important for the regulation of leukocyte 

recruitment, activation, and deactivation following stroke (152). Increased expression of each single 

cytokine has been shown to be detrimental to functional outcome in experimental animals or to 

impede cellular functions in in vitro studies (155, 159). Suppression of pro-inflammatory cytokines is 

therefore expected to have a beneficial effect on functional performance following experimental stroke 

(155, 159). Chronic post-stroke inflammation occurs as a result of continuous recruitment and 
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accumulation of leukocytes to the ipsilateral hemisphere (183, 190). Associated cytokine production 

takes place within one hour post stroke (130, 154, 159). While most cytokines return to baseline levels 

within 2 weeks after stroke (152), persisting expression of cytokine has been found beyond one month 

after stroke (183).  

Analyses of inflammatory responses typically consist of evaluation of inflammatory cytokine expression 

or leukocyte recruitment following injury. Inflammatory cytokine expression can be analyzed by 

multiplex immuno-assay (100, 183, 346, 502) or ELISA (170, 503). Multiplex assay utilizes primary 

antibodies to an array of inflammatory cytokines to enable detection of multiple targets simultaneous 

(100). Addition of fluorophore bearing secondary antibodies bodies specific to each primary antibody 

allows easy detection of different levels of cytokine expression within the sample examined (100, 346). 

Recent advances in multiplex cytokine assay simplified the experimental protocol by adding magnetic 

beads to primary antibodies to allow quick and easy sample preparation (183). Multiplex cytokine assay 

is advantageous for its simplicity, accuracy, and the ability to screen multiple targets of interest 

simultaneously thereby allowing reliable cross sample comparisons. ELISA is a traditional methodology 

for analyzing cytokine level in plasma or tissue samples (346). While the basic mechanism of action for 

ELISA is the same as multiplex cytokine array, it is disadvantaged in that only one target of interest can 

be investigated in each run of the experiment. Multiplex cytokine assay is therefore the preferred 

methodology for examining the expression of large numbers of inflammatory cytokines (183). 

The parasympathetic nervous system which plays a complementary role to the sympathetic nervous 

system, and is involved in ‘rest and digest’ functions, can inhibit cytokine release and prevent tissue 

injury via an efferent neural signaling pathway termed the inflammatory reflex or CAP (202, 203). It 

remains unclear why this homeostatic mechanism fails to limit the extent of long-term brain 

inflammation that occurs post-stroke. It is possible that stroke-induced tissue damage and the resultant 

inflammation it produces are so severe that it compromises endogenous counter-inflammatory 

strategies. I proposed that parasympathetic nervous system tone is reduced following stroke and that 

this autonomic imbalance leads to suboptimal activation of the cholinergic anti-inflammatory pathway, 
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increased cytokine production and inhibition of recovery and repair processes. I hypothesize that 

restoring this autonomic imbalance, specifically by activating α7 nAChRs will reduce brain inflammation 

and ultimately promote functional recovery after stroke.  
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Table 5-1: Pro-inflammatory cytokine summary 

Cytokines Description Reference 

G-CSF Granulocyte Colony-Stimulating factor. Increased expression is associated with neuroprotection, neurogenesis, 

angiogenesis, anti-inflammation, and reduces apoptosis. 

(504) 

GM-CSF Granulocyte Macrophage colony-stimulating factor promotes macrophage survival and differentiation towards pro-

inflammatory phenotype. 

(505, 506) 

IFN-γ Interferon gamma induces production of pro-inflammatory chemokine IP-10 via activation of macrophage, 

monocyte, and microglia. 

(507) 

IL-1α Interleukin-1α is a major class of pro-inflammatory cytokine that promotes phagocytosis and necrosis in sterile 

inflammation. IL-1α expression is increased during the acute phase of stroke and associated with  

(508) 

IL-1β Interleukin-1β is the main class of IL-1 cytokine expressed within 1 hour following stroke. Has a large variety of 

actions that could inhibit, exacerbate, or induce neuronal damage and death following ischemic stroke.  

(154) 

IL-2 Interleukin-2 increases T-cell activation via up-regulation of regulatory T-cells (509) 

IL-4 Interleukin-4 enhances proliferative responses of B cells and controls Th2 cell differentiation. (510, 511) 

IL-5 Interleukin-5 controls development and release of eosinophil from the bone marrow. Enhances eosinophil adhesion 

to endothelial cells. Involved in allergy and immune responses to foreign antigen. 

(512) 
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Table 5-1: Pro-inflammatory cytokine summary continued 

IL-6 Interleukin-6 has both pro- and anti-inflammatory effects in infections and injuries. IL-6 plays an important role in 

coordinating inflammatory responses. 

(513, 514) 

IL-7 Interleukin-7 is essential for recruitment of B & T cells in lymphoid organs. Survival factor for lymphocytes. (515, 516) 

IL-9 Interleukin-9 is a T-cell growth factor that promotes T-cell proliferation and is involved in Th2 associated 

inflammatory responses. 

(517) 

IL-10 Interleukin-10 is an anti-inflammatory cytokine that inhibits Th1, Th2, and Th17 responses. Decreases IL-1, IL-6, IL-12, 

and TNF-α expression. Induces heme-oxygenase-1 release, inhibits antigen presentation by blocking MHC-II 

expression. 

(518-520) 

IL-12p40 Interleukin-12 heterodimer subunit. Necessary for immune response. Expressed in macrophages and dendritic cells. 

Chemoattractant to macrophages. 

(521, 522) 

IL-12p70 70kDa, p35+p40 heterodimer of Interleukin-12. Responsible for differentiation of CD4+ to Th1 cells. Activates natural 

killer cells. 

(521) 

IL-13 Interleukin-13 works in conjunction with IL-4. Responsible for B-cell proliferation and Th2 cell differentiation. (510) 

IL-15 Interleukin-15 modulates host defence against intracellular pathogen. Growth factor for T cells, B cells, and NK cells. (523) 
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Table 5-1: Pro-inflammatory cytokine summary continued 

IL-17 Interleukin-17 contributes to chronic inflammation. Has a key role in host defence. Synergises with TNF-α, IL-1β, IL-

22, IFN-γ, and GM-CSF to increase expression of IL-6 and IL-8. 

(524) 

IP-10 C-X-C motif ligand 10 is a key component of the amplification feedback loop of immune action in response to IFN-γ 

and TNF-α activation. IP-10 is a marker of host immune response 

(525) 

KC C-X-C motif ligand 1 is a cytokine induced neutrophil chemoattractant. (159) 

MCP-1 Monocyte Chemoattractant Protein -1 (CCL2) is expressed by most immune cells. Involved in leukocyte recruitment 

and BBB breakdown following ischemic injury. 

(526) 

MIP-1α Macrophage Inflammatory Protein -1α (CCL3) induces chemotactic mobilization of monocyte lineage cells and 

lymphocytes. CCL3 inhibits primitive progenitor cells but activate mature progenitor. 

(527) 

MIP-1β Macrophage Inflammatory Protein-1β is involved in localized inflammatory reactions after activation by other 

cytokines. MIP-1β induces stimulation of T-cells. 

(528, 529) 

MIP2 Macrophage Inflammatory Protein 2 is a neutrophil chemotactic factor. (530) 

RANTES RANTES is involved in selective migration of monocytes, CD4+ T-cells, eosinophils, basophils, CD4+/CD45RO+ memory 

T-cells, and mast cells by increasing adherence of monocytes to endothelial cells and supports. Synthesis induced by 

TNF-α and IL-1α. 

(531, 532) 
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Table 5-1: Pro-inflammatory cytokine summary continued 

TNF-α Tumour Necrosis Factor –α is a pleiotropic cytokine involved in the breakdown of the blood-brain-barrier, 

inflammation, thrombogenic, and vascular changes associated with brain injury. TNF-α is a pro-inflammatory 

cytokine with increased expression up to 1 week following stroke. 

(154) 
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5.1.3 Specific aims 

This chapter aims to extend the observations from Chapter 3 and Chapter 4 and establish neuroimaging 

as an endpoint to assess the functional consequences of targeting the CAP post stroke. Additionally, the 

current study aims to extend our findings on the anti-inflammatory effects of varenicline by 

investigating cytokine profiles post stroke. The specific aims of this study are: 

1) To investigate whether varenicline treatment would produce long term-improvements in skilled 

motor function. 

2) To investigate the effect of varenicline treatment on WM structure integrity using ex vivo diffusion 

tensor imaging. 

3) To investigate how varenicline alters cytokine expression profiles  

4) To determine whether pharmacological intervention using varenicline reduced cytokine expression 

and promotes alterations in the functional pathways associated with remodeling of the brain  

5.2. Material and methods 

5.2.1 Experimental design considerations 

Four cohorts of C57Bl/6j mice subjected to 45 min right MCAo were generated to compare the effect of 

varenicline on WM structure and cytokine expression at weeks 1 (n=10), 2 (n=10), 4 (n=10), and 6 (n=15) 

post stroke. Varenicline (2.5mg/kg/day) or placebo was administered continuously via subcutaneously 

inserted drug pellets (manufactured by Innovative Research of America, U.S.A.) from day 3 post stroke. 

Skilled motor function was assessed weekly using the staircase test on weeks 1, 2, 3, 4, and 5 post 

stroke. Sensorimotor function was assessed using the sticky label removal test daily during the first 10 

days after MCAo, and weekly on days 17, 24, 31, 38, and 45 post stroke. Animals were killed at 10 days, 

17 days, 31 days, and 45 days post-stroke and tissues were harvested for cytokine profiling and DTI 

analysis. See Figure 5-1 for a summary of experimental procedures. 
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The current study utilized drug pellets for continuous delivery of varenicline over 28 days instead of 

mini-osmotic pumps. Mini-omsotic pumps were not used in the current study for reasons previously 

discussed in Section 4.2.1. An HPLC study was previously performed in our lab to characterize the use of 

mini-osmotic pumps and drug pellets for delivery of varenicline in mice. Comparable plasma level of 

varenicline was found via both treatment methodologies. Changes in methodologies of drug delivery 

are therefore not expected to have significant impacts on the experimental design.  

The C57Bl/6j mice were used in the current study in place of the MacGreen to avoid the technical 

complications highlighted in the previous chapter (Chapter 4). Dead tissue within the infarct area had 

high levels of auto-fluorescence that contributed to all immunofluorescence labelling. I sought to 

correct for auto-fluorescence by using an empty emission wavelength, which is achievable in a triple 

immunofluorescence labelling when the 488nm wavelength occupied by EGFP is omitted. As the 

experimental design required triple immunofluorescence labelling to examine the effect varenicline on 

inflammation, neuroplasticity, and structural deficits post stroke the use of C57Bl/6j mice allowed an 

empty emission channel for background correction,.  

Cohort of animals was designed to have two weeks of drug washout after 28 days of delivery. Mini-

osmotic pumps need to be surgically removed at the end of 28 days of delivery to avoid swelling and 

extrusion of the osmotic material into the subcutaneous pocket, which is irritant. To avoid the welfare 

complications associated with an additional surgery, I chose to use a drug pellet with matrix driven 

delivery system that fully dissipates at the end of drug delivery. The dose of 2.5mg/kg/day varenicline 

utilized in the current study is the same dose used in the preliminary study (Chapter 3).  

A combination of skilled motor function and sensorimotor function deficits were used in the current 

study to comprehensively examine the motor deficits post stroke, and the effect of varenicline on these 

functions. Animals in the current study were maintained on a restricted diet to increase the animals’ 

motivation to perform in the staircase test. The goal of diet restriction was to maintain the animals’ 

body weight at approximately 85% of normal weight during ad libitum feeding (313, 320). Diet 
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restriction by limiting access of group housed animals to ad libitum feeding was preferred over food 

dispensing by weight to avoid stress due to social isolation (313, 320). 
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Figure 5-1: Summary of experimental design. 

 

C57Bl/6j mice were subjected to right MCAo and received subcutaneous implant of drug pellets containing placebo or varenicline (2.5mg/kg/day) on 

day 3 post-stroke for a total delivery up to 28 days. Animals were killed 10 (n=10), 17 (n=10), 31 (n=10), and 45 (n=15) days post-stroke for DTI and 

cytokine profiling analysis. The staircase test was used to examine the skilled motor function in all animals on weeks 1, 2, 3, 4, and 5 drug pellet 

insertion. To prepare the animals for the staircase test, all mice were subjected to restricted food access to four hours of ad libitum feeding between 

4.30pm and 8.30pm daily. To avoid welfare impact, food restriction and staircase testing were paused for 1 week during MCAo and drug pellet 

insertion surgery. The sticky label removal test was used to examine sensorimotor function following stroke. Animals received 10 consecutive days of 

training for sticky label and were tested daily for the first week after MCAo surgery, except the surgery days, and weekly thereafter. 
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5.2.2 Animals 

Standard animal ethics (see section 2.2.2.1) and colony maintenance for C57Bl/6j mice (see section 

2.2.2.2) was implemented in this Chapter. 

5.2.2.1. Housing & diet 

All animals were housed in single sex cages. Housing Bio-bubbles were maintained at 20oC with 12 hour 

day and night cycle. All animals were required to be on restricted diet to promote motivation for 

functional tests (313). Standard protocol for diet restriction was implemented (see section 4.2.2.1).  

5.2.2.2. Animal selection: 

Male C57Bl/6j mice (23-28g) were assigned to experimental groups using a randomization table 

generated by Excel. Forty-five mins occlusion of the right MCA was performed in all the animals.  

5.2.3 Cerebral ischemia 

Standard procedures were followed for the preparation of monofilaments (see section 2.2.3), 45 mins 

occlusion of the right MCA (see section 2.2.4), and post-operative care (see section 2.2.4.3). 

5.2.4 Drug administration 

Due to its short half-life in mice (1.4h) (334), varenicline was administered by a customized drug pellet 

to maintain a steady plasma concentration. The dose of varenicline used in this study was based on 

previous studies in mice (427-429). Mice were randomly assigned to receive subcutaneous insertion of 

varenicline or placebo drug pellet (manufactured by Innovative Research of America, U.S.A.) at 3 days 

post-stroke to deliver 2.5 mg/kg for 28 days.  

5.2.5 Welfare monitoring 

Neurological scores and changes in body weight were assessed as part of welfare monitor throughout 

the study. Standard evaluation of neurological functions (See section 2.2.5) and body weight monitoring 

were performed on days 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 17, 24, 31, 38, and 45 post stroke. A Kapplan-

Meier curve was plotted for the survival of animals in both treatment groups (Figure 5-3A). 



Chapter 5 

173 

5.2.6 Exclusion criteria 

A total of 90 animals were assigned to the current study. Animals were excluded from the study if: 1) 

performance in functional test training did not approach the pre-designated level (see section 5.2.8 for 

detail) (n= 0); 2) The animal did not survive the surgical procedure (n=7); 3) The animal had a 

neurological score <5 after MCAo surgery (n=3); 4) The animals did not survive until the end of the 

study (n=3). A total of 78 animals were included in the study (Placebo = 38, varenicline = 40).  

5.2.7 Sticky label test 

Sensorimotor deficits were assessed in the sticky label removal test using a modification of the 

protocols previously described (321, 323). Prior to each testing sequence the animals were placed in a 

fresh housing cage for 5 mins of habituation. Thereafter, two 3x4mm strips of masking tape were 

applied with equal pressure on both paws of the animals so that they cover the hairless parts of the 

forepaw (thenal and hypothenar). The order of placing the stickers was alternated for each trial. The 

animals were placed in the housing cage and the time to contact and to remove each sticker was 

measured up to a maximum of 120 seconds. Mice were trained for three trials per day for 10 days prior 

to MCAo surgery to obtain an optimal level of performance at 15sec removal time or less. After surgery, 

the animals were tested daily with two trials per day on days 1, 2, 4, 5, 6, 7, 8, 9, and 10 following 

stroke. Weekly testing (two trials per day) was performed on day 17, 24, 31, 38, and 45 following stroke. 

The average time taken to touch and to remove sticky labels was calculated for each mouse at each 

time-point. 

5.2.8 Staircase test 

The staircase test was used to assess skilled motor function after stroke according to a modification of 

the method previously described (313, 320). A modified training regime was implemented in the 

current study to enhance the effect of training. 15 consecutive days of training was carried out prior to 

MCAo. Each animal received three 5 min training sessions per day for the first three days and two 15 

min training sessions per day for the days 4 and 5 during the training week. Remainder of the training 

weeks was composed of two 10 mins sessions in the testing apparatus. Performances during the final 
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three days of training were recorded as baseline performance for each animal. A minimum of three 

pellets retrieved from each side of the staircase was required for the animals to be included in the 

current study.  

Post-stroke testing began 10 days post surgery or 7 days post-drug administration. Post-stroke 

performances in the staircase test were examined on weeks 1, 2, 3, 4, and 5 post stroke. Standard 

protocol was implemented for post-stroke testing in the staircase test (see section 4.2.7). 

5.2.9 Diffusion tensor imaging 

One stroke, 45 min MCAo at 24 hours post-stroke, and one sham stroke animal was used prior to the 

current study to established baseline imaging parameters. Illustration of DTI images in sham stroke 

animals were acquired from these animals. 

5.2.9.1. Tissue collection: 

Animals were euthanized by pentobarbital overdose (Pentobarb® 300, ProVet, New Zealand, 90-

150mg/kg i.p) at 10, 17, 31, and 45 days post-stroke. A total of 4 animals per treatment group were 

collected for DTI analyses at each time point. Transcardial perfusion was performed once the animals 

were euthanized. The chest cavity was opened and tissue cleared away from the heart. A 20 gauge 

butterfly needle was inserted into the left ventricle, and the right atrium was snipped to release the 

blood from circulation. The circulation was washed with 50-100ml of chilled 0.9% placebo (Masterflex® 

L/S® variable speed modular drive, U.S. 20ml/min), then 100ml of chilled 4% paraformaldehyde solution 

(Scharlau, Spain) for fixation. At the end of the fixation, the head of the animal was then removed and 

the brain carefully excised from the skull. The brain was subsequently post-fixed in 4% 

paraformaldehyde at 4oC and shipped to the Center for Advanced Imaging, University of Queensland, 

Australia. Upon arrival, the tissue was stored in 0.1M PBS with 0.02% sodium azide (Sigma-Aldrich, USA) 

at 4oC. Before MRI scanning, the brains were immersed in 0.1M PBS with 0.2% gadopentetate 

dimeglumine (Magnevist, Bayer, Leverkusen, Germany) for four days to enhance MRI contrast. 
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5.2.9.2. Imaging sequence 

Imaging sequence was performed by Dr Nyoman and Siyi Chen using a 16.4T vertical bore, small animal 

MRI system (Bruker Biospin, Rheinstetten, Germany; ParaVision v6.0) equipped with Micro2.5 imaging 

gradient and a 15mm linear surface acoustic wave coil (M2M, Brisbane, Australia). 3-D DW spin-echo 

sequences were acquired using the following parameters: repetition time = 350ms, echo time = 23ms, 

δ/Δ = 2.5/12ms, field of view = 18.99 x 11.16 x 8mm, matrix = 190 x 112 x 80, bandwidth = 50kHz, 30 

direction diffusion encoding with b-value = 5000 s/mm2, 2 b0 images acquired without diffusion-

weighting and 0.1mm isotropic resolution. Acquisition time for one brain was 14.5hr with 1.5 partial 

Fourier encoding acceleration in the phase dimensions. 

5.2.9.3. Volumetric analyses 

To investigate stroke-induced volumetric changes in varenicline and placebo treated animals, I 

performed volumetric measurements of the striatum, the cortex, the corpus callosum, and the 

hippocampus in both hemispheres. Regions of interests were defined using an ex-vivo MRI-based atlas 

(CAI atlas, Center for Advanced Imaging, University of Queensland, Australia) (533). The CAI atlas was 

mapped, via affine transformation followed by nonlinear deformation, onto background corrected (b0 

image) diffusion weighted images of each subject using Advanced Normalization Tool (ANTs, 

http://stnava.github.io/ANTs/). Volumetric measurement of every region of interest was performed 

automatically using ITK-SNAP (ITK-SNAP, www.itksnap.org). 

5.2.9.4. Construction of 3D tractography 

Probabilistic fiber tractography was generated for corpus callosum, anterior commissure, internal 

capsules, and the whole brain using in-house scripts based on MRtrix3 (http://www.mrtrix.org/). 

Constrained spherical deconvolution was employed to model multiple fiber orientations in each voxel 

using MRtrix3 (334, 335, 534), with a maximum harmonic order lmax= 6 which determines the 

‘sharpness’ of the FOD. Probabilistic fiber-tracking was performed using second order integration over 

the fiber orientation distribution algorithm (step-size = voxel-size/10 = 0.01 mm; curvature values = 

http://stnava.github.io/ANTs/
http://www.itksnap.org/
http://www.mrtrix.org/
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0.05). Tracking stopped when 100 streamlines per voxel of selected structure were generated for each 

tract.  

5.2.9.5. Construction and analyses of structural connectome 

Comparison of structural connectomes between varenicline and placebo treated mice were performed 

at the network level by graph-theory analyses using GRETNA (https://www.nitrc.org/projects/gretna/) 

(535). To compare structural connectomes between the treatment groups, the following graph 

theoretical measures were computed (Figure 5-2): 

Each region of interest was designed as a node of structural connections in the mouse brain 

connectome (533). Node degree describes the average number of structural connections each node has 

with other nodes within the neural network. Higher nodal degree represents greater numbers of 

structural connections within the network (533). Structural connections between nodes of the network 

were examined using node efficiency. Node efficiency describes the shortest path length between each 

connected node of the mouse connectome (533, 536). Higher node efficiency represents a shorter path 

length between connected nodes and more efficient communication from each node to their 

surrounding neighbors. The global connectivity of the neural network was examined using node 

between-ness. Node between-ness describes the shortest paths length to connect all nodes within the 

examined neural network (533, 537). Higher nodal between-ness represents higher efficiency of 

information relaying within the neural network. 

Local efficiency describes the average number of edges that must be traversed to reach all neighboring 

nodes (538-540). Higher local efficiency represents higher efficiency of information relaying within 

modules of neural network. Each node of the connectome was connected by an edge. Global efficiency 

describes the average number of edges that must be traversed to reach any other nodes in the network 

(538-540). Higher global efficiency represents higher efficiency of information relaying within the neural 

network. 

https://www.nitrc.org/projects/gretna/
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The structural network was segregated into several modules or communities. The modularity measures 

the difference between the actual number of intra-modular connections and the expected number for 

the same modules in randomized networks (538, 541). Modularity values closer to one represents 

organized partitions of modular networks within the neural network of the mouse brain. The formation 

of network between different nodes was categorized into a hierarchical order, from larger nodes to 

smaller nodes or between similar nodes. Assortativity (assertive mixing) measures the tendency of 

nodes to form connectivity with other nodes of similar degree (538, 542). Higher assortativity 

represents stronger connections of nodes within specific module of nodal networks.  

Shortest path of networks was calculated as a function of the characteristic shortest path length within 

the network (533, 538). Lower values for the shortest path represents higher efficiency of information 

relay within the network. Cluster coefficients estimate the proportion of neighboring nodes who are 

also neighbors of each other (533, 538). Higher cluster coefficients represent stronger neural network 

with increased redundancy and efficiency for information relay.  
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Figure 5-2: Schematic representation for network analyses of connectome nodal degree 

(A), between-ness (B), local efficiency (C), global efficiency (D), clustering coefficient (E), 

shortest path (F), modularity (G), and assortativity (H). 
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5.2.10 Cytokine analyses 

5.2.10.1. Tissue collection: 

Animals were euthanized by cervical dislocation on day 10, 17, 31, and 45 post-stroke. A total of 4 

animals per treatment group were collected for cytokine analyses at each time point. Following 

euthanasia the head of the animals were removed and the brain carefully excised from the skull and 

placed on frozen platforms. Blood outside of tissue is rinsed away with ice cold saline. Additional blood 

trapped within brain tissue is relatively small in volume compared to the volume of tissue. The effect of 

blood contamination is expected to be minimal. Ipsilateral and contralateral cortex, hippocampus, and 

striatal tissue were removed, weighed, and snap frozen in liquid nitrogen. Labelled tissue was stored at 

-80oC before further processed. 

5.2.10.2. Homogenate preparation 

Once tissue collection was completed for every time point, brain tissue from each region (cortex, 

striatum, hippocampus) within the ipsilateral hemisphere of each treatment group (placebo or 

varenicline) at each time point (week 1, 2, 4, 6, and 8) was pooled together for homogenate 

preparation. Tissue samples were thawed on ice and homogenized with protease inhibitor (Cat#: 

1836153, Roche, New Zealand) dissolved in PBS at 1:3 dilution. Homogenates were manually generated 

on ice using glass mortar and pestle, and centrifuged twice at 10,000 rpm for 10 mins at 4oC. At the end 

of the tissue preparation, supernatant were aliquot into 100µL vials for storage in -80oC freezer until 

the day of experiment. 

5.2.10.3. Multiplex cytokine profiling 

A pre-mixed kit of mouse cytokine/chemokine assay (Cat#: MCYTOMAG-70k-PMX, Millipore, U.S.A) was 

used to evaluate expression of inflammatory cytokines including: G-CSF, GM-CSF, IFN-γ, IL-1α, IL-1β, IL-2, 

IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, IL-12 (p40), IL-12 (p70), IL-13, IL-15, IL-17, IP-10, KC, MCP-1, MIP-1α, MIP-

1β, MIP-2, RANTES, TNF-α. The concentration of each cytokine in the sample was read using the 

Luminex 100 instrument (Luminex Corporation, Austin, TX) following standard procedures provided 
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with the cytokine assay kit. Average concentration of each was calculated from triplet reading for each 

sample examined.  

5.2.10.4. Data processing 

Raw data was further processed and coded for color to be used for graphical analysis. Cytokines with 

expression levels below 3.2pg/mL did not reach the lowest concentration of the standard solutions 

provided and were designated as not expressed in the current study. Remaining cytokines were then 

categorized based on concentrations detected. Cytokines with concentrations between 3.2-20pg/mL 

were designated as ‘low’ expression cytokines. Low expression cytokines included G-CSF, GM-CSF, IL-1b, 

IL-2, IL-10, IL-12p70, IL-13, and RANTES. Cytokines with concentrations higher than 20pg/mL were 

designated as ‘high’ expression cytokines. ‘High’ expression cytokines included IL-1, IL-9, IL-15, IP-10, 

KC, MCP-1, MIP-1a, MIP-1b, and MIP-2. Cytokine expression within the hippocampus was found to be 

consistently below the level of detection and this brain region was therefore excluded from the study.  

Final report of quantitative comparisons was presented as the expression of cytokine in varenicline 

treated animals compared to that of placebo treated animals. Cytokines that were significantly 

increased in varenicline treated animals were color coded red during the final presentation. Cytokines 

that were significantly decreased in varenicline treated animals were color coded blue during the final 

presentation. Cytokines that were not different between varenicline and placebo treated animals were 

color coded as yellow during the final presentation. 

5.2.11 Statistical analyses 

Values presented in this study are mean ±S.E.M. The randomization code was broken after all data were 

acquired to allow allocation to experimental groups. All statistical analyses were conducted using SPSS 

(PASW Statistics 18, 2009) and SigmaPlot (version 12.0, Systat Software, Inc.). A log-rank test was 

performed for the Kaplan-Meier survival of both treatment groups. Two-way ANOVA with the 

Bonferoni post-hoc analysis were performed to assess differences in weight, and sensorimotor function, 

skilled motor function, cytokine expression, tissue loss, cytokine expression, FA, MD, AD, RD, voxel 

volume, and connectome network analyses between placebo and varenicline treated animals. Non-
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parametric tests, Mann-Whitney’s ranked test and Ranked ANOVA, were used to compare data sets 

that were not normally distributed or with unequal variance. One way repeated measures ANOVA was 

performed to examine changes in neurological scores in varenicline and saline treated animals. Mann-

Whitney ranked test was used to compare neurological scores between varenicline and saline treated 

animals at each time point investigated. The statistical level of significance was accepted at p<0.05. 
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5.3. Results 

5.3.1 Varenicline treatment improves weight gain following stroke 

A total of 90 animals were assigned to the current study and 12 animals failed to survive to the end of 

the study (Figure 5-3A). A total of 78 animals (Saline = 38, varenicline = 40) were included in the study 

with an exclusion rate of 13.3%. Similar rates of survival was found in both treatment groups (p=0.525, 

t=0.239). 

To determine the long term effect of varenicline on general welfare, body weight and neurological 

scores were collected daily in the first week following stroke and weekly thereafter (Figure 5-3A). A 

similar pattern of weight change was observed between varenicline and placebo treated animals. 

Significant reductions in body weight were observed during the first two days following stroke. 

Subcutaneous insertion of drug pellets under anesthesia at day 3 did not have significant impact on the 

body weight of the animals. A gradual recovery in body weight was observed from 5 days post-stroke or 

2 days after drug pellet insertion until re-initiation of diet restriction at 10 days following stroke. 

Animals experienced an average body weight loss of 1.1g±0.25g due to diet restriction. While 

varenicline treated animals appeared to have been less affected by the food restriction and displayed a 

quicker rate of recovery compared to that of placebo treated animals, pair-wise comparisons failed to 

identify statistically significant differences at any of the time points examined. Continuous weight gain 

was observed following the commencement of diet restriction until the end of the study. Overall 

changes in body weight show that the average body weight of varenicline treated animals was higher 

compared to those treated with placebo despite comparable body weight at all of the time points 

examined. (Placebo=22.7±0.08; varenicline=23.1±0.07; p<0.001, F1,1132=12.882). 

Decreased neurological scores were observed in all animals immediately following stroke (Figure 5-3B). 

A gradual increase in neurological score started one day following stroke and plateaued around 10 days 

post-stroke or 7 days post-drug pellet insertion. Comparable scores were observed between varenicline 

and placebo treated animals throughout the study. Two way ANOVA confirmed that the average 
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neurological scores was comparable between the treatment groups (Placebo=11.2±0.03; 

varenicline=11.2±0.03; p=0.22, F1,1132=1.508).   
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Figure 5-3: Welfare monitoring in varenicline and placebo treated animals during the study. 

 

A) Kaplan-Meier plot showing survival of placebo and varenicline treated animals was comparable over time (p=0.525, t=0.239). A decrease in body 

weight was observed during the first two days following MCAo. A) Gradual weight gain began at day 6 following stroke before a secondary decline 

due to food restriction. The body weight of varenicline treated animals was significantly higher compared to that of placebo treated animals (p<0.001, 

F1,1132=12.882). B) A decreased neurological score was observed immediately following stroke. Gradual and comparable recovery of gross 

neurological deficits was observed in both varenicline and placebo treated animals (p=0.22, F1,1132=1.508). 
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5.3.2 Varenicline impaired sensorimotor function following stroke 

The sticky label removal test was implemented to examine the sensorimotor functional of all animals 

following stroke. Baseline performances of all animals were significantly improved over 10 days of 

training period prior to MCAo for both non-impaired (Figure 5-4) and the impaired limbs (Figure 5-5). 

MCAo significantly impaired the initial contact time (p<0.01, T=623, Figure 5-4A) and sticky label 

removal time (p<0.01, T= 639, Figure 5-4B) of placebo treated animals in the non-impaired limbs. 

Comparable performances in initial contact time (p=0.303, F1,806=1.06, Figure 5-4A) and removal time 

(p=0.604, F1,806=0.269, Figure 5-4B) of the non-impaired limb was observed in both treatment groups. 

MCAo significantly increased the time taken for initial contact in both varenicline (p<0.01, T=696) and 

placebo treated animals (p<0.01, T=545). Comparable and rapid decreases in initial contact time were 

observed in both treatment groups at every time points examined, except on day 7 when varenicline 

treated animals performed significantly better than the placebo treated group (p<0.05, T=1049.5). 

Overall varenicline did not have a significant effect on the initial contact time compared to that of 

placebo treated animals (p=0.625, F1,806=0.239, Figure 5-5A). 

The time taken to remove the sticky label from the impaired limbs was significantly increased in both 

varenicline (p<0.01, T=779) and placebo (p<0.01, T=584) treated animals following MCAo. Sticky label 

removal time significantly decreased in the first 10 days following stroke in all animals. Though Mann-

Whitney’s ranked test showed comparable performance between varenicline and placebo treated 

animals at every time point examined, the average time taken to remove sticky labels was significantly 

higher in varenicline (31.542±1.626s) compared to placebo treated animals (26.338±1.723s, p<0.05, 

F1,806=4.826, Figure 5-5B). 
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Figure 5-4: Performance of the non-impaired paw in the sticky label test. 

 

The time taken to touch and then remove sticky labels from the non-impair paw was recorded daily during the first 10 days and weekly thereafter. The 

time taken for initial contact (A) and time taken to remove (B) the sticky label was significantly reduced over the 10 day training period. MCAo 

significantly increased the initial contact time and sticky label removal time in all animals. The time taken for initial contact (A) and time taken to 

remove (B) the sticky label was comparable between varenicline and placebo treated animals. 
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Figure 5-5: Performance of the impaired paw in the sticky label test. 

 

The time taken to contact and then remove sticky labels from the impair paw was recorded daily during the first 10 days and weekly thereafter. The 

time taken for initial contact (A) and time taken to remove (B) the sticky label was significantly reduced over the 10 day training period. MCAo 

significantly increased the initial contact time in all animals. Recovery in initial contact time was observed in both treatment groups. Varenicline 

treated animals showed quicker initial contact time at 7 days post stroke (p<0.05, T=1049.5). Time taken to remove sticky labels was significantly 

increased by MCAo. Rapid recovery in removal time was observed during the first week after stroke in all animals. Overall performance on the initial 

contact time was comparable between the treatment groups (p=0.25, F1,806=0.239). The average time taken to remove sticky labels was significantly 

impaired by varenicline treatment compared to that of placebo (p<0.05, F1,806=4.826).  
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5.3.3 Varenicline has no effect on skilled motor function following stroke 

The staircase test was used to examine skilled motor function in all animals following stroke. Successful 

retrieval of food pellets, the number of food pellets displaced, and the depth of stair reached was used 

to assess skilled motor function.  

The total number of pellets consumed (p=0.34, F1,257=0.916, Figure 5-6A), depth of staircase reached 

(p=0.318, F1,257=1, Figure 5-6B), and number of pellets knocked off (p=0.794, F1,257=0.0681, Figure 5-6C) 

by the non-impaired limb was comparable between varenicline and placebo treated animals. 

Moderate ischemic injury produced by 45 min MCAo resulted in a significant reduction in the number 

of food pellets retrieved by the impaired limb of all animals (p<0.05, Figure 5-7A). Placebo treated 

animals displayed marked improvements in the number of pellets consumed starting from 3 weeks 

following stroke (p<0.05, T=373.5). The number of pellets consumed by placebo treated animals 

remained unchanged for the remainder of the study. Comparable performance were observed between 

the two treatment groups throughout the study (p=0.133, F1,143=2.289). The abrupt decrease in the 

number of pellets consumed by varenicline treated animals at 4 weeks following stroke was not 

statistically significant compared to placebo treated animals (p=0.0538, t=2.038). 

MCAo did not impair the depth of staircase reached in placebo (p=0.957, t=0.729) and varenicline 

(p=0.056, t=2.922) treated animals. Comparable performance were observed between the treatment 

groups at every time point (p=0.66, F1,143=0.195, Figure 5-7B).  

Similar patterns were observed in the number of pellets displaced. MCAo had no effect on the number 

of pellets displaced during the staircase test in placebo treated animals (p=0.099, T=961.5). Two way 

ANOVA showed comparable performances between the two treatment groups (p=0.66, F1,143=0.195, 

Figure 5-7C). 
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Figure 5-6: Skilled motor function of the non-impaired limb examined by the staircase test.  

 

The number of food pellets successfully retrieved, the depth of staircase reached, and the number of pellets knocked off during the staircase test was 

recorded and compared between the varenicline and placebo treated animals. The number of pellets consumed by the non-impaired limb was 

significantly reduced by the MCAo surgery (A). Comparable improvements in pellet consumption were observed in varenicline and placebo treated 

animals (p=0.34, F1,257=0.916). MCAo surgery did not affect the depth of staircase reached in varenicline nor placebo treated animals (B). Gradual 

improvements in depth reached was observed and comparable between both treatment groups (p=0.318, F1,257=1). MCAo surgery did not affect the 

number of pellets knocked off by varenicline nor placebo treated animals. Pellets knocked off remained unchanged in all animals throughout the study 

(p=0.794, F1,257=0.0681). 
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Figure 5-7: Skilled motor function of the impaired limb examined by the staircase test. 

 

The number of food pellets successfully retrieved, the depth of staircase reached, and the number of pellets knocked off during the staircase test was 

recorded and compared between the varenicline and placebo treated animals. MCAo significantly impaired the skilled motor function of varenicline 

and placebo treated animals in consumption (A), depth reached (B), and pellets knocked off (B). Varenicline treated animals showed a secondary 

decline in pellets consumed on 4 and 5 weeks post stroke. Pellet consumption (p=0.133, F1,143=2.289), depth of staircase reached (p=0.66, 

F1,143=0.195), and pellets knocked off (p=0.66, F1,143=0.195) was comparable between the two treatment groups.  
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5.3.4 Varenicline increases production of pro-inflammatory cytokines following stroke 

To investigate the profile of inflammation in varenicline and placebo treated animals, I measured the 

expression of cytokines in the striatum (Figure 5-8) and cortex (Figure 5-9) at 1, 2, 4, and 6 weeks post-

stroke (Appendix 6-12, for temporal expression of each cytokine). Cytokines with expression levels 

below 3.2pg/mL did not reach a reliable level of detection and were removed from the analysis. 

Cytokines excluded from the study were IL-5, IL-7, IL-12p40, IL-17, and TNF-α. Remaining cytokines 

were then categorized based on concentrations detected. Cytokines with concentrations between 3.2-

20pg/mL were designated as ‘low’ expression cytokines (Figure 5-10). Low expression cytokines 

included G-CSF, GM-CSF, IL-1b, IL-2, IL-10, IL-12p70, IL-13, and RANTES. Cytokines with concentrations 

higher than 20pg/mL were designated as ‘high’ expression cytokines (Figure 5-11). ‘High’ expression 

cytokines included IL-1, IL-9, IL-15, IP-10, KC, MCP-1, MIP-1a, MIP-1b, and MIP-2. 

Of the low expression cytokines, varenicline treatment was associated with significantly higher striatal 

expression of G-CSF (Weeks 2 and 6, p<0.05), and RANTES (Weeks 1, 2, and 4, p<0.05). Varenicline 

significantly reduced the striatal expression of GM-CSF (Week 1, p<0.05), IL-2 (Weeks 1, 2, and 6, 

p<0.05), and IL-10 (Weeks 1 and 2, p<0.05). Varenicline treated animals had significantly higher cortical 

expression of G-CSF (Weeks 1 and 2, p<0.05), GM-CSF (Week 2, p<0.05), IL-6 (Weeks 1 and 2, p<0.05), 

IL-12p70 (Week 2, p<0.05), IL-13 (Week 2, p<0.05), and RANTES (Week 1, p<0.05) during drug treatment. 

Cortical expression of cytokines during the washout period was significantly lower in varenicline treated 

animals for G-CSF (Weeks 4 and 6, p<0.05), IL-6 (Weeks 4 and 6, p<0.05), IL-12p70 (Weeks 4 and 6, 

p<0.05), and RANTES (Weeks 4 and 6, p<0.05). 

Of the high expression cytokines, varenicline treated animals varenicline treatment was associated with 

significantly higher striatal expression of IL-1α (Weeks 2 and 4, p<0.05), IP-10 (Weeks 1, 4, and 6, 

p<0.05), KC (Weeks 1 and 2, p<0.05), MCP-1 (Weeks 1, 2, and 4, p<0.05), MIP-1α (Weeks 2 and 4, 

p<0.05), MIP-1β (Weeks 1, 2, and 4, p<0.05), and MIP-2 (Week 4, p<0.05). Varenicline treated animals 

varenicline treatment was associated with significantly lower striatal expression of IL-1α (Week 1, 

p<0.05), IL-9 (Weeks 1, 2, and 4, p<0.05), IL-15 (Week 1, p<0.05). Cortical expression of cytokines during 



Chapter 5 

192 

drug treatment was significantly higher in varenicline treated animals for IP-10 (Week 1, p<0.05), KC 

(Week 1, p<0.05), MCP-1 (Weeks 1, and 2, p<0.05), and MIP-1β (Week 1, p<0.05). Cortical expression of 

cytokines during washout was significantly lower in varenicline treated animals for IL-α (Weeks 4 and 6, 

p<0.05), IL-9 (Weeks 4 and 6, p<0.05), IP-10 (Week 6, p<0.05), KC (Weeks 4 and 6, p<0.05), MCP-1 

(Weeks 4 and 6, p<0.05), MIP-1β (Week 4, p<0.05), MIP-2 (Week 6, p<0.05). 
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Figure 5-8: Expression profiles of all inflammatory cytokines expressed in the striatum of varenicline and placebo treated animals at 1, 2, 4, 

and 6 weeks post stroke.  
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Figure 5-9: Expression profile of all inflammatory cytokines expressed in the cortex of varenicline and placebo treated animals at 1, 2, 4, and 6 

weeks post stroke.  
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Figure 5-10: Expression profile of cytokines with homogenate concentrations between 3.2pg/ml and 20pg/ml. 

 

Expression of cytokines was color-coded in accordance to the effect of varenicline relative to that of placebo. Cytokines expression significantly 

enhanced by varenicline treatment was labelled as red blocks, while those with decreased expression were labelled as blue blocks. Changes in cytokine 

expression that failed to reach statistical significance were labelled as yellow blocks. Varenicline increased the striatal expression of G-CSF and 

RANTES, while having a suppressive effect on the striatal expression of GM-CSF, IL-2, and IL-10. Varenicline had a predominantly enhancing effect 

on cytokine expression in the cortex during the first weeks following stroke and a suppressive effect 4 and 6 weeks post stroke.  



 

 

Chapter 5 

196 

 

 

Figure 5-11: Expression profile of cytokines with homogenate concentrations > 20pg/ml.  

 

Expression of cytokines was color-coded in accordance to the effect of varenicline relative to that of placebo. Cytokines expression significantly 

enhanced by varenicline treatment was labelled as red blocks, while those with decreased expression were labelled as blue blocks. Changes in cytokine 

expression that failed to reach statistical significance were labelled as yellow blocks. Varenicline predominantly increased the expression IP-10, KC, 

MCP-1, MIP-1a, MIP-1b, and MIP2 in the striatum of mice subjected to stroke. Varenicline predominantly increased expression of IP 10, KC, MCP-1, 

and MIP-1b in the cortex of mice subjected to stroke in the first two weeks post stroke. Varenicline has a predominant suppressive effect on the 

expression of cytokine in the cortex during weeks 4 and 6 post-stroke.  



Chapter 5 

197 

5.3.5 Varenicline treatment effect on tissue atrophy 

To examine the tissue loss between the treatment groups we performed ex vivo diffusion tensor 

imaging in a subgroup of animals from both treatment groups at 1, 2, 4, and 6 weeks following stroke. 

Qualitative examination of T2 weighted images revealed structural lesions in the ipsilateral hemisphere 

that appeared as areas of dark coloration surrounded by healthy grey matter (Figure 5-12). A pre-

established T2-based mouse atlas (CAI atlas) was used to highlight and measure the volumes for regions 

of interest including the striatum, the cortex, the corpus callosum and the hippocampus (Figure 5-13). 

Regions of interest were automatically color-coded using the Advanced Normalization Tools and a 3D 

reconstruction of the mouse brain was generated to quantify atrophy in different regions of the brain 

(Figure 5-13). Quantitative measurements of each colored coded regions was conducted using ITKsnap. 

Percentage tissue loss of structures in the ipsilateral hemisphere relative to that of the contralateral 

hemisphere was calculated for each region of interest (Figure 5-14). Quantitative analyses confirmed a 

significant loss of striatal tissue in all mice subjected to stroke (p=0.213, F1,29=1.642, Figure 5-14A). 

Progressive atrophy of the ipsilateral striatum was apparent for the placebo treated animals over the 

first four weeks of the study (p<0.05, t= 3.745). Striatal tissue loss was comparable between treatment 

groups (p=0.213, F1,29=1.642, Figure 5-14A).  

Cortex (p=0.266, F1,29=1.304, Figure 5-14B), corpus callosum (p=0.47, F1,29=0.54, Figure 5-14C), and 

hippocampus (p=0.265, F1,29=1.309, Figure 5-14D) tissue loss were comparable between the treatment 

groups.  
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Figure 5-12: T2 weighted images of placebo and varenicline treated animals at 1, 2, 4, and 6 weeks following stroke.  

 

Lesion damage (red contours) are distinguishable from unimpaired grey matter by darker coloration. Lesion progression over time was apparent in 

varenicline and placebo treated animals. Striatal atrophy in the ipsilateral hemisphere was also apparent at weeks 4 and 6 post stroke.  
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Figure 5-13: 3D modelling of a mouse brain subjected to sham surgery and severe ischemic injury. 

 

Brain regions of ipsilateral and contralateral hemispheres were color coded using a pre-established T2 MRI scan based mouse atlas. Visual and 

quantitative evaluations of regions of interest were performed using the software program ITKsnap. 
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Figure 5-14: Quantification of tissue loss in striatum (A), cortex (B), corpus callosum (C), 

and hippocampus(D) in varenicline and placebo treated animals at 1, 2, 4, and 6 weeks post 

stroke. 

 

Tissue loss in the striatum (p=0.213, F1,29=1.642, A), the cortex (p=0.266, F1,29=1.304, B), the 

corpus callosum (p=0.47, F1,29=0.54, and the hippocampus (p=0.265, F1,29=1.309) was 

comparable between the treatment groups at every time points examined. 
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5.3.6 Varenicline treatment effect on WM fiber tracts 

To measure the WM structural integrity in varenicline and placebo treated animals, I performed an 

additional diffusion weighted imaging protocol to examine fiber tracts throughout the mouse brain. I 

first applied a spherical deconvolution to the diffusion weighted images to obtain the fiber orientation 

distribution (FOD) of each mouse brain (Figure 5-15). Qualitative examination of the FOD revealed that 

lateral striatal tracts in the ipsilateral hemisphere appeared to be thicker compared to that of the 

contralateral hemisphere in placebo and varenicline treated animals throughout the study. On-going 

modification of striatal fiber diameter was also apparent over time, where striatal fibers at 6 weeks 

appeared to be thicker compared to those at 1 week post stroke.  

To quantify the changes in water diffusivity on a global scale, I measured the FA, MD, AD, and RD of the 

whole mouse brain of animals from both treatment groups. FA of the entire mouse brain remained 

unchanged in placebo treated animals throughout the 6 weeks of examination, (F3,31=2.851, p=0.059; 

Figure 5-16A). Comparable changes in FA were observed between placebo and varenicline treated 

animals (F1,31=0.0554, p=0.816). MD (t=1.556, p=0.575; Figure 5-16B), AD (t=1.673, p=0.494; Figure 

5-16C), and RD (t=1.466, p=0.638; Figure 5-16D) of the whole brain remained unchanged in placebo 

treated animals throughout the 6 weeks of examination. Varenicline treated animals showed significant 

reductions in MD (t=2.247, p<0.05; Figure 5-16B), AD (t=2.146, p<0.05; Figure 5-16C), and RD (t=2.251, 

p<0.05; Figure 5-16D) week 6 post stroke compared to that of control animals. 
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Figure 5-15: Fiber orientation distribution (FOD) of striatal fiber tracts in placebo and varenicline treated animals at 1, 2, 4, and 6 weeks post 

stroke. 

 

Diffusion coefficient along x, y, and z axes for each cerebral structure are represented in color coded cylindrical shapes. Fibers travelling in medial-

lateral directions are represented as green cones. Fibers travelling in rostral-caudal directions are represented as red cones. Fibers travelling in dorsal 

ventral directions are represented as blue cones. Ischemic damage in the striatum increased the size of fiber bundles. Striatal fibers appeared thicker at 

week 6 with an orientation preference travelling in the rostral-caudal plane.  
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Figure 5-16: Fractional Anisotropy (FA), Mean Diffusivity (MD), Axial Diffusivity (AD), 

and Radial Diffusivity (RD) of the whole brains of placebo and varenicline treated animals. 

 

Comparable FA was observed between the two treatment groups (A). Significant reductions in 

MD (B), AD (C), and RD (D) were observed in varenicline treated animals at 6 weeks post 

stroke. 
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To quantify the changes in the structural integrity of different fiber tracts, I performed probabilistic 

fiber tracking to generate 3D tractography of the anterior commissure (AC), internal capsules (IC), and 

the corpus callosum (CC). Qualitative analyses of the AC and IL from contralateral (ICL) and ipsilateral 

(ICR) hemispheres showed profound changes in fiber tract morphology following MCAo in placebo 

treated animals. While sham animals had compact fibers in the AC (Figure 5-17A), ischemic injury 

increased the thickness and number of AC fibers (Figure 5-17E). Minimal changes in fiber density were 

observed in the ICL fibers of both sham (Figure 5-17B) and stroke animals (Figure 5-17F). ICR fibers in 

the ipsilateral hemisphere were significantly affected by MCAo. While sham animals had a large number 

of fibers distributed diffusely across the internal capsule of the ipsilateral hemisphere (Figure 5-17C), 

MCAo reduced the number and limited the distribution of fiber tracts within the area (Figure 5-17G). 

Even and diffuse distribution of CC fibers was observable in both hemispheres of mice following sham 

surgery (Figure 5-17D). MCAo surgery caused unilateral impairment in the density and distribution of CC 

fibers in the ipsilateral hemisphere (Figure 5-17H). The distribution of fibers in the ipsilateral 

hemispheres appeared to be disrupted around the lesion damage.  
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Figure 5-17: Probabilistic fiber tracking of anterior commissure (yellow), left internal capsule (aqua), right internal capsule (red), and corpus 

callosum (green). MCAo altered the path the anterior commissure (E) and right internal capsule (G) fiber tracts.  

 

Anterior commissure and right internal capsule appeared to have fewer fiber tracts in stroke animals compared to sham animals. The left internal 

capsule was not affected by MCAo (F). Fiber distribution in the corpus callosum showed a significant reduction in fiber number and length in the 

ipsilateral hemisphere of mice subjected to stroke (H) compared to that of sham (D).



Chapter 5 

206 

I first measured the FA value of the AC, ICL, ICR, and the CC to estimate the integrity of each fiber tract 

(Figure 5-18). The overall FA value of the ICL was significantly lower in varenicline treated animals 

compared to that of controls (p<0.01, F1,31=9.03, Figure 5-18A). Individual t-test showed significantly 

reduced FA values in varenicline treated animals at 4 (p<0.05, t=2.467) and 6 (p<0.05, t=2.51) weeks 

post stroke. The overall FA value of the ICR was significantly lower in varenicline treated animals 

compared to that of controls (p<0.05, F1,31=5.815, Figure 5-18B), although individual comparison at 1 

(p=0.955, t=0.057), 2 (p=0.143, t=1.516), 4 (p=0.114, t=1.639), and 6 (p=0.098, t=1.724) weeks post 

stroke failed to show statistical significance. A significant reduction in overall FA value in the CC was 

observed in varenicline treated animals (p<0.05, F1,31=4.482, Figure 5-18C). Individual t-tests revealed 

significant reduction in FA values in varenicline treated animals at 4 (p<0.05, t=2.165) and 6 (p<0.05, 

t=2.165) weeks post stroke. In summary, overall FA value of varenicline treated animals declined over 

the 6 weeks of investigation (p<0.05, F1,31=4.482), while those in placebo treated animals remained 

unchanged (p=0.061, F1,31=3.85). Two way ANOVA showed that the overall FA value of the AC was 

comparable between varenicline and placebo treated animals (p=0.152, F1,31=2.191, Figure 5-18D). 

I then measured the average volume occupied by the AC, ICL, ICR, and CC in each treatment group 

(Figure 5-19). Fiber tract volumes were comparable between varenicline and placebo treated animals 

for the ICR (p=0.48, F1,31=0.515, Figure 5-19B) and AC (p=0.321, F1,31=1.027, Figure 5-19D). While two 

way ANOVA showed comparable ICL fiber tract volumes between varenicline and placebo treated 

animals (p=0.469, F1,31=0.542, Figure 5-19A), individual t-test revealed significantly higher ICL fiber tract 

volumes in varenicline treated animals at 6 weeks post stroke (p<0.01, t=3.163). Similarly, the volume 

of CC fiber tract was found to be significantly higher in varenicline treated animals at 6 weeks post-

stroke (p<0.05, t=2.628, Figure 5-19C). 
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Figure 5-18: Fractional Anisotropy (FA) of the ipsilateral internal capsule (A), the right 

internal capsule (B), corpus callosum (C), and the anterior commissure (D). 

 

Varenicline treated animals had significantly lower FA values in the ipsilateral internal capsule 

(p<0.01, F1,31=9.03, A), the right internal capsule (p<0.05, F1,31=5.815, B), and the corpus 

callosum (p<0.05, F1,31=4.482, C). Varenicline and placebo treated animals had comparable FA 

values for the anterior commissure (p=0.152, F1,31=2.191, D).  
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Figure 5-19: Voxel volume of A) left internal capsule (ICL),B) right internal capsule (ICR), 

C) corpus callosum (CC), and D) anterior commissure (AC) in varenicline and placebo 

treated animals at 1, 2, 4, and 6 weeks post stroke.  

 

Individual t-test showed significantly higher fiber tract volumes in the ICL (p<0.01, t=3.163, A) 

and CC (p<0.05, t=2.628, C) of varenicline treated animals at 6 weeks post-stroke. Comparable 

fiber tracts sizes for the AC (p=0.321, F1,31=1.027, D) and the ICR (p=0.48, F1,31=0.515, B) were 

found in varenicline and placebo treated animals. 
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5.3.7 Varenicline treatment effect on mouse brain network connectivity 

To examine the changes in fiber tract networks between the treatment groups, I generated and 

evaluated connectome maps of the entire mouse brain (Figure 5-20). The brain was divided into a total 

of 38 regions of interest or nodes from both hemispheres. Structural connections between each node 

were calculated from probabilistic fiber tracking of each node to another. The overall structural 

network of the brain was highlighted in Figure 5-20 A & B. Structural connections within the striatum 

revealed a high degree of ipsilateral connections between the striatum and thalamus in animals 

subjected to sham MCAo surgery (Figure 5-20C). Network connections between the contralateral 

hemisphere, ipsilateral cortex, and ipsilateral hippocampus were also observed in the sham (Figure 

5-20C) and stroke brains (Figure 5-20D). Ischemic injury reduced the number of network striatal 

connections in the ipsilateral hemisphere (Figure 5-20D). Structural connections with the contralateral 

hemisphere remained largely unchanged, although novel connections with the occipital lobe of the 

contralateral hemisphere also appeared to be established following stroke (Figure 5-20D).  

To quantify the observed changes highlighted by the connectome network, I conducted analysis on the 

network metrics of all varenicline and placebo treated animals subjected to stroke at 1, 2, 4, and 6 

weeks post stroke. Using the Graph thEoreTical Network Analysis (GRETNA) toolbox, I obtained the 

nodal (node efficiency, node degree, and node between-ness), and network metrics (shortest path, 

cluster coefficient, global efficiency, local efficiency, modularity, and assortativity). Node efficiency, 

node degree, and node between-ness remained unchanged in placebo treated animals while an 

increase in efficiency was observed in varenicline treated animals at 6 weeks post stroke. Comparable 

node efficiency (p=0.589, F1,29=0.301, Figure 5-21A)and node between-ness (p=573, F1,29=0.327, Figure 

5-21C) were observed in varenicline treated animals. A significant increase in nodal degree was 

observed in varenicline treated animals at 6 weeks post stroke (p<0.05, t=2.488, Figure 5-21B).  

Comparable levels of shortest path (p=0.848, F1,29=0.0378, Figure 5-22B), cluster coefficient (p=0.076, 

F1,29=3.477, Figure 5-22C), global efficiency (p=0.589, F1,29=0.301, Figure 5-22D), modularity (p=0.148, 

F1,29=2.246, Figure 5-22E), and assortativity (p=0.188, F1,29=1.845, Figure 5-22F) were observed in 
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placebo and varenicline treated animals. While the local efficiency of placebo treated animals remained 

unchanged throughout the study, a significant increase was observed in varenicline treated animals at 6 

week post stroke (p<0.05, t=2.093, Figure 5-22A).  
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Figure 5-20: Structural connectome in a mouse brain with and without stroke. 

 

Thirty-eight regions of interest in each hemisphere were converted to a node in the structural 

connectome. Probabilistic fiber tracking of the whole brain was used to generate edges of the 

connectome network demonstrated in A) and B). C) Individual nodal representation of one node 

in the caudate putamen that has strong connections to the thalamus and weak connections to the 

cortex, contralateral hemisphere, and mid brain in a mouse brain subjected to sham MCAo 

surgery. D) MCAo induced lesion in the ipsilateral hemisphere significantly reduced the number 

of outgoing striatal connections to both ipsilateral and contralateral hemispheres.
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Figure 5-21: Node analyses of connectome networks in varenicline and placebo treated animals at 1, 2, 4, and 6 weeks following stroke.  

 

Nodal analyses showed comparable node efficiency (p=0.589, F1,29=0.301, A) and node between-ness (p=573, F1,29=0.327, C) in varenicline and 

placebo treated animals. Varenicline treated animals appeared to have significantly higher nodal degree at 6 weeks post-stroke compared to that of 

placebo treated animals (p<0.05, t=2.488, B).  
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Figure 5-22: Network analyses of connectome network in varenicline and placebo treated animals at 1, 2, 4, and 6 weeks following stroke. 

 

Connectome network of varenicline and placebo treated animals had comparable outcome in shortest path (p=0.848, F1,29=0.0378, B), cluster 

coefficient (p=0.076, F1,29=3.477, global efficiency (p=0.589, F1,29=0.301, D), modularity (p=0.148, F1,29=2.246, E) and assortativity (p=0.188, 

F1,29=1.845, F). Significantly higher local efficiency was found in varenicline treated animals at 6 weeks post-stroke (p<0.05, t=2.093, A).  
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5.4. Discussion 

The aim of the current study was to extend the observations reported in Chapter 3 and investigates 

whether delayed administration of varenicline conferred long-term improvements in motor function 

post stroke. The potential for varenicline to produce these long-term functional benefits by suppressing 

cytokine production was also investigated. This study examined the long-term effect, over 6 weeks, of 

chronic varenicline treatment starting from 3 days post stroke. The striking finding from this study was 

that varenicline treatment was detrimental to functional recovery, increased pro-inflammatory cytokine 

expression, suppressed anti-inflammatory expression, and impaired WM tract integrity.  

The results from the this chapter are in contrast to the results of Chapter 3 where significant 

improvements in spontaneous exploratory movement following one week of varenicline treatment was 

observed. Sensorimotor motor function and skilled motor function following stroke was not affected by 

varenicline treatment in comparison to placebo. While results from the current study hints at a 

contradictory finding compared to that of the preliminary study, it should also be noted that different 

functional tests have been assessed in both studies. The current study investigated skilled motor 

function and sensorimotor function, while the preliminary study investigated the low skilled 

spontaneous motor function following stroke. It remains possible that varenicline treatment may have 

a beneficial effect on the recovery of gross motor function post stroke, while having limited effect on 

skilled motor function and sensorimotor function. As observed in Chapter 3 varenicline treatment is 

associated with neurite outgrowth at 10 days post stroke indicating early signs of neuroplasticity 

changes with varenicline treatment. Early compensation of lost functions may be directed to recover 

gross motor functions to aid food and water seeking for survival (132). While early compensation is 

indicative of important neuroplasticity changes during the days following stroke, it should be also noted 

that experimental protocols designed to assess gross motor function and low skilled motor function are 

prone to be affected by spontaneous recovery post stroke (316, 321). Future studies could be improved 

if additional assessments for low skilled motor function, such as the cylinder test, was included but 

skilled motor function and sensorimotor functions should not be excluded. 
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To investigate the underlying mechanisms responsible for the potential therapeutic effect of varenicline, 

the effect of varenicline treatment on the expression of 25 cytokines and WM structure integrity was 

investigated at 1, 2, 4, and 6 weeks post stroke. 

Cytokine expression in the striatum and cortex were analyzed separately as moderate ischemic injuries 

generated by MCAo are typically localized in the striatum of the animals (190). Varenicline treatment 

had an overall pro-inflammatory effect within the striatum or the infarct area. Varenicline treated 

animals showed increased expression of pro-inflammatory cytokines including IP-10 (525), KC (183), IL-

1α (508), MCP-1 (526), MIP-1α (527), MIP-1β (528, 529), MIP-2 (530), and RANTES (531, 532); and 

decreased expression of the anti-inflammatory cytokine IL-10 in the striatum of varenicline treated 

animals. The pro-inflammatory effect of varenicline treatment appeared to be present up to 2 weeks 

after washout where enhanced expression of pro-inflammatory cytokines were observed for IL-1α (508), 

IP-10 (525), MCP-1 (526), MIP-1α (527), MIP-1β (528, 529), MIP-2 (530), and RANTES (531, 532).  

The majority of the cortical tissue remained in a healthy state after moderate ischemic injury (190). 

Analyses of cytokine expression therefore reflect the inflammatory status of the peri-infarct zone and 

its surrounding healthy tissue in the ipsilateral hemisphere. Varenicline treatment was associated with 

increased expression of pro-inflammatory cytokines, including GM-CSF (505, 506), IL-6 (513, 514), IL-

12p70 (521), IL-13 (510), RANTES (531, 532), IP-10 (525), KC (183), MCP-1 (526), and MIP-1β (528, 529) 

in the cortex during drug delivery. Interestingly, varenicline treated animals displayed decreased 

expression of pro-inflammatory cytokines in the cortex during drug washout, suggesting an overall anti-

inflammatory effect by varenicline withdrawal. Overall, varenicline treatment was pro-inflammatory in 

the infarct core and the peri-infarct during treatment. This enhanced inflammatory response appeared 

to be long lasting in the infarct area while being reversed in the peri-infarct and health tissue of the 

cortex. 

The enhanced expression of pro-inflammatory cytokines and suppressed expression of anti-

inflammatory cytokines by varenicline treatment in the current study challenges the hypothesis that 

varenicline, acting through α7 nAChRs can activate the CAP, reduce inflammation and ultimately 
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promote functional recovery post stroke (543). Though activation of the CAP is expected to occur in the 

peripheral immune organs, the final result of the suppressed inflammation is expected to be detectable 

in brain tissue. Overwhelming evidence within the literature suggests that α7 nAChR agonists have an 

anti-inflammatory effect in a variety of disease models including epilepsy (544), multiple sclerosis (221, 

222), peripheral inflammation (223), Alzheimer’s Disease (494), acute ulcerative colitis (225, 226, 545), 

schizophrenia (349, 546), post-operative ileus (229, 406), and arthritis (230, 231). Pharmacological 

modulation of α7 nAChR using agonists such as nicotine (543, 547), PNU282987 (245), citicoline (548), 

PHA-568487 (243, 244), neostigmine (549) was beneficial when administered in the acute phase (within 

24 hours) of experimental stroke. The beneficial effect of previous studies using selective α7 nAChR 

agonists was proposed to function via suppression of pro-inflammatory cytokines (245, 549, 550) and 

inhibition of leukocyte recruitment (243-245). I propose four possible reasons to explain these 

unexpected results:  

1. Varenicline induced enhancement in cytokine expression is involved in long-term regeneration 

post stroke 

Post-stroke inflammation plays a complex role on the structural deficit and functional recovery at 

different phases of stroke (146, 551). While acute phase inflammation was proposed to be detrimental 

for the long-term outcome of functional performances post stroke, chronic inflammation is also 

essential on cellular matrix reconstruction, angiogenesis, neurogenesis, and other processes involved in 

the neuroplasticity changes responsible for post stroke recovery (187, 483, 552). Observations of 

enhanced pro-inflammatory cytokine expression at 1, 2, 4, and 6 weeks after stroke may therefore be 

indicative of pharmacological enhancement of neuroplasticity changes mediated by the restorative arm 

of the inflammatory responses.  

For example, IP-10 or CXCL-10 is a pro-inflammatory cytokine secreted by cell types such as T-

lymphocytes, neutrophils, monocytes, splenocytes, endothelial cells, and fibroblasts (508). 

Upregulation of IP-10 is associated with recruitment and activation of NK-cells, T-cells, and other 

leukocytes of peripheral origin following ischemic stroke (553, 554). While acute activation and release 
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of IP-10 predominantly has a pro-inflammatory effect (555), prolonged exposure to IP-10 was also 

known to have an effect on cellular activities including smooth muscle cell migration and proliferation 

(556), and astrocyte chemoattraction (554). Similarly KC or CXCL-1 is a pro-inflammatory cytokine 

involved in the recruitment and activation of peripheral leukocytes and is released by endothelial cells 

affected by hypoxia (557). While inhibition of KC was found to suppress macrophage/monocyte 

infiltration and preserve endothelia integrity during the acute phase of stroke (557), other functions of 

KC also includes enhanced mobilization of stem cell/progenitor cell into injured tissue (558).  

Experimental data from the current study is not sufficient to provide conclusive evidence on role of 

chronic upregulation of pro-inflammatory cytokines. Future experimental work can be conducted to 

examine the relationship between pro-inflammatory cytokines, phenotypes of inflammatory cells, and 

other neuroplasticity changes. Examination on the M1 and M2 phenotypes using bio-markers including 

CD38 and CD80/CD86 (194, 234) can be performed to evaluate the overall role of M/M within the 

affected areas and the effect of varenicline treatment. Additional assessment of angiogenesis, neurite 

outgrowth, and neurogenesis using biomarkers such as VEGF, GAP43, and Idu/Cldu can also be 

examined with the expression of leukocytes including M/M, neutrophil, T-cells, and NK cells to pin-point 

the role of varenicline on post stroke recovery.  

2. Varenicline may be acting at other receptors aside from α7 nAChR.  

Varenicline is a full agonist at α7 nAChRs and partial agonist for the α4β2, α3β4, α3β2, and α6 nAChRs 

(396). Non-selective activation of other nicotinic receptors may partially contribute to the observed 

increased inflammatory effect by varenicline treatment. Elevated expressions of α3 and β4 subunit 

containing nAChR receptors has been associated with inflammation (559) however chronic 

administration of the prototypical nAChR agonist, nicotine was associated with decreased expression of 

α3 nAChR (560). This introduces an interesting possibility where early administration of varenicline was 

pro-inflammatory during weeks 1 and 2 in the current study, while chronic administration and its 

associated reduction in α3 nAChR expression contributes to the reduced expression of pro-

inflammatory cytokines in the cortex and 4 and 6 weeks post stroke.  



Chapter 5 

218 

Furthermore, nicotine is possibly involved in elevating circulating levels of leukocytes in smokers (549). 

The use of varenicline as a smoking cessation aid has also been associated with elevated systemic level 

of inflammatory cytokines (59, 279). This increased level of inflammation in the periphery was proposed 

to be mediated via α4β2 nAChR (59, 279, 549). As observed in previous pathophysiological studies, 

increased systemic inflammation is associated with worsened inflammatory responses within the 

ischemic core and is detrimental for functional performances in experimental stroke (147, 561). It is, 

therefore, possible that the use of a selective α7 nAChR agonist such as PNU-282987 may yield a 

different outcome in the management of inflammation post stroke. 

3. Pharmacological activation of α7 nAChR in other tissue aside from the M/M leading to a 

complex reaction in an in vivo system. 

α7 nAChR are expression in a variety of tissues including neurons, astrocytes, oligodendrocytes (562), 

smooth muscle, and epithelial cells (563). Activation of α7 nAChR in epithelial cells induces early 

expression of VEGF and angiogenesis (563). Enhanced angiogenesis via nicotine treatment was also 

found to be associated with increased expression of CD11a, CD11b, ICAM-1, and MCP-1 to enhance 

leukocyte recruitment (564). Varenicline activation of α7 nAChR within the infarct area may therefore 

lead to increased inflammatory responses associated with the angiogenic process. This may partly 

explain the temporal profile of cytokine expression in varenicline treated animals. 

4. Cytokine analyses alone are not sufficient to draw a final conclusion on post-stroke 

inflammation. 

Inflammatory cytokine are key components of the inflammatory reactions that are involved in the 

activation, recruitment, and inhibition of leukocytes to the injury sites (154). Circulating cytokines have 

been investigated extensive due to their relationship with the severity of inflammation. (159). 

Expression of pro-inflammatory cytokines, particularly TNF-α, IL-1α, IL-6, and IL-10, are considered 

reliable markers of inflammation post stroke (154). While I are confident with our result on cytokine 

expression, further analysis of the effect of varenicline on leukocyte recruitment within the infarct area 

is important to undertake. It would be logical to expect that local infiltration of T-cells, neutrophils, and 
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M/M are enhanced by varenicline treatment compared to that of placebo. Completion of our 

immunofluorescence labelling study on the expression of leukocytes in the infarct area would 

important to draw a final conclusion on the effect of varenicline on post stroke inflammation. 

5. Drug effect changes at different stages post stroke  

This study observed a detrimental effect of varenicline treatment on pro-inflammatory cytokine 

expression at 1 and 2 weeks post stroke, and a beneficial effect at 4 and 6 weeks post stroke. Three 

distinct scenarios of drug treatment may be responsible for this complex effect: 1) Varenicline 

treatment is detrimental and suppresses restorative functions of the brain. Cessation of drug treatment 

is associated with enhanced recovery and suppression of the excessive inflammation associated with 

varenicline treatment; 2) Long term delivery of varenicline for a minimum of 28 days may be required 

prior to significant improvements can be observed. The observed benefits in varenicline treated animals 

at 4 and 6 weeks post stroke may be a delayed response that can be utilised in future studies; 3) 

Varenicline treatment is detrimental if given within four weeks after stroke and beneficial if given at a 

later time point. Future studies will be required to identify the effect of time on the use of varenicline 

post stroke.   

To quantify the changes in grey and WM structural deficits, I performed T2 weighted and DTI in animals 

from both groups at 1, 2, 4, and 6, weeks post stroke. I observed comparable atrophy in varenicline and 

placebo treated animals indicating comparable grey matter damage. Overall, varenicline treatment was 

associated with increased WM damage. Disruption in the corpus callosum, ipsilateral and contralateral 

internal capsule, and the anterior commissure fiber tracts were highlighted by decreases FA and 

increased voxel volume in varenicline treated animals compared to controls. Interestingly, significant 

differences were only observed after wash out and 4 and 6 weeks post stroke. This change in WM 

structural integrity occurred 3-4 weeks after the initial observation of enhanced inflammation with 

varenicline treated animals.  

This timing in observable WM damage agrees with previous literature, which showed that WM damage 

following ischemic injury is delayed (193). This observation confirms that WM injury post stroke can be 
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influenced by pharmacological intervention. Together, our results suggest that delayed chronic 

administration of varenicline has a pro-inflammatory effect that compromises the integrity of WM 

tracts and which ultimately results in impaired motor function. Further analyses would be required to 

show the relationship between the recruitment of T-cells, neutrophil, and M/M in correlation with the 

structural integrity of WM tracts within the caudate-putamen. Co-localization of Iba1 (565), CD11b 

(566), MPO (567), and myelin basic protein (MBP) (261) would allow the involvement of M/M in the 

phagocytosis of myelinated fibers in varenicline treated animals to be estimated. This evidence would 

support our speculation that varenicline was indeed detrimental via enhancing post stroke 

inflammation. 

Analyses of the fiber orientation density showed higher density of lateral fiber tracts in the striatum. 

While classical WM histology was not carried out in this study, our observation with BlackGold II in 

Chapter 4 also showed that WM tracts in the infarct area may be subjected to extensive swelling. I 

predict varenicline treated animal to display extensive axonal swelling and disrupted myelination in the 

ascending fibers within the caudate-putamen. Conducting parallel histological analyses of WM structure 

integrity using BlackGold II would allow clarification of the phenotypic appearance of WM tracts in the 

caudate-putamen. 

I also performed network analyses to show neuroplasticity changes on a global scale. Increased local 

efficiency and nodal degree was observed in varenicline treated animals two weeks after washout. This 

coincided with significant deficits in major WM tracts which may be indicative of the brain being 

inhibited from compensations between hemispheres. I suspect that most neuroplasticity changes 

observed in varenicline treated occurred on a local level due to the limited access to inter-hemispheric 

communication, as a result of the disrupted WM tracts (347). As proposed previous in both clinical and 

experimental studies, modulation of the homunculus often compensates for the loss of essential 

functions, such as motor function, at the expense of lower priority functions, such as sensorimotor 

function (568, 569). It is therefore possible that varenicline enhanced performance of low skilled motor 

tasks at the expense of sensorimotor and skilled motor function. Unfortunately, the current study did 
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not include an additional functional test such as the foot fault test (314) or the cylinder test (297), 

which should be considered in future experimental design as low skilled motor function is an attractive 

endpoint of clinical relevance (314, 316). While paw reaching and sticky label removal assessed complex 

motor function physically demanding tasks and sensorimotor deficit equivalent to that assessed in 

human patients post stroke, foot fault test and the cylinder test would have provided an experimental 

equivalent of gait (314, 316). Future studies should include a system of functional testing protocols to 

examine neurological function for ischemia induced deficits immediately following stroke; sticky label 

removal test to examine sensorimotor deficits; the foot fault test to examine low skilled motor function 

deficits; and the staircase test to examine skilled motor function deficit. 

The current study investigated the integrity of fiber tracts of the CC, AC, and IC in both hemispheres to 

examine the structural connections that may have influenced the functional recovery post stroke. 

Another level of neuroplasticity changes that has not yet been investigated is the increased fiber 

crossing at the cortico-spinal cord level. As demonstrated previously in clinical studies, disruption of the 

cortico-spinal tract was associated with poorer functional recovery in stroke patients (338). Altered 

fiber crossing at the cortico-spinal cord level would therefore provide further structural support for 

contralateral compensation of lost motor and sensorimotor functions. 3D reconstruction of the cortical 

spinal tract using DTI was not performed in the current study as the necessary regions were not 

preserved during tissue preparation. The cervical vertebrae should be included in all future 

experimental DTI studies for analyses of cortico-spinal tract crossing. 

5.5. Conclusion 

This study shows that delayed administration of varenicline, an established therapy for nicotine 

addiction, impaired skilled motor and sensorimotor function post stroke and increased pro-

inflammatory cytokine expression in the striatum and cortex when evaluated over a longer period of 

time. Structural analyses of myelinated fiber tracts in the corpus callosum, anterior commissure, and 

the internal capsules showed disruption of fiber tracts and possible signs of axon swelling in varenicline 

treated animals. Varenicline treatment showed an overall detrimental effect on the functional recovery 
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up to 45 days post stroke. Results from the current study indicate that varenicline has no therapeutic 

potential as an agent to promote recovery of function post stroke. 

The ex vivo DTI examination of the mouse brain in the current study successfully identified drug 

induced changes in the mouse neural network. I propose that ex vivo or in vivo DTI examination should 

be implemented when possible as a clinically relevant experimental endpoint for preclinical evaluation 

of therapeutic interventions for stroke. 
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Chapter 6. General discussion 

6.1. Summary of key research findings 

This thesis optimized our pre-clinical model of stroke and established clinically relevant experimental 

endpoints to examine the effect of pharmacological agents on spontaneous and skilled motor function 

and sensorimotor function. Changes in neuropathology including inflammation, white matter integrity 

and, neuroplasticity were investigated. Implementation of newly established experimental endpoints 

reliably demonstrated ischemia associated injuries that were significantly modulated using 

pharmacological intervention. An extended therapeutic window was found to be present up to 3 days 

post-stroke and is highly accessible to all stroke patients with delayed hospital admission. See below for 

a brief summary of key findings in this thesis: 

1. The mathematical equation to predict the ideal monofilament sizes for MCAo in mice between 

25-30g was optimized 

2. Visual paw reach impairment and circling behavior immediately following stroke were identified 

as strong indicators of successful lesion production. 

3. Experimental protocols for WM histology triple immunofluorescence labelling of MAP2, GAP43, 

and Cyclin D1, and ex vivo DTI of the mouse brain following stroke were established. 

4. Preliminary investigation on the effect of varenicline treatment starting at 3 days post stroke 

increased spontaneous motor function, suppressed M/M recruitment and accumulation, and 

increased neurite outgrowth at 10 days post stroke. 

5. Delayed pharmacological intervention using citalopram improved skilled motor function, 

suppressed chronic inflammation, and preserved WM structure integrity post stroke.  

6. Extended investigation of delayed varenicline treatment was associated with impaired 

sensorimotor function, enhanced pro-inflammatory cytokines expression, and impaired the 

structural integrity of WM structures 6 weeks following stroke.  
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7. The ex vivo DTI examination of the mouse brain successfully identified varenicline induced 

changes in the mouse neural network. 
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6.2. Pre-clinical models of stroke  

A number of guidelines and recommendations have been proposed for the ideal experimental design of 

preclinical and clinical trials for novel therapeutic interventions for stroke (7-9). The proposed 

standardization of preclinical and clinical studies undoubtedly improves the overall quality of studies, 

yet further improvements are still required to increase the translatability of experimental results into 

clinical practice. Histological analyses of preclinical studies are frequently compared to advanced 

neuroimaging collected in stroke patients. Consequently, the functional consequence of many of the 

biomarkers investigated during experimental studies often lacks a clinical counter-part (7). The current 

body of work aimed to perform experimental correlates of clinical practice in attempt to establish a 

robust clinically relevant experimental model of stroke that had predictive validity (297, 322, 323). 

6.2.1 Functional tests 

The current study investigated a range of functional tests that examine spontaneous motor movement, 

sensorimotor movement, and skilled motor movement to assess post stroke impairments. Varenicline 

treatment improved spontaneous movement but had no effect on the skilled motor function and a 

detrimental effect on sensorimotor function in mice subjected to stroke, while citalopram improved 

skilled motor function following stroke. Examination of functional performance using any single task 

was not sufficient to provide a comprehensive assessment of drug effects. Rather, we propose that all 

future tests should utilize a combination of tasks that investigate different aspects of neurological 

function post stroke (8).  

6.2.2 Cytokine analyses 

Expression of serum cytokines is one of the standard diagnostic endpoints clinically used to analyze post 

stroke inflammation. While useful, analyses of serum cytokine are reflective of cytokine level in the 

peripheral circulating system and IL-6 is a stroke predictor of functional outcome in stroke patients (560, 

570), little information can be conveyed on the severity of local inflammatory responses within the CNS. 

This study had the advantage of analyzing the expression of inflammatory cytokines within the cortical 

and striatal tissue of mice subjected to stroke. Local expression of inflammatory cytokines showed 
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elevated levels of pro-inflammatory cytokines in the mouse brain for up to 45 days post stroke. This 

agrees with previous reports of persisting chronic inflammation post stroke (183). More importantly, 

this detrimental effect on post-stroke inflammation also extended to deficits in functional 

performances, suggesting that pharmacological interventions such as varenicline may impair recovery 

when given in the sub-acute and chronic phases of stroke. While future management of post-stroke 

complications should be conducted with caution, it may be possible that other therapeutic 

interventions may have an opposite effect as that observed in varenicline treated animals. As discussed 

previously, anti-inflammatory treatment has a neuroprotective effect when given early (180). It would 

be interesting to see whether extended treatment with anti-inflammatory interventions actually has an 

effect during the chronic phases of stroke.  

Analyses of local cytokines expression provide an accurate estimation on inflammation within the 

infarct region. This is the ideal methodology for investigating pathophysiological mechanisms in an 

experimental study. While useful, these analyses are not available in clinical practice due to limited 

access to tissue. Standard practice in clinical studies involves analysis of serum cytokine which reflects 

global expression of inflammatory cytokines. To further increase the relevance of our experimental 

endpoint, it may be worthwhile to conduct a future study that investigates the relationship between 

global and local expression of inflammatory cytokines. I expect that the temporal expression of 

inflammatory cytokines to differ in serum and infarct region. Current interpretation of inflammatory 

responses in stroke patients may not be an accurate display of the ongoing reaction. Extensive 

correction may need to be conducted to provide a meaningful interpretation under clinical situations. 

6.2.3 DTI  

Examinations of grey matter and WM damage in stroke patients is performed using MRI scanning. To 

establish a functioning experimental protocol for mouse models of stroke, I first performed ex vivo T2 

weighted and DTI imaging in our mice subjected to stroke with and without varenicline treatment. The 

current study demonstrated that ex vivo DTI using a 16.4T magnet was sensitive to varenicline 

treatment induced impairments in mice subjected to stroke. Specifically, I observed changes in the 
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mean diffusivity, axial diffusivity, and radial diffusivity of the mouse brain follow stroke. Quantitative 

analyses of DTI imaging in the mouse brain highlighted significant impairment in the structural integrity 

of corpus callosum and internal capsules in varenicline treated animals. Analytical evaluation of 

structural connectomes also identified varenicline treated induced changes in local efficiency and nodal 

degree at 2 weeks after washout. Structural deficits identified by ex vivo DTI were associated with 

functional impairments in sensorimotor function throughout the study. Analyses of diffusivity and 

tractography have been previously used in clinical studies for prediction of functional recovery post 

stroke (339, 365, 542). Our use of ex vivo DTI provides supportive evidence for the use of advanced 

neuroimaging in experimental and clinical investigations of stroke to improve the translatability of pre-

clinical investigations. Successful establishment of the experimental protocols for these analyses in our 

pre-clinical model of stroke provides a clinically relevant endpoint for examining WM damage following 

stroke. 

6.2.4 Experimental modelling and design of Pre-clinical Studies 

Animal studies are essential to provide information on safety and to verify efficacy for all novel 

therapeutic interventions for stroke and other diseases. The quality of preclinical studies has naturally 

been called into questioned as therapeutic intervention failed to demonstrate translational success (6, 

74, 102). The limitations of experimental models can be categorised into three major areas: clinical 

relevance of experimental end points, experimental design, and predictive validity of the experimental 

models. 

This thesis presented two pre-clinical studies that evaluated the pharmacological efficacy of varenicline 

in a mouse model of stroke. While the preliminary study showed improved spontaneous motor function 

in varenicline treated animals, the larger and longer study showed a detrimental effect on sensorimotor 

function, cytokine expression, and WM tract integrity. The differences observed between the two 

studies reiterate the importance of experimental designs in pre-clinical studies. Small scale preliminary 

studies are frequently used to identify potential therapeutic targets. As discussed by the previous 

literature, results observed in studies, such as the preliminary study (Chapter 3) may be influenced by 
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sample size, longer drug delivery, change in drug dosage, and examination using different experimental 

endpoints. It is therefore important that novel therapeutic targets identified using preliminary studies 

are verified by a larger and longer study with multiple experimental endpoints, such as that presented 

in Chapter 5. 

Pre-clinical and clinical studies of pharmacological therapies are advised to follow the experimental 

design guidelines proposed by the STAIR recommendation {, 1999 #1452}. The current study attempted 

to adhere to the proposed guideline and used appropriate model to examine long-term recovery post 

stroke, utilised clinically relevant experimental endpoints, established pharmacological therapies with 

accessible therapeutic window. It should also be acknowledged that a number of recommendations 

advised by the STAIR recommendation had not been strictly adhered due to the complex nature of 

experimental design. Firstly, mode of drug administration was not consistent between the three pre-

clinical studies. As discussed previously the changes in mode of delivery is not expected to have an 

impact on the overall outcome of the study. Secondly, a different array of functional tests, including the 

cylinder test, staircase test, and sticky label test had been implemented in each of the studies. The 

differences in the sensitivity of each of the aforementioned functional tests had possibly contributed to 

the negative results observed in chapter 5 in comparison to chapter 3. Future studies should therefore 

consider implementing a wide range of functional tests that examine all aspects of the functional 

spectrum that may be affected by MCAo. 

6.3. Delayed pharmacological intervention: when is the right time?  

The foremost advantage with a delayed pharmacological intervention is the high accessibility of the 

therapy to all surviving stroke patients. The current study chose 3 days post stroke as a starting point 

for delivery to: 1) to avoid acute inflammation which is important to set the scene for repair processes; 

and, 2) to specifically investigate pathophysiological mechanisms in the sub-acute and chronic phases of 

stroke. 

Welfare monitoring in all three preclinical studies showed very few deaths between 3 days post stroke 

and the end of the studies. All deaths could be attributed to excessive impairment due to ischemic 
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injury or excessive weight loss due to MCAo. I have consistently found that the delayed 

pharmacological interventions did not have a neuroprotective effect confirming that all changes 

observed in the current study are likely contributable to pathophysiological mechanisms within the sub-

acute and chronic phases of stroke.  

With no preservation of the infarct core, delayed administration of citalopram was associated enhanced 

functional performances while varenicline was detrimental, suggesting that 1) delayed administration 

of citalopram and varenicline was sufficient significant modulation of functional recovery post stroke; 

and 2) earlier administration of citalopram is likely to produce more robust improvements in skilled 

motor function. Results from this thesis suggest that while infarct development is completed by day 3 

post stroke, pharmacological enhancement of the ensuing neuroplasticity changes is sufficient for 

significant improvements in functional performance. Pharmacological interventions targeting the sub-

acute and chronic phases of stroke are therefore attractive candidates to improve functional recovery 

post stroke. 

As suggested in the previous chapters, I believe that combined pharmacological effects on diverse 

pathologies including WM damage, chronic inflammation, secondary cell death leading to brain atrophy, 

and molecular changes enhancing growth and regeneration would be optimal to promote functional 

recovery post stroke. 

6.4. The effect of delayed pharmacological intervention on neuropathology 

The underlying mechanisms investigated in the current study were post-stroke inflammation and WM 

injury. I found that increased WM structural integrity was associated with functional benefits produced 

by citalopram and disrupted WM structure with the detrimental effects of varenicline. In agreement 

with previous studies, I propose that a more intact corpus callosum and internal capsule is important 

for recovery of lost functions following stroke (336, 337). I expect the observed change in WM histology 

to have occurred via preservation of WM, enhanced regeneration, or a combination of both 

mechanisms. Degradation of myelinated structures occurred over a prolonged period of time following 

ischemic injury (571). Concurrently, phagocytic M/M cells have been found to be co-localized with MBP 
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suggesting an active involvement of leukocytes in the degradation of WM following stroke (172, 262). In 

agreement with previous work by Espinera et al (270), I observed a beneficial effect of citalopram 

treatment which was anti-inflammatory, and a detrimental effect of varenicline treatment which 

appeared to be pro-inflammatory. The modulation of inflammatory responses by citalopram and 

varenicline treatment has likely contributed to the differences in structural integrity of WM structures, 

which in turn are essential for spontaneous or modulated neuroplasticity changes following stroke 

(347). 

Enhanced monoamine neurotransmission by SSRIs and nAChR agonists is proposed to enhance 

neuroplasticity changes following stroke via Hebbian plasticity (347). Our results on the analyses of 

GAP43, MAP2, and Cyclin D1 expression in citalopram treated animals were inconclusive due to the 

limitations associated with auto-fluorescence. Future studies examining markers for neurite outgrowth, 

synaptogenesis, and neurogenesis would be expected to show increased expression in citalopram 

treated animals.  

Preliminary results from analyses of GAP43 expression showed enhanced expression for the markers of 

neurite outgrowth in varenicline treated animals at 10 days compared to that of saline. In contrast, 

varenicline treatment impaired long-term recovery of function following stroke. This raises an 

interesting possibility that a complex relationship exists between inflammation, Hebbian plasticity, and 

the structural integrity of WM tracts. Pharmacological interventions with beneficial effects on multiple 

mechanisms, such as those observed in citalopram treated animals, produce a robust improvement in 

functional outcome. Contrarily, the enhanced inflammatory responses in varenicline counter-acted with 

Hebbian plasticity, contributed to more disruption in WM structure, and were associated with impaired 

sensorimotor functions following stroke. 

6.5. The cholinergic anti-inflammatory pathway as a target for stroke  

Pharmacological activation of the CAP is proposed to be reduced post-stroke inflammation. In contrary 

to previous studies (241-245, 247) I observed enhanced pro-inflammatory cytokine production despite 

preliminary studies showing suppression of M/M counts in the infarct core of varenicline treated 
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animals. The recruitment and accumulation of leukocytes in varenicline treated animals at 17, 31, and 

45 days post stroke have not yet been analyzed. Due to the increased expression of macrophage 

activating cytokines such as IP10, KC, MCP-1, MIP-1α, MIP-1β, MIP-2, IL-6, and RANTES I expect 

increased recruitment and activation of leukocytes including M/M, T-lymphocytes, B-lymphocytes. In 

consideration of the reduced M/M cell count in varenicline treated animals at 10 days, I propose the 

possibility that varenicline suppressed recruitment of leukocytes but also increased pro-inflammatory 

function in these animals. That is a larger portion of the M/M recruited to the infarct core may have 

been M1 phenotype (194, 364). This increased polarisation of M/M to the M1 phenotype is likely to 

have a detrimental role on WM structure integrity and ultimately functional performance in varenicline 

treated animals (194, 364).  

Varenicline is a full agonist at α7 nAChR and partial agonist at α4β2 and α3 subunits (334, 423, 572). 

Due to its complicated pharmacological profile, I cannot reliably predict the effect of varenicline. Future 

studies using a selective agonist, such as PNU-282987, with and without a selective antagonist, such as 

methyllycaconitine would clarify whether varenicline’s effects are mediated through activation of the 

α7 subunits. Additionally, the current study investigated the effect of varenicline at one dose only. As 

suggested elsewhere (543), chronic low dose administration of nicotine was associated with improved 

synaptogenesis and sensorimotor functions following stroke (543). Additionally, varenicline has a dose 

dependent effect on smoking abstinence rate in smoking cessation studies. Higher doses of varenicline 

were associated with higher rates of smoking abstinence (573). It is therefore important that more than 

one dose is examined in experimental studies to thoroughly investigate the effect of pharmacological 

modulation of α7 nAChR post stroke (7).  

Inflammation post stroke is proposed to have a dual role on functional recovery. While post stroke 

inflammation is essential for restorative physiological mechanisms post stroke, detrimental effect has 

been reported with excessive inflammation (130, 187, 574). Modulation of inflammation using 

varenicline was detrimental during weeks 1 and 2 post stroke and beneficial during weeks 4 and 6 post 

stroke. It is therefore possible that an extended delivery of varenicline for more than 28 days or further 
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delayed administration starting at 28 days post stroke may have a modulatory effect on chronic 

inflammation post stroke. 

Additionally, immunodepression is one of the most commonly occurring complications observed in 

stroke patients (51, 575). Management of inflammation post stroke is, therefore, a fine balance 

between local inflammation in the infarct area (190) and global immunosuppression as a result of anti-

inflammatory treatment (130, 187, 574). As observed in the many cases of immunodepression in stroke 

patients, the local inflammatory response triggers a temporary activation of the CAP leading to a global 

suppression of immune responses (576). The temporary immunodepression is likely to be terminated 

by other negative feedback mechanisms to ensure reasonable immune responses on a global scale and 

to allow reparative inflammatory responses (204) and restorative processes in the infarct core. Though I 

expect direct modulation of global inflammation to have an inhibitory effect on the local inflammatory 

responses within the infarct core, activation of the CAP may be associated with other complications 

such as suppressed production of leukocyte released growth factors (577). Overall, it appears that 

therapeutic interventions targeting the CAP may not be the best strategy to promote post-stroke 

recovery.  

6.6. Recommendation for management of post-stroke complications  

The current study demonstrated that the long term functional recovery in a mouse model of stroke can 

be modulated by delayed pharmacological interventions. I showed enhancement and suppression of 

recovery by citalopram and varenicline respectively. Our results suggest that centrally acting 

medication used to manage post stroke complications may have a significant impact on their potential 

for functional recovery. Specifically stroke patients receiving SSRIs to manage depression would be 

expected to have enhanced skilled motor function post stroke (63, 458) while those receiving help with 

smoking cessation may be further impaired. Further research should be conducted to investigate the 

effect of centrally acting medications on post-stroke recovery. Most stroke patients are elderly patients 

that are taking multiple medications concurrently to manage a variety of conditions. The interactive 

effects of poly pharmacy on post stroke recovery have not been thoroughly investigated and should be 
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a matter of priority based on results from the current study as the post stroke recovery can be 

modulated by pharmacological intervention when given in the sub-acute phase of stroke. Meta-

analyses on the effect of polypharmacy in stroke patients prescribed with medications in management 

of other common post-stroke complications including depression, smoking, psychosis, hypertension, 

and diabetes may provide interesting insight on effect of various medications on post stroke recovery. 

6.7. Limitations 

The current study utilized the MacGreen mice and the C57Bl/6j mice as mice models of stroke. The 

MacGreen mice provided a valuable biomarker for analyses of M/M and inflammation post stroke. The 

MacGreen mice were therefore our strain of choice in studying post stroke inflammation. I have 

experience a technical difficulty with an excessive amount of autofluorescence in the mice brain at 63 

days post stroke, limiting our ability to conduct triple immunofluorescence labelling of biomarkers for 

neuroplasticity or further analyses of neuroinflammation within these regions. The autofluorescence 

observed in the mice is expected to present in all injured tissue during the sub-acute and chronic 

phases of stroke (366). The most reliable methodology to account for this noise is to use an empty 

channel of excitation and emission to measure all autofluorescence signals for background correction 

during tissue analyses. This was found particularly difficult in MacGreen mice, which has endogenous 

expression of GFP that are also recruited to the infarct sites. Triple immunofluorescence labelling in 

addition to the endogenously expressed GFP occupies emission wavelengths ranging from 405nm, 

488nm, 594nm, to 647nm leaving very little room for auotfluorescence signal correction. The signal 

bleed through between the 405 and 488nm channels were particularly obvious during qualitative 

analyses. Future experimental design for preclinical studies would need to account for this potential 

complication by 1) leaving at least one emission channel open for background signals by conducting 

double immunofluorescence labelling instead of triple immunofluorescence labelling in the MacGreen 

mice; or 2) when double immunofluorescence is not preferred, use a different strain of mice. 



Chapter 6 

234 

6.8. Future directions 

The experimental work for my thesis has not yet been finished due to time constraints. I aim to 

complete the histological analyses of all varenicline and placebo treated animals at 1, 2, 4, and 6 weeks 

post stroke to provide histological support for all observations made in DTI analyses. 

Immunofluorescence labelling will also be performed to examine neuroplasticity markers and neuro-

inflammation markers for detailed investigation on the underlying mechanisms responsible for the 

observed changes in functional performances and DTI analyses. I also intend to further extend our 

investigations to further improve our experimental model of stroke and to perform other pre-clinical 

studies on potential pharmacological candidates that may affect the long term functional recovery 

following stroke. 

6.8.1 DTI and white matter histology 

WM damage following ischemic injury is one of the popularly investigated topic in recent research (253, 

255, 578). Longitudinal characterization of WM injury following stroke have not yet been systematically 

characterized using advanced neuroimaging modalities such as DTI. Preliminary results from the current 

study, provided in appendix, showed that ischemic injury caused changes in FA and diffusivity of the 

mice brain as soon as 24 hours after stroke. Interestingly, observations of the FOD showed signs of 

swelling in the ipsilateral hemisphere 24 hours after stroke. Further disruptions in the FOD in placebo 

treated animals at 6 weeks following stroke also highlighted continuous disruption of WM tracts 

overtime. In agreement with this, previous studies with BlackGold II histology on citalopram and saline 

treated animals also showed signs of axon swelling post stroke, which may be identified by FOD as 

larger diameters of WM tracts in the affected areas. This enlargement in WM tract diameter due to 

swelling may be misrepresented by heightened myelin histology staining and increased diffusivity in DTI 

analyses. We intend to thoroughly characterize the structural representation of WM injury following 

stroke using DTI and BlackGold II to provide an update on the methodology for assessment of WM 

injury following stroke. 
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One of the major advantages of advance neuroimaging modalities such as DTI is their non-invasive 

nature. The next steps of our study are to adapt the experimental protocols for ex vivo DTI into in vivo 

imaging, which is expected to have other technical complications including smaller magnets, motion 

artefact, and anesthesia during imaging, and shorter imaging time. Successful establishment of in vivo 

DTI allows longitudinal observation on the change of WM structure over time thereby allowing direct 

correlational comparisons between WM damage and functional impairments following stroke. More 

importantly, we expect successful in vivo DTI analyses of WM in experimental studies to provide an 

updated and translatable diagnostic tool for future clinical and pre-clinical studies. 

6.8.2 Poly-pharmacy in stroke patients 

As discussed in section 6.6, commonly used medications in stroke patients are expected to have 

differential effect on the functional recovery post stroke. Characterization these medications and their 

effect on post stroke recovery should be performed to maximize the recovery potential of all stroke 

patients. Other commonly used medication that is predicted to have an effect on post stroke recovery 

includes antipsychotics (579) and anti-epileptics (47, 49). Use of antipsychotics after ischemic stroke 

was found to be associated with 87% decrease in the rate of mortality within 1 month after stroke (580). 

Atypical antipsychotic, ziprasidone, was neuroprotective and enhanced recovery of neurological 

functions when given 1 hour after MCAo (581). Interestingly, enhanced dopaminergic 

neurotransmission was associated with enhanced neuroplasticity changes in the contralateral 

hemisphere (582). Together, preliminary results appear to suggest that enhanced dopaminergic 

neurotransmission may be beneficial for post stroke recovery. Anti-epileptics is proposed to be 

beneficial for post stroke recovery due to their inhibitory effect on excessive activation of excitatory 

neurotransmitters (65). Valproic acid has been shown to be increase WM repair post stroke (471), while 

levetiracetam (583) was associated with an anti-inflammatory effect in a rat model of epilepsy and 

improved neurological scores in a clinical study (584). Further investigations on the effect of 

antipsychotic and antiepileptic drugs may warrant favorable outcome in the discovery of alternative 

therapeutic interventions to enhance post stroke recovery. 
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6.8.3 Involvement of the CAP following stroke 

The CAP is the efferent arm of the immune reflex system that is regulated by a variety of physiological 

mechanisms. Current literature on CAP activation following stroke showed an acute activation of the 

vagal activity and suppression of SNS nerve tone immediately after stroke. This is expected to have an 

anti-inflammatory effect and was proposed to be responsible for the immunodepression commonly 

observed in stroke patients. However, it is well known that this stroke associated immunodepression is 

temporary, suggesting that the CAP activation was promptly terminated. As observed in the current 

study, local inflammation post stroke persists for weeks and months after stroke, where cytokine and 

humoral cues for spontaneous activation of the CAP was likely to be persistently present. It is therefore 

logical to assume that the afferent signals activating the CAP and suppressing the SNS was inhibited 

leading to prolonged inflammatory responses. To justify this hypothesis, we propose that longitudinal 

monitoring of SNS and ANS nerve tones following stroke would show a temporary activation of ANS 

signals and deactivation of the SNS signals followed by prolonged suppression of the ANS signals and 

activated SNS signals. 

6.9. Conclusion 

This thesis successfully established a clinically relevant model of experimental stroke in C57Bl/6j and 

MacGreen mice. Using clinically relevant experimental endpoints,I showed that delayed 

pharmacological interventions starting at 3 days post stroke significantly affected the functional 

recovery of mice following stroke. Citalopram associated improvements in skilled motor function can be 

attributed to preserved WM structure and suppressed chronic inflammation within the infarct core. 

Varenicline treatment had conflicting results on functional improvement of mice subjected to stroke. 

While preliminary studies showed significant improvements in spontaneous motor movement in 

varenicline treated animals in the short term, extended investigation revealed impairments in 

sensorimotor functions over 6 weeks of varenicline treatment. The reduced cell count of M/M in the 

preliminary study was also contradicted with an overall enhanced expression of pro-inflammatory 
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cytokines during varenicline treatment. Ex vivo DTI analyses also showed impaired corpus callosum and 

ipsilateral internal capsule in varenicline treated animals compared to that of placebo.  
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Appendices 

Chemical Name Recipe 

0.1M PB 1L diluted H2O 

3.864g NaH2PO4 H2O 

10.22g Na2HPO4 

Cryoprotectant 500mL 0.1M PB 

300g sucrose 

300mL ethylene glycol 

PFA 1L 0.1M PB 

Stir/heat on 60 oC 

40g paraformaldehyde 

pH between 7.2-7.4 

Filter 

1x PBS 1L dH2O 

0.2g KH2PO4 

1.15g Na2HPO4 

8g NaCl 

0.2g KCl 

PBST 2L 1xPBS 

4ml Triton x-100 

30% Sucrose 700mL 0.1M PB 

300g sucrose 

0.09% Thionin 0.6g Thionin Acetate 

100mL Tap Water 

Dilute 1.5mL in 100mL for working solution 
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BlackGold II 150mg black gold II 

50mL 0.9% NaCl 

Luxol Fast Blue 0.1g LFB 

1mL 10% Glacial Acetic Acid 

100mL 95% EtOH 

 

Appendix 1: Chemicals & buffers.  
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Chemical Name Recipe 

10% Silver Nitrate Solution 5g Silver Nitrate 

50mL Distilled Water 

1% Ammonium Hydroxide 1mL concentrated ammonium hydroxide 

100mL Distilled Water 

Stock Developer Solution (Bielschowsky) 10mL 37-40% Formaldehyde 

0.5g Citric Acid 

2 drops Nitric Acid 

100mL Distilled Water 

Working Developer Solution (Bielschowsky) 8 drop stock developer Solution 

8 drops concentrated ammonium hydroxide 

50mL Distilled Water 

5% Sodium Thiosulfate 5g Sodium Thiosulfate 

100mL Distilled Water 

0.1% Cresyl Violet Solution 0.1g Cresyl Violet 

100mL Distilled Water 

0.05% Lithium Carbonate 0.05g Lithium Carbonate 

100mL Distilled Water 

 

Appendix 1: Chemicals & buffers continued.  
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1. 5 mins in Xylene 

2. 2 mins in 100% EtOH 

3. 2 mins in 95% EtOH 

4. 2 mins in 75% EtOH 

5. 3 mins in Tap Water 

6. 25 mins in Thionin at Room Temperature 

7. 2 dips in 0.2% acetic Acid 

8. Wash in 75% EtOH 

9. Wash in 95% EtOH 

10. 5 mins in 100% EtOH 

11. 5 mins in 100% EtOH 

12. 5 mins in 100% Xylene 

13. 5 mins in 100% Xylene 

14. Mount with DPX 

Appendix 2: Staining protocol for thionin staining. 
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1. Deparaffinize sections to distilled water and wash three times. 

2. Place slides in pre-warmed (40 ºC) 10% silver nitrate solution and stain for 30 mins and sections 

become light brown color (thicker sections may look dark brown). 

3. Place slides in distilled water and wash for 3 times. 

4. To the silver nitrate solution, add concentrated ammonium hydroxide drop by drop until the 

precipitate formed is JUST clear. Excess ammonia may cause a precipitate or result in a poor 

impregnation of the fibers. If ammonia is added too much, add few more drops of 10% silver 

nitrate solutions to make solution JUST becomes cloudy. 

5. Place slides back in this ammonium silver solution and stain in 40 ºC oven for 60 mins or until 

sections become dark brown (may not look very dark brown if the sections are only 10 um thick 

and may look very dark brown if the sections are 30 um thick). 

6. Place slides DIRECTLY (do not wash slides) in developer working solution for about 1 minute or 

less (reaction may be very fast, so test a slide, check microscopically to determine exact 

incubation time). 

7. Dip slides for 1 minute in 1% ammonium hydroxide solution to stop the silver reaction. 

8. Wash slides in 3 changes of distilled water. 

9. Place slides in 5% sodium thiosulfate solution for 5 mins. 

10. Wash in 3 changes of distilled water 

11. Dehydrate and clear through 95% ethyl alcohol, absolute alcohol and xylene. 

12. Mount with resinous medium. 

 

Appendix 3: Staining protocol for Bielshowsky staining. 
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1. Deparaffinize and hydrate to 95% ethyl alcohol (Frozen/vibratome sections may need to have 

de-fat step: place sections directly into 1:1 alcohol/chloroform for a few hours/overnight and 

then hydrate back 95% ethyl alcohol). 

2. Leave in luxol fast blue solution in 56 C oven overnight (for frozen sections, not longer than 16 

hours). 

3. Rinse off excess stain with 95% ethyl alcohol. 

4. Rinse in distilled water. 

5. Differentiate the slides in the lithium carbonate solution for 30 seconds. 

6. Continue differentiation in the 70% ethyl alcohol for 30 seconds. 

7. Rinse in distilled water. 

8. Check microscopically to see if gray matter is clear and WM sharply defined. 

9. Repeat the differentiation steps (step 5-7) if necessary. 

10. When differentiation is complete, place in distilled water. 

11. Counterstain in the cresyl violet solution for 30-40 seconds. 

12. Rinse in distilled water (don’t rinse in 70% alcohol which will clear off fast blue staining). 

13. Differentiate the slides in 95% ethyl alcohol for 5 mins (check microscopically). 

14. 100% alcohol 2x5 min. 

15. Xylene 2x5 min. 

16. Mount with resinous medium. 

Appendix 4: Staining protocol for Luxol Fast Blue staining. 
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1. 5 min in Tap Water 

2. 25 min in BlackGold II at 60oC 

3. 2 min in Tap water 

4. 3 min in 1% Sodium Thiosulfate 

5. 5 min in Tap water 

6. 5 min in Tap water 

7. 5 min in Tap water 

8. 5 min in 75% EtOH 

9. 5 min in 95% EtOH 

10. 5 min in 100% EtOH 

11. 5 min in 100% Xylene 

12. 5 min in 100% Xylene 

13. Mount in DPX 

 

Appendix 5: Staining protocol for BlackGold II staining. 
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Appendix 6: G-CSF, GM-CSF, IFN-γ, and IL-1α expression in the striatum and cortex. 
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Appendix 7: IL-1β, IL-2, IL-4, and IL-5 expression in the striatum and cortex. 
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Appendix 8: IL-6, IL-7, IL-9, and IL-10 expression in the striatum and cortex.  
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Appendix 9: IL-12p40, IL-12p70, IL-13, and IL-15 expression in the striatum and cortex.  
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Appendix 10: IL-17, IP-10, KC, and MCP-1 expression in the striatum and cortex. 
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Appendix 11: MIP-1α, MIP-1β, MIP2, and RANTES expression in the striatum and cortex.  
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Appendix 12: TNF-α and the total amount of cytokine detected the striatum and cortex.  
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Appendix 13: Publisher approval for re-use of Figure 1-2.  
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