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ABSTRACT  

RACHEL ANN WEBER. Diffusion MRI and Pharmacological Enhancement of Motor 

Recovery After Stroke. (Under the direction of DEANNA L. ADKINS) 

The primary goal of these studies is to enhance recovery of motor function 

following stroke and to understand the relationship between dMRI measures and the 

cellular, functional, and behavioral changes acutely and chronically following 

rehabilitation. We hypothesize that dMRI will be a sensitive tool to identify 

microstructural changes acutely and chronically following stroke and that 

promoting mitochondria biogenesis will lead to better functional recovery and 

induce structural and functional plasticity following rehabilitative training. Towards 

this goal, we used a combination of sensitive behavioral, immunohistochemical and 

mitochondrial-related molecular markers, and diffusion magnetic resonance imaging 

(dMRI) to investigate the time course of acute and chronic stroke effects. 

We were able to detect acute changes in dMRI metrics and correlate those 

changes with functional and morphological plasticity following stroke. Our work has shown 

that mean kurtosis, a dMRI metric, increased acutely after stroke and persists days post-

stroke in the lesion core. We found strong correlations between mean diffusivity and 

astrogliosis in the perilesional stroke area. There were no correlations between dendritic 

and axonal surface densities and dMRI metrics acutely following stroke. However, 

behavioral-induced and learning-induced neural plasticity was not detected with dMRI 

changes chronically in perilesional grey matter or white matter.  

Our studies have revealed mitochondria dysfunction that persists for at least six 

days post stroke in ipsilesional cortex and striatum following a focal sensorimotor (SMC) 

ischemic lesion. Therefore, we proposed that pharmacologically enhancing mitochondria 

function and biogenesis would promote recovery after stroke when administered early 

after stroke. We found that giving a drug known to induce mitochondria biogenesis, 
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formoterol, a FDA approved long-lasting β2-adrenergic receptor agonist, twenty-four hours 

after SMC ischemic lesions caused a full restoration of markers of mitochondria function 

in the striatum three days post stroke and stimulates a partial recovery of functional 

markers in the cortex six days post-stroke. Our studies revealed that animals given 

formoterol (0.1mg/kg) combined with motor rehabilitative training (RT) daily for 15 days 

leads to better recovery of motor function than animals given vehicle treatment and RT. 

These data demonstrate that stimulating mitochondria biogenesis acutely after stroke 

enhances functional motor recovery.
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CHAPTER 1: INTRODUCTION 

Ischemic stroke is a leading cause of death in the world, and a majority of stroke 

survivors are left with long-lasting motor deficits. The primary goals of the following studies 

were 1) to enhance recovery of motor function via stimulating mitochondria biogenesis 

following stroke and 2) to understand the relationship between dMRI measures and 

cellular, functional, and behavioral changes acutely and chronically. Stroke-induced 

neural dysfunction is the result of neuronal injury and death; dMRI may be used as a 

prognostic tool to determine imaging biomarkers of recovery of motor function after we 

have a better understanding of the morphological changes that correspond with changes 

in dMRI metrics. In Chapter 2, we present the results of studies examining acute stroke-

induced effects on diffusion properties of water in lesion and perilesional tissue using 

several sensitive dMRI metrics.  We then investigated how these dMRI measures 

correspond to alterations in structural changes in axons, dendrites, and glia. The goal was 

to identify potential cellular structural changes that may be driving changes in water 

diffusion and thus the changes in dMRI. We also examined the relationship between dMRI 

measures and rehabilitation-induced functional recovery.  

In Chapter 4, we examined whether we could improve stroke recovery through 

pharmacological manipulation. Currently, drug therapy following stroke is limited to tissue 

plasminogen activator (TPA), which breaks down blood clots,  must be administered within 

six hours of a stroke, and when administered early reduces the overall size of the ischemic 

lesion. This window is normally too short and TPA has several severe side effects. 

Additionally, TPA only treats the initial phase of the injury and therapies are needed that 

also stimulate neuronal recovery in vulnerable tissue connected to the lesion core and 

increase functional recovery. One possible means to support this vulnerable tissue, the 

perilesional area, is to stabilize mitochondrial homeostasis and potentially increase 

mitochondrial biogenesis.  In the following studies we examined the time course of 
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mitochondria dysfunction acutely in ipsilesional cortex and striatum following a focal 

sensorimotor (SMC) ischemic lesion. We then examined whether formoterol, a FDA 

approved long-lasting β2-adrenergic receptor agonist, would enhance mitochondrial 

function and biogenesis in perilesional tissue and lead to greater recovery after stroke. 

Formoterol has been shown to induce mitochondrial biogenesis following ischemic injury 

in the kidney. To determine recovery of mitochondrial function, we used a well-established 

battery of markers of mitochondrial health. Because neurons remain dysfunctional for days 

and weeks after stroke, we also examined promoting mitochondrial health during 

rehabilitative training to enhance the efficacy of well-established rehabilitative training 

interventions.   

We hypothesized that dMRI would be a sensitive tool to identify 

microstructural changes acutely and chronically following stroke and that 

promoting mitochondrial biogenesis would lead to better functional recovery and 

induce structural and functional plasticity following rehabilitative training.  Towards 

these aims, we used sensitive behavioral, immunohistochemical, and mitochondrial-

related molecular markers, in combination with diffusion magnetic resonance imaging 

(dMRI) to investigate the time course of acute and chronic stroke effects. The studies 

discussed below have been promising for stroke recovery and understanding early 

biomarkers post stroke.  

Outlined below is the basic premise of these studies, starting with the 

pathophysiology of stroke and animal models of stroke. Learning-dependent plasticity, 

stroke-induced plasticity, and plasticity following stroke rehabilitation are highlighted to 

understand the functional and structural plasticity mechanisms we plan to examine in the 

studies within this dissertation. Lastly, aspects of dMRI and mitochondrial function and 

biogenesis are discussed to understand the building blocks of the subsequent studies.   

Ischemic Stroke  
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A stroke occurs from an interruption of blood supply to the brain leading to cell 

death and dysfunction. Annually, roughly 800,000 people suffer from a new or recurrent 

stroke (Association 2015). An ischemic stroke, which accounts for 87% of all strokes, 

occurs when blood clots or plaques (fatty deposits and cholesterol) block the brain’s blood 

flow. Hemorrhagic stroke, accounting for 13% of all strokes, occurs when blood seeps into 

brain tissue from blood vessel rupture or an aneurysm that bursts. Although ischemic 

strokes are more common, hemorrhagic strokes have a higher mortality rate. The studies 

included in this dissertation used an animal model of ischemic stroke, to model the more 

commonly occurring type of stroke.   

The brain comprises 2% of total body weight but receives 15-20% of cardiac 

output, 20% of total body oxygen, and 25% of total body glucose (Mergenthaler, Lindauer 

et al. 2013). Normal blood flow to the brain delivers oxygen, glucose, and nutrients while 

removing carbon dioxide, lactic acid, and metabolites. Unlike the majority of other cells in 

the body, neurons almost exclusively use aerobic mechanisms to produce energy, in the 

form of adenosine triphosphate (ATP), namely by means of oxidative metabolism of 

glucose. The brain burns glucose instead of storing it for future use and lacks the ability 

to store creatine phosphate and glycogen (Mergenthaler, Lindauer et al. 2013), and 

therefore must rely upon a continuous supply of oxygen. Consequently, the brain is highly 

vulnerable to disrupted blood flow and damage can begin within 4-5 minutes of oxygen 

deprivation and 10-15 minutes of glucose deprivation.   

Acute cell death within the lesion core can be caused by upregulated calcium, 

tissue acidosis, and free radical production. The large increase in calcium inside neurons 

occurs in part because without ATP, calcium export to the extracellular environment by 

ATP-dependent calcium pumps and the sodium/calcium exchanger can no longer occur 

(Woodruff, Thundyil et al. 2011). Without calcium movement out of the cell, cell death 

pathways will be activated. Edema, inhibition of hydrogen extrusion, inhibition of lactate 
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oxidation, and impairment of mitochondrial respiration all lead to tissue acidosis (Anderson 

and Sims 1999). Additionally, anaerobic metabolism of glucose is initiated during stroke, 

leading to a rise in lactate production and a fall in pH levels. Insufficient oxygen to accept 

electrons via the mitochondria electron transport chain causes free radical formation, 

which exacerbates damage to proteins, DNA, lipids, and fatty acid components of the cell 

membrane (Duchen 2000, Kann and Kovacs 2007). Within minutes to hours after injury, 

apoptosis starts to occur, normally due to calcium influx and mitochondria dysfunction 

(Duchen 2000). Degeneration of distal axons, also known as Wallerian degeneration 

occurs days to weeks following injury, due to onset of deleterious metabolic pathways 

which leads to expansion of infarct size and worsening of clinical outcomes (Borgens and 

Liu-Snyder 2012). The area undergoing secondary injury that surrounds the core of the 

ischemic lesion is termed the penumbra. 

Animal Models of Ischemic Stroke 

Middle Cerebral Artery Occlusion (MCAO) 

The middle cerebral artery occlusion (MCAO) method is the most common and 

widely used stroke model to date. Many argue that this method is the most comparable to 

human stroke because the middle cerebral artery is often occluded in humans (Carmichael 

2005). There are many methods used to induce a MCAO. One common MCAO method 

is to temporarily tie off the common carotid artery and a suture is inserted into the internal 

carotid artery to block the origin of the MCA at the circle of Willis for a predetermined 

period of time or permanently. By 12 hours after occlusion, irreversible cortical and striatal 

damage is induced (Liu and McCullough 2011), although apoptosis peaks at 24-48 hours 

post stroke (Linnik, Miller et al. 1995, Chen, Jin et al. 1997). This technique does not 

require a craniotomy and can be done in a high throughput manner (Carmichael 2005, Liu 

and McCullough 2011). MCAO strokes in rodents can come with a high mortality rate that 

is increased in aged and high risk (high blood pressure for example) animals (Liu and 
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McCullough 2011). Lastly, this model may be a poor model of human strokes because of 

the extremely different lesion sizes produced in rodents compared to humans. A MCAO 

stroke in rodents can cause damage throughout the entire sensory and motor area of the 

forelimb region as well as a majority of striatum, hippocampus, and other subcortical 

structures. This severe of a stroke is not often seen in humans and would cause death.  

Photothrombosis  

 The photothrombotic stroke model is induced by photo-activation of an injected 

light sensitive dye in an animals’ blood stream. Once the dye becomes active, singlet 

oxygen is generated and induces endothelial damage and platelet aggregation, resulting 

in disrupted blood flow at the site of injury and in downstream tissues perfused by the 

occluded arteries (Carmichael 2005, Labat-gest and Tomasi 2013). A strong immune 

response resulting in T-cell activation, cytokine release, and microglia upregulation, is 

seen within days following ischemia (Schroeter, Jander et al. 1997, Jander, Schroeter et 

al. 2000). Advantages of this method is the ability to stereotaxically photo-activate a 

specific region of the brain such as a barrel field, the small and focal lesions that are 

produced, and the minimal amount of surgical procedures required (Carmichael 2005). 

The greatest disadvantage of the photothrombotic stroke model is the lack of penumbra 

development, especially because the penumbra is the target for a large number of stroke 

therapeutics (Labat-gest and Tomasi 2013).  

Endothelin-1 (ET-1) 

Endothelin-1 is a vasoconstricting peptide that is produced endogenously and can 

be infused or injected exogenously to cause ischemia. Endothelin-1 produces highly 

reproducible and focal ischemic lesions (Adkins, Voorhies et al. 2004). As with any stroke 

model there are limitations. There are ET-1 receptors located on both neurons and glia, 

and application of ET-1 can alter cell morphology and interfere with the interpretation of 

neural repair experiments through receptor-mediated signaling effects (Nakagomi, Kiryu-
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Seo et al. 2000, Carmichael 2005). Biernaskie and colleagues demonstrated that ET-1 

injected near the MCA reduced blood flow in the cortex for 16 hrs and in the striatum for 

7 hrs inducing ischemic lesions with a final infarct size identifiable at 48 hrs with T2-

weighted MRI (Biernaskie, Corbett et al. 2001). The evolution of ET-1 ischemia in rodent 

models is thought to mimic the subacute onset of human ischemia (Marchal, Young et al. 

1999, Biernaskie, Corbett et al. 2001). Therefore it is a good model to examine pathway 

disruptions and ultimately to test potential human therapeutics.  

All experimental strokes in this dissertation were induced using an ET-1 model of 

ischemia in adult rats due to the reproducible and focal lesions produced and penumbra 

present.   

Motor Learning-Dependent Plasticity 

 We know that motor learning alters brain function and drives neural remodeling in 

healthy brains (Kleim, Hogg et al. 2004, Adkins, Boychuk et al. 2006).  Motor learning is 

also an effective form of rehabilitative training that leads to behavioral improvements and 

neural plasticity (Whishaw, Pellis et al. 1991, Alaverdashvili and Whishaw 2013). 

However, rehabilitation training often is insufficient and individuals continue to suffer 

incomplete recovery (Maldonado, Allred et al. 2008). One of the primary goals of the 

following studies is to investigate whether a potential pharmacological treatment can 

enhance the effects of rehabilitation training in an animal model of stroke. 

  There are conflicting reports on the definition of motor learning; some believe no 

definition is needed (Krakauer 2006), while others give very specific definitions (Wolpert, 

Ghahramani et al. 2001, Wise 2005). We have operationally defined motor learning as “a 

change in behavior that takes place following training on a specific task”. Motor learning 

occurs through the cortico-striatal system and plasticity following learning takes place 

throughout the nervous system, however the work here will focus on both the motor and 
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sensory cortex and striatum (Doyon and Benali 2005). While a majority of this review of 

motor learning plasticity is taken from animal reports, similar processes occurs in humans 

as well (Zatorre, Fields et al. 2012).   

Motor Cortex 

 The primary motor cortex is organized with a physical representation of the body 

called the homunculus and is arguably the most studied areas in association with motor 

learning. The motor cortex undergoes functional and structural plasticity following motor 

learning. Several studies have shown that following training on a motor task, synapse 

formation and immediate early gene upregulation occurs in the primary motor cortex of 

rats. New synapses that form have a higher efficiency that is correlated with task retention 

(Kleim, Lussnig et al. 1996, Rioult-Pedotti, Friedman et al. 2000, Kleim, Hogg et al. 2004, 

Rioult-Pedotti, Donoghue et al. 2007, Harms, Rioult-Pedotti et al. 2008). Additionally, 

within one hour of training animals on a new task, new spines form on dendritic spines in 

the primary motor cortex that stabilize following additional training and persist for at least 

5 months after training stops (Xu, Yu et al. 2009). Synapse formation was task-specific, 

animals were tested on two skilled forelimb reaching tasks, and each task tested produced 

a different cluster of new spine formation (Xu, Yu et al. 2009).  

Performance of the learned motor skill and the resulting changes are dependent 

on protein synthesis (Kleim, Bruneau et al. 2003). Brain-derived neurotropic factor (BDNF) 

is one neurotropic factor involved in this plasticity.  In rodents, BDNF has been found to 

play a role in learning dependent long-term potentiation (LTP) (Figurov, Pozzo-Miller et al. 

1996, Aicardi, Argilli et al. 2004), a long-lasting strengthening of synapses that occurs 

following learning. BDNF has a well-known single nucleotide polymorphism (SNP), 

Val66Met that has been shown to play a role in several brain functions and emotions: 

anxiety (Chen, Jing et al. 2006, Martinowich, Manji et al. 2007), learning (Soliman, Glatt 

et al. 2010), episodic memory (Egan, Kojima et al. 2003), depression (Martinowich, Manji 
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et al. 2007), and others. This polymorphism seems to also play a role in motor dependent 

learning plasticity (Kleim, Chan et al. 2006, Cheeran, Talelli et al. 2008). Several reports 

indicate that humans with the Met allele, show decreases in corticospinal excitability and 

experience-dependent motor learning plasticity (Adkins, Boychuk et al. 2006, Kleim, Chan 

et al. 2006, Cheeran, Talelli et al. 2008). Other factors associated with learning dependent 

motor plasticity are still under investigation.   

Rat primary motor cortex is organized into areas devoted to particular movements 

and can be further divided into motor maps based on specific movements (Neafsey, Bold 

et al. 1986), similar to the human homunculus. In rodents the sensory and motor cortices 

overlap in areas representing the forelimbs and hindlimbs, therefore throughout our 

studies we will target the forelimb area of the sensorimotor cortex (SMC). Additionally, 

there are two primary motor areas of importance for these studies: the caudal forelimb 

area (CFA) and the rostral forelimb area (RFA). The CFA is thought to represent the 

primary motor area, whereas the RFA is akin to the primate premotor cortex (Kleim, 

Barbay et al. 1998). Motor maps have now been extensively studied in rats and primates 

(Nudo, Milliken et al. 1996, Tennant, Adkins et al. 2012, Tennant, Kerr et al. 2015). 

Animals trained on a motor learning task, such as the single pellet reaching task, have 

increases in motor map representations following learning that correspond to the specific 

motor areas targeted by training (Adkins, Boychuk et al. 2006). The synaptic changes 

referred to in the paragraph above occur within hours, however the reorganization of 

cortical representations takes longer to become persistent. Animals trained on a skilled 

reaching task for 10 days show a reorganization of the motor maps compared to animals 

that practice to reach for a pellet out of reach resulting in unskilled reach training (Kleim, 

Hogg et al. 2004). Specifically, these animals show an increase in the proportion of caudal 

forelimb area represented by digits and wrist and a decrease in elbow/shoulder 

representations following training (Kleim, Barbay et al. 1998, Kleim, Hogg et al. 2004). 
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Additional evidence for specificity with increased motor maps comes from studies 

performed on squirrel monkeys. Monkeys first trained on a skilled digit task that caused 

an expansion of the digit motor representation were subsequently trained on a wrist 

specific task causing a decrease of the previously expanded digit map representation and 

an increase in the wrist motor representation as observed in the same animals (Nudo, 

Milliken et al. 1996, Adkins, Boychuk et al. 2006).  

 

Dorsal Striatum 
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 Cortical pyramidal neurons from layer V in the motor cortex project to the dorsal 

striatum (caudate and putamen), this vital connection has pushed researchers to 

understand plasticity in the dorsal striatum following motor learning, which is thought to be 

involved in several aspects of motor learning. One group examined neuron recruitment 

during a motor task and found throughout motor learning trials, an increased number of 

striatal neurons were active as measured by multielectrode arrays (Costa, Cohen et al. 

2004). This process was similar to patterns of activity they observed in the motor cortex. 

Once a motor learning task has been mastered, cortical and dorsal striatal neurons 

changed their firing pattern in parallel (Costa, Cohen et al. 2004). Secondly, researchers 

have found that the striatum is involved after the motor learning of a specific task has been 

acquired and likely important for long-term storage of the learned movement sequences 

learned (Ungerleider, Doyon et al. 2002). Dang and colleagues recently found that 

knocking out NMDA subunit 1, a receptor known to be essential for LTP, in the striatum 

impairs motor learning but does not have an effect on striatal neuronal morphology (Dang, 

Yokoi et al. 2006). Lastly, several research groups have shown that lesions in the dorsal 

striatum cause impairments in motor learning (Featherstone and McDonald 2005).  

Sensory Cortex 

 Motor learning does not exclusively rely on the motor cortex and the striatum. A 

lesion in the sensory cortex resulted in an animal’s inability to learn a new motor skill; 

however, these lesions had no effect on existing motor skills learned prior to the lesion 

(Sakamoto, Arissian et al. 1989, Pavlides, Miyashita et al. 1993). Several stimulation 

studies have attempted to understand the role of the sensory cortex in animals and 

humans. Microstimulation of the sensory cortex caused an increase in excitatory post 

synaptic potentials (EPSPs) in the motor cortex, therefore the sensorimotor connection is 

likely essential to motor learning (Sakamoto, Porter et al. 1987). While human subjects 

attempted to learn a new motor task, researchers have used repetitive transcranial 
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magnetic stimulation (rTMS) to inhibit the sensory cortex which resulted in subjects 

performing worse on the motor task than participants receiving sham stimulation (Vidoni, 

Acerra et al. 2010).   

Spontaneous and Experience Induced Stroke Induced Plasticity 

 It is important to understand spontaneous- and experience-induced plasticity 

following a stroke in order to appreciate how learning-induced plasticity may promote 

regenerative processes and behavioral recovery. Experience-dependent and 

spontaneous stroke-induced plasticity can be enhanced through motor learning and 

rehabilitation. Although these changes occurred following strokes without any specific 

rehabilitation or motor learning, these studies notably allowed animals to use their 

impaired limb through experiences in their home cages. Within days after stroke, growth 

factors, cell adhesion molecules, axonal guidance, and cytoskeleton modifying molecules 

are increased compared to sham animals (Li, Overman et al. 2010). As early as three 

weeks after stroke, axonal sprouting occurs in the cortical areas surrounding and 

connected to the lesion (Carmichael, Wei et al. 2001). Axonal sprouting is essential for 

recovery post stroke; induction of axon sprouting can enhance recovery whereas inhibiting 

sprouting can inhibit recovery (Carmichael, Kathirvelu et al. 2016). Axonal sprouting 

occurs in the contralateral cortex in corticospinal neurons (Carmichael, Kathirvelu et al. 

2016) and in contralesional cortical neurons that cross the corpus callosum and innervate 

the ipsilesional striatum (Carmichael and Chesselet 2002, Riban and Chesselet 2006). 

Dendritic spine remodeling occurs within two weeks after stroke in cortical areas 

surrounding a photothrombotic stroke in somatosensory cortex (Brown, Boyd et al. 2010), 

one report shows an increase in synaptic connections in neurons even 2-3mm from the 

lesion (Mostany, Chowdhury et al. 2010).  

Stroke Rehabilitation   
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About one-third of all stroke patients have persistent motor disabilities following a 

stroke (Kelly-Hayes, Robertson et al. 1998). Timely and appropriate rehabilitation 

interventions are desperately needed to increase motor function in these patients. The 

age of the individual (Tennant, Adkins et al. 2012), intensity of the training (Bell, Wolke et 

al. 2015), and size and location of the lesion have all been found to influence the 

effectiveness of rehabilitative training. Studies have shown that behavioral dependent 

brain plasticity following a stroke in the remaining motor cortex and the rostral forelimb 

area are vital for recovery of motor function (Nudo 2013). Following incomplete motor 

cortical strokes, the remaining motor cortex, part of the perilesional area, undergoes 

robust functional and structural plasticity following a stroke. Animals that receive 

rehabilitation training have preservation of the forelimb area of the motor cortex and this 

motor map expands (Nudo 1997). However, when animals do not receive rehabilitation 

training following stroke, there is a greater loss of the motor map of the forelimb area of 

the motor cortex (Nudo 1997, Nudo 2006). The striatum also undergoes plasticity changes 

after a SMC ischemic lesion (Carmichael and Chesselet 2002).  

Motor learning is when a change in behavior occurs following training on a specific 

task. Skilled motor learning can be defined as the acquisition and refinement of a 

combination of movement sequences (Adkins, Boychuk et al. 2006). Dendritic and 

synaptic morphology of the motor cortex is altered after specific learning tasks such as 

skilled forelimb training (Jones, Chu et al. 1999, Kleim, Freeman et al. 2002, Harms, 

Rioult-Pedotti et al. 2008). Additionally, there is an increase in dendritic density, which 

likely represents greater capacity or greater functional ability after skilled forelimb training. 

The single-pellet reaching task (SPR), a skilled forelimb training task that alters the non-

injured brain and is used as a rehabilitation training task in animal models of brain injury. 

The task requires rats to reach through a narrow window and retrieve a flavored pellet 

(Whishaw and Pellis 1990). The SPR task has been shown to have very similar kinematic 
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movements to humans reaching for an object (Karl and Whishaw 2013) and one can 

examine qualitative gross and fine motor movements through slow-motion video replay. 

Animals that are trained on the SPR task have greater motor improvement compared to 

animals that receive control procedures, such as eating flavored pellets off the ground; 

however these animals only recover sub optimally (Maldonado, Allred et al. 2008). 

Previously, our lab and others have found that pairing rehabilitation with drug treatments 

or cortical stimulation enhances rehabilitation compared to rehabilitation alone following 

ischemic stroke and traumatic brain injury (Adkins-Muir and Jones 2003, Adkins and 

Jones 2005, Adkins, Campos et al. 2006, Adkins, Hsu et al. 2008, Jones and Adkins 

2015). It is known that these skilled motor tasks result in reorganization of the movement 

representations within the motor cortex and induce cortical plasticity, such as 

synaptogenesis and dendritic plasticity (Adkins-Muir and Jones 2003, Adkins, Voorhies et 

al. 2004, Kleim, Hogg et al. 2004).  These plastic changes are likely resulting in long-term 

potentiation like changes in the motor cortex (Rioult-Pedotti, Friedman et al. 2000, 

Hodgson, Ji et al. 2005) and represent motor learning within the cortex.  

Diffusion MRI: Measures and Modeling 

One of the goals of these studies was to improve stroke recovery and to determine 

the usefulness of diffusion magnetic resonance imaging (dMRI) clinically to predict 

recovery in the acute and chronic phase post stroke. Diffusion MRI allowed us to non-

invasively examine an animal model of stroke and understand functional and structural 

plasticity mechanisms occurring acutely and chronically in the process of recovery. The 

methods and techniques discussed below are commonly used in the clinic every day.  

Diffusion MRI is a brain imaging method that measures the diffusion of water within 

tissue as a means to non-invasively visualize and understand the pathophysiology of 

neurological disorders, particularly stroke. The first dMRI images were presented in 1985 

(Le Bihan, Breton et al. 1986) and began to be used commonly in the early 1990s by 
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clinicians to visualize water diffusion in the brain, once the methods became more reliable 

and motion artifacts were more controlled by using an echo-planar imaging (EPI) 

sequence (Turner, Le Bihan et al. 1990). Now, dMRI largest clinical application is 

assessing patients presenting with a stroke (Alexander, Lee et al. 2007). Unfortunately, 

the mechanisms underlying dMRI changes following stroke are still poorly understood, 

specific examples are discussed below. In Chapter 2 of this dissertation, we attempt to 

determine some of the cellular structural changes that may alter dMRI following stroke.  

Diffusion Tensor Imaging (DTI) 

Water molecules diffusing through a biological tissue move in a random pattern 

described the diffusion displacement probability density function (dPDF). The mean 

square displacement of the dPDF is, in general, proportional to the diffusivity. The 

particular dMRI method known as diffusion tensor imaging (DTI) is based on 

approximating the dPDF by a Gaussian (or normal) distribution. In this case, the only 

information that can be inferred from the dMRI data is the diffusivity and related quantities. 

Since the diffusion in brain can depend on direction, especially in white matter, this 

includes metrics of diffusion anisotropy that quantify to degree of directionality. 

DTI has largely been used to investigate changes within white matter, although 

reports have also demonstrated its ability to assess changes in grey matter. While the 

sensitivity of DTI to changes in microstructure are well documented, there is still debate 

regarding which underlying molecular and structural mechanisms are actually being 

detected (Le Bihan 2003). DTI provides four primary measures that we analyzed 

throughout these studies. 1) Mean diffusivity (MD) is the diffusivity averaged over all 

possible directions. 2) Fractional anisotropy (FA) is the most commonly used measure for 

diffusion anisotropy, which is commonly used in white matter tracts as a marker of 

myelination and axonal density. 3) Axial diffusivity is the maximum diffusivity over all 

possible diffusion directions. 4) Radial diffusivity is the average diffusivity over all 
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directions perpendicular to the direction of maximal diffusivity. These four metrics are not 

independent quantities since the mean diffusivity can be determined from the axial and 

radial diffusivities. 

Diffusional Kurtosis Imaging (DKI) 

Because DTI assumes the dPDF to be Gaussian, its ability to characterize tissue 

microstructure is generally incomplete, particularly in complex media such as brain tissue. 

Diffusional kurtosis imaging (DKI) is a generalization of DTI that allows for the possibility 

of non-Gaussian diffusion and thereby provides a more comprehensive description of the 

diffusion dynamics. In particular, DKI yields several additional metrics that quantify the 

degree of diffusional non-Gaussianity. DKI also estimates the diffusivity metrics that are 

available with DTI, but with improved accuracy.  

There are three primary DKI measures we used in these studies Mean kurtosis 

(MK) is the mean directional kurtosis over all possible directions that the diffusion gradient 

is applied. Axial kurtosis is the maximum kurtosis over all possible diffusion directions and 

radial kurtosis is the average kurtosis over all directions perpendicular to the direction of 

maximal kurtosis.  

White Matter Tract Integrity (WMTI) and Tract Based Spatial Statistics (TBSS) 

To investigate rehabilitation (motor training) induced white matter changes 

following stroke (Chapter 3), we used two different analytical methods: white matter tract 

integrity (WMTI) and tract based spatial statistics (TBSS). White matter tract integrity 

assumes that there are two compartments that do not exchange water: the intra-axonal 

space and the extra-axonal space (Fieremans, Jensen et al. 2011). The intra-axonal 

space (IAS) includes long-cylinder like processes with a majority of these being myelinated 

axons. At the same time, other processes might contribute to the IAS including 

unmyelinated axons and dendrite processes. The extra-axonal space (EAS) is the 

remainder of space and is essentially cerebrospinal fluid and a majority of glia cells that 
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are thought to be highly permeable to water. A second assumption within this model is 

that the processes are mainly aligned in a single general direction for any given imaging 

voxel (Fieremans, Jensen et al. 2011). In our rehabilitation studies in Chapter 3, we sought 

to understand changes that happened in white matter, particularly the corpus callosum, 

post rehabilitation. Four primary metrics were used in the white matter model: 1) Axonal 

water fraction was used to measure axonal density. 2) The intrinsic intra-axonal diffusivity 

inside axons used as a marker of axonal injury. 3) The extra-axonal axial diffusivity and 4) 

the extra-axonal radial diffusivity served as markers of changes in extra-axonal space.   

Tract based spatial statistics (TBSS) was first introduced in 2006 and allowed for 

a whole brain automatic investigation of white matter with less alignment and smoothing 

issues than previous methods (Smith, Jenkinson et al. 2006). Briefly as described in Smith 

et al., in a common brain scan, the target, is used to align all subject’s FA images onto the 

target and create a mean FA which will become the FA skeleton. Next, each subject’s FA 

image is projected onto the skeleton and voxelwise statistics are conducted across groups 

and subjects. A recent study utilized TBSS to investigate white matter changes in the 

corpus callosum in healthy rats following a skilled reaching task (Sampaio-Baptista, 

Khrapitchev et al. 2013). In Chapter 3, we used TBSS to examine white matter changes 

in the corpus callosum following stroke and rehabilitation.  

Diffusion MRI and Ischemic Injury 

As mentioned above, dMRI over the past 25 years has been shown to be a 

valuable tool for the investigation and assessment of several neurological disorders, 

including stroke. Advanced diffusion MRI (dMRI) techniques, such as DKI, are highly 

sensitive to microstructural changes in the brain and provide unique information about 

white matter connectivity and integrity and thus may be of great prognostic value. Within 

the lesion core, numerous studies have discovered that MD decreases within hours of an 

ischemic stroke and begins to renormalize 5-7 days post lesion (Alexander, Lee et al. 
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2007). Neuronal beading, a process that occurs following stroke, has been shown to 

restrict water movement and is currently the leading hypothesis for the reduction of MD in 

the lesion core (Budde and Frank 2010). More recently identified and less studied or 

understood is the increase in MK seen hours following stroke and persisting at least one 

day following stroke (Hui, Du et al. 2012). Surrounding the lesion core is an area termed 

the penumbra or perilesional area where cells can remain viable for several hours to days 

following ischemia, making the tissue vulnerable for clinical intervention. Our work 

discussed in the upcoming chapters will examine dMRI in the penumbra and the 

mechanisms underlying any changes.   

Diffusion MRI and Rehabilitative Training 

Diffusivity metrics, especially fractional anisotropy (FA), have been extensively 

used to understand motor training effects on white matter tracks in healthy and diseased 

brains (Sampaio-Baptista, Khrapitchev et al. 2013, Wang, Casadio et al. 2013, Bonzano, 

Tacchino et al. 2014). In 2013, rodents preforming a skilled reaching task showed an 

increase in white matter myelination in the corpus callosum, assessed with TBSS, that 

was positively correlated with reaching performance (Sampaio-Baptista, Khrapitchev et al. 

2013). Other groups have seen that different reaching tasks increase FA in healthy human 

subjects (Wang, Casadio et al. 2013). While DTI metrics have been used to understand 

changes following rehabilitative training, less work has been conducted examining grey 

matter changes following rehabilitation nor has DKI been used to examine these changes. 

DKI is thought to be more sensitive post injury because it accounts for non-Gaussian water 

disruption movement through injured tissue. The following studies aim to understand how 

these metrics change post chronic stroke and after rehabilitative training and the 

relationship of diffusion metrics and motor recovery post stroke. The degree of motor 

impairment after stroke is a potential prognostic indicator of recovery of motor function 

(Stinear 2010), imaging biomarkers that could provide reliable assessment therefore 
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would be extremely useful. Additionally, there is likely a time frame during which the brain 

is more amenable to rehabilitative intervention (Allred, Kim et al. 2014), biomarkers that 

can provide early assessment of the patient’s potential to motor recovery may be key to 

improving the outcome of rehabilitation.  

Mitochondria Homeostasis  

Mitochondria are highly susceptible to ischemic injury and mitochondria 

dysfunction can lead to increased cell death. One possible means to support perilesional 

tissue is to stabilize mitochondrial homeostasis and potentially increase mitochondrial 

biogenesis.  In Chapter 4, we examined mitochondria acutely post stroke in ipsilesional 

cortex and striatum following a focal SMC ischemic lesion and pharmacologically 

enhanced mitochondria function and biogenesis to promote recovery after stroke when 

administered early after stroke. Mitochondria contain their own genome and are semi-

autonomous organelles that code for 13 proteins for respiratory complexes, 22 tRNAs, 

and 2 rRNAs. Other essential proteins are synthesized in the cytosol and transported into 

the mitochondria. Mitochondria are the energy producing organelles of the cell that 

produce ATP via metabolic substrates. Mitochondria homeostasis is a balance between 

mitochondria biogenesis (growth and division of mitochondria) and mitophagy 

(mitochondria-selective autophagy) (Palikaras and Tavernarakis 2014). Coordination of 

these two processes is vital to overall health, several disorders occur following inadequate 

mitochondria homeostasis (Malpass 2013). The work within this dissertation will focus on 

mitochondria biogenesis and those mechanisms will be reviewed here more extensively.  

Mitochondria Biogenesis (MB) 

Mitochondria biogenesis requires incredible coordination, resulting in roughly 

1,000 proteins synthesized by the nucleus and assembling with mitochondrial encoded 

proteins within the mitochondria (Figure 1.2) (Ventura-Clapier, Garnier et al. 2008). 

Additionally, mitochondria fusion and fission processes must be coordinated (discussed 
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below). MB is triggered by multiple different environmental factors, one being rehabilitation 

training and exercise which is discussed below. Peroxisome proliferator-activated receptor 

gamma co-activator 1-alpha (PGC-1α), a transcription factor, is considered the master 

regulator of MB and mitochondrial function. PGC-1α is highly expressed in areas 

undergoing a high amount of oxidative phosphorylation (i.e., heart and skeletal muscle) 

(Ventura-Clapier, Garnier et al. 2008) and has an important role in the CNS (Lin, Wu et al. 

2004, Cui, Jeong et al. 2006).  PGC-1α is unable to bind to DNA directly, but does interact 

with transcription factors including nuclear respiratory factor (NRF), particularly NRF1 and 

NRF2 which are vital for MB and respiration (Wu, Puigserver et al. 1999).   

NRFs are linked to the transcriptional control of multiple mitochondrial genes. The 

nuclear-encoded mitochondrial transcription factor A (Tfam) has binding sites for both 

NRF1 and NRF2 (Ventura-Clapier, Garnier et al. 2008). Replication and transcription 

within the mitochondria are regulated by Tfam, which binds to two sites on mitochondria 

DNA (mtDNA). One group was able to show that the levels of mtDNA are proportional to 

Tfam levels (Ekstrand, Falkenberg et al. 2004, Clay Montier, Deng et al. 2009). One 

marker of mitochondria dysfunction is decreased levels of mtDNA, which is associated 

with disease. As mentioned above, most of the mRNAs in the mitochondria genome 

encode oxidative phosphorylation subunits. Two of these mitochondria-encoded subunits 

are cytochrome c oxidase subunit 1 (COX1) and NADH dehydrogenase, subunit 1 (ND1), 

which will be studied in detail in the subsequent studies in Chapter 4. COX1 is essential 

for assembling complex IV, while ND1 is essential for assembling complex 1 of the 

oxidative phosphorylation pathway.  

Briefly, mitochondria fission and fusion are processes that occur for growth, 

movement, and maintenance of healthy mitochondria. Proteins are located on the outer 

and inner membranes of the mitochondria and are part of the dynamin family (Ventura-

Clapier, Garnier et al. 2008). Dysfunctional fission and fusion processes have been linked 
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to several disorders (van der Bliek, Shen et al. 2013). Although not examined further in 

this work, both processes are vital for properly functioning mitochondria.   

 

 

Mitochondria Injury and Cerebral Ischemia.  

Neurons are energetically demanding and use a large amount of ATP to maintain 

ion gradients across cell membranes and for neurotransmission. A majority of neuronal 

ATP is generated via mitochondria oxidative phosphorylation, therefore properly 

functioning mitochondria and oxygen supply are vital for normal neuronal communication 

and activity (Kann and Kovacs 2007). Mitochondria are also involved in neuronal calcium 
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regulation by sequestrating calcium and act as a calcium buffer within the cell (Kann and 

Kovacs 2007). Additionally, mitochondria are mobile throughout the neuronal segment, 

and therefore can be in areas with high metabolic demands such as an active growth cone 

or the synapse (Kann and Kovacs 2007). Mitochondria are highly susceptible to even a 

mild decrease in blood flow, resulting in no change in ATP production but a decrease in 

respiration and impaired activity of electron transport chain complexes (Allen, Almeida et 

al. 1995). Cerebral ischemia results in a massive influx of glutamate and calcium and a 

depletion in energy stores, resulting in glutamate excitotoxicity, mitochondria dysfunction, 

and induction of apoptotic pathways (Duchen 2000). The induction of apoptotic pathways 

has been shown to depend on mitochondria function (Ankarcrona, Dypbukt et al. 1995) 

and decreases in mitochondria respiration are seen acutely following cerebral ischemia 

(Anderson and Sims 1999). Mitochondria dysfunction can lead to metabolic failure, 

oxidative stress, and impaired calcium buffering following reperfusion (Fiskum, Murphy et 

al. 1999).  

Mitochondria Function and Biogenesis, Neuronal Survival, Neuronal Remodeling.  

Mitochondria are known to play a role in axonal growth and dendritic remodeling 

(Cheng, Hou et al. 2010), therefore increasing healthy mitochondria function and inducing 

mitochondria biogenesis following stroke may be essential for promoting structural and 

functional plasticity of the perilesional SMC. Mitochondria biogenesis (MB) can be induced 

by exercise training in naïve and post-stroke animals and can lead to decreased in lesion 

size and fewer behavioral impairments following stroke (Steiner, Murphy et al. 2011, 

Zhang, Wu et al. 2012). It is likely that MB promotes energetic support during other forms 

of post stroke treatment, such as rehabilitation training, which has also been shown to 

induce structural and functional neural remodeling following stroke (see Stroke 

Rehabilitation). Remaining motor cortex and striatum are vital for recovery of motor 

function following ischemic stroke, in fact the majority of functional and structural plasticity 
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occurs in the remaining SMC (Jones and Adkins 2015). Furthermore, the remaining SMC 

served as the target for therapeutic interventions, as will be described in Chapter 4.   

Effects of β2-Adrenergic Receptor Agonists on Learning and Recovery from Stroke 

Stimulation of β2-adrenergic receptors has been shown in previous studies to 

promote mitochondria biogenesis and cause learning. Therefore it is theorized that these 

agonists may also aid recovery from stroke. β2-adrenergic receptors are located 

throughout the central nervous system (CNS) and peripheral nervous system (PNS), 

whereas β1-adrenegric receptors are primarily located in the cardiac tissue. Activation of 

β2-adrenergic receptors and exercise have been shown to increase levels of PGC-1α and 

induce mitochondria biogenesis in the kidney and skeletal muscle (Miura, Kai et al. 2008, 

Wills, Trager et al. 2012). One non-FDA approved β2-adreneric receptor long lasting 

agonist, Clenbuterol, has been shown to have anti-inflammatory and neuroprotective 

effects through the induction of neurotrophic factors such as nerve growth factor (NGF) 

(Gleeson, Ryan et al. 2010). Due to the number of side effects and lack of FDA approval, 

Clenbuterol is not an ideal, or clinically relevant agent with which to model the activation 

of β2-adrenegric receptors. Formoterol, on the other hand, is FDA approved and has a 

better side effect profile. Formoterol crosses the blood brain barrier and has been shown 

to increase cognitive function and dendritic complexity in a Down Syndrome model (Dang, 

Medina et al. 2014). There have been no previous investigations of the use of formoterol 

to stimulate mitochondria biogenesis following stroke and whether that use will lead to 

similarly enhanced behavioral and structural changes, as have been seen in a Down 

Syndrome model.    

Conclusions and Research Directions 

The purpose of the studies described in this dissertation is to better understand 

the relationship between acute and chronic stroke tissue biophysics and morphology and 

novel imaging metrics, behavioral outcomes, and mitochondria biogenesis.  There are 
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limited prognostic tools or biomarkers to determine if individuals will recover motor function 

or respond well to rehabilitation treatments following stroke. Magnetic resonance imaging 

(MRI) has revealed some common characteristics in brain activation patterns that indicate 

level of motor recovery following stroke and has been shown, to a limited degree, to reveal 

training-induced changes. Diffusional MRI techniques, such as DTI and DKI, are highly 

sensitive to microstructural changes in the brain and provide unique information about 

white matter connectivity and integrity which will likely be of great prognostic value.  

 Mitochondria dysfunction leads to increased cell death and correlates with the 

magnitude of the infarct (Dirnagl, Iadecola et al. 1999, Chan 2005). Stimulating 

mitochondria function via promotion of mitochondria biogenesis (MB) may increase 

neuronal survival, reduce lesion size, and enhance behavioral recovery. Currently, post-

stroke pharmacology treatment is limited to TPA, which has a small window of 

effectiveness and several side effects, including hemorrhage and death. Better therapies 

are needed to advance patient recovery, stimulate neuronal survival, and promote 

structural and functional plasticity following injury.  

These studies within this dissertation aimed to examine the acute and chronic 

microstructural changes following stroke and to understand how mitochondria biogenesis 

leads to improved recovery and structural and functional plasticity following rehabilitative 

training. We hypothesized that dMRI is a sensitive tool to identify microstructural 

changes acutely and chronically following stroke and that promoting mitochondria 

biogenesis would lead to better functional recovery and induce structural and 

functional plasticity following rehabilitative training. To accomplish this hypothesis, 

we used a combination of sensitive behavioral, immunohistochemical, and mitochondrial 

related molecular markers, plus diffusion magnetic resonance imaging (dMRI) to 

investigate the time course of acute and chronic stroke effects. 
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CHAPTER 2: CHANGES IN TISSUE DIFFUSION PROPERTIES FOLLOWING ACUTE 
STROKE  
  
Introduction 

 Diffusion MRI (dMRI) is a clinically relevant, feasible, and promising tool to 

noninvasively investigate neural plasticity changes in perilesional motor areas following 

acute and chronic stroke. Currently, there are relatively few tools available for clinicians to 

noninvasively investigate changes in perilesional motor areas acutely or chronically. The 

ability to evaluate and understand these time-dependent microstructural changes in 

perilesional regions may lead to greater customization of treatment to meet individuals’ 

unique treatment needs. Following ischemia, areas connected to the lesion core undergo 

time-dependent structural and functional plasticity (Carmichael, Kathirvelu et al. 2016) and 

experience-dependent functional recovery (Nudo, Milliken et al. 1996, Jones and 

Jefferson 2011). Treatments that successfully promote motor recovery likely work at least 

in part by enhancing neural remodeling in the perilesional cortex (Adkins-Muir and Jones 

2003, Plautz, Barbay et al. 2003, Adkins, Hsu et al. 2008). After stroke, the perilesional 

cortex shows the most dramatic neural remodeling. Therefore our lab focused examination 

on the perilesional cortex to establish the relationships between dMRI measurements and 

underlying microstructural changes along the time course of stroke recovery. Currently, 

these relationships remain largely unknown. It is thought that clarification may lead 

clinicians to develop further individualized treatment interventions. 

Diffusion MRI measures water diffusion throughout tissues. Diffusion tensor 

imaging (DTI) and diffusional kurtosis imaging (DKI) have previously been shown to be 

sensitive to molecular and structural changes in the brain (Cheung, Wang et al. 2012, Hui, 

Du et al. 2012, Umesh Rudrapatna, Wieloch et al. 2014). DTI estimates the diffusivity of 

water under the assumption that water diffusion dPDF is Gaussian. Consequently, DTI 

may be unable to fully capture tissue microstructural changes. Diffusional kurtosis imaging 
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measures tissue heterogeneity without requiring diffusion to be Gaussian. Therefore, DKI 

may be able to reveal more about tissue characterization and the complexity of central 

nervous system tissue (Jensen, Helpern et al. 2005, Lu, Jensen et al. 2006, Cheung, 

Wang et al. 2012, Umesh Rudrapatna, Wieloch et al. 2014). Different parts of the nervous 

system (axons, dendrites, cerebrospinal fluid, etc.) have different diffusion properties, and 

we hypothesize that by using these different diffusion properties, we can identify specific 

microstructural changes after stroke and link to specific quantifiable changes in diffusion 

metric changes.  

 Diffusion MRI techniques have been valuable tools for the investigation and 

assessment of stroke since the 1990s (Le Bihan, Breton et al. 1986). Within the lesion 

core, numerous studies have discovered that mean diffusivity (MD) decreases within 

hours of an ischemic stroke and begins to renormalize 5-7 days post lesion (Alexander, 

Lee et al. 2007). Neuronal beading, swelling and osmotic imbalance in neurons following 

stroke, has been shown to restrict water movement and is currently the leading hypothesis 

for the reduction of MD in the lesion core (Budde and Frank 2010). The increase of mean 

kurtosis (MK) in the lesion core seen within hours following stroke and persisting at least 

one week following stroke has been less studied and is poorly documented in the literature 

(Hui, Du et al. 2012). Recently, a few studies have begun to examine changes in MK 

acutely following stroke (Hui, Du et al. 2012, Weber, Hui et al. 2015). However current 

theories to explain the increase have not been directly examined. The use of dMRI 

techniques in perilesional grey matter, has been under examined, largely because grey 

matter is more heterogeneous which makes understanding water diffusivity metrics and 

changes more difficult. The literature thus far has focused on MD and MK either in the 

lesion core or white matter only these studies examined grey matter changes in 

perilesional cortex.   
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 By the design of our studies, we set forth to examine changes and determine if 

dMRI metrics are sensitive to potential structural changes that have been related to neural 

degeneration and neural remodeling following acute stroke. We did this through two 

different studies. Initially, we induced a large stroke and examined animals post stroke at 

2hrs, 24hrs, or 72hrs to get a general baseline understanding of changes in a focal motor 

cortical stroke model. A second follow up study examined a smaller focal lesion in animals 

3hrs, 24hrs, 72hrs, and 7 days post stroke. During our second small stroke study, animals 

were scanned at each time point to understand the progression of the stroke over time in 

each individual animal.  

Methods 

Animals 

Long Evan male rats were given food and water ad libitum and were kept on a 

12:12-hour light:dark cycle. All work was done in accordance with the Medical University 

of South Carolina Animal Care and Use Committee guidelines. Animals were randomly 

assigned to groups in both studies. Study 1: Animals underwent dMRI scans at one of 

three time points following ET-1 induced stroke, 2 hours (n=7), 24 hours (n=8), 72 hours 

(n=9), and were sacrificed immediately after for histology analysis. Study 2: Animals 

received ET-1 induced strokes and underwent dMRI scans at 3 hr (n=39), 1 day (n=29), 

3 days (n=19), and 7 days (n=10) post-injury. Shortly after these scans, a subset of 

animals were sacrificed for histology at 3 hr (n=10), 1 day (n=10), 3 days (n=9), and 7 

days (n=10). For comparison, this study included sham animals (n=19) without strokes 

that also underwent dMRI and sacrificed for histology.  

Surgical Procedures 

Study 1: Animals were anesthetized with isoflurane (4-5% for induction/1-3% for 

maintenance) and unilateral ischemic lesions were induced via infusion of ET-1 (American 

Peptide, Inc) into layer V of the left Fl-SMC through 4 holes drilled at 0.5 mm posterior, 
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2.5 mm anterior, and 3.5 and 4.6 mm lateral to bregma (Adkins, Voorhies et al. 2004). 

One microliter of ET-1 (0.2 μg/μL in sterile saline) was injected into each hole via a 

Hamilton syringe (lowered to 1.5 mm DV), at a rate of 1 μL/2 minutes. Study 2: Animals 

were anesthetized with a cocktail of ketamine (110 mg/kg) and xylazine (70 mg/kg) and 

similar to Study 1, ET-1 was infused into layer V of the left forelimb area of the 

sensorimotor cortex. However, to produce a more focal and clinically relevant lesion two 

holes drilled at 1.0 mm posterior and 2.0 mm anterior and 4.1 mm lateral to bregma.  A 

total of 0.6 µl of ET-1 (0.2 µg/µl in sterile saline) was injected into each hole (lowered to -

2.5 mm DV), at a rate of 0.6 µl/min. Sham animals were anesthetized, received a midline 

incision and were sutured.  

Diffusion MRI 

dMRI scans were acquired at various time points depending on the experiment 

using a 7T/30 Bruker BioSpec (Billerica, MA) animal scanner. Animals were anesthetized 

with isoflurane/air (4-5% for induction/1-3% for maintenance) for all dMRI scans. A 

standard DKI (Jensen and Helpern 2010) protocol was utilized consisting of a two shot 

spin-echo echo planar imaging diffusion sequence with 30 diffusion encoding directions 

and 5 b-values (0, 500, 1000, 1500, 2000 s/mm2). Other imaging parameters were: TR/TE 

= 4750/32.5 ms, field of view = 30×30 mm2, matrix = 128×128, in-plane resolution = 

0.23×0.23 mm2, slice thickness = 1.0 mm, diffusion gradient pulse duration = 5 ms, 

diffusion time = 18 ms, and number of excitations = 2. A total of 19 axial slices with no 

interslice gap were collected. 

 Data presented are for MD and MK corresponding to the apparent diffusion and 

kurtosis coefficient, respectively, averaged over all directions (Jensen, Helpern et al. 

2005). Diffusion and diffusional kurtosis tensors were calculated using diffusional kurtosis 

estimator (DKE), a publically available in-house software (Tabesh, Jensen et al. 2011). 

For study 1 and 2 multislice regions of interest (ROIs) were manually drawn in the (1) 
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infarct core, (2) homologous region in the contralesional SMC, (3) perilesional layers II/III 

and V of the remaining MC, and (4) contralesional layers II/III and V of the Fl-SMC. The 

perilesional regions of interest were drawn on 3 contiguous MRI slices (1-mm thick) and 

were inclusive of layers II/III and V. 

Behavioral Assays 

In order to assess ischemia-induced impairments of forelimb function and compare 

these to dMRI and histological measures, all animals were tested on sensitive motor tasks 

before injury and at post-operative time points starting at 24hrs.  

Cylinder Task 

The cylinder task is a sensitive measure of asymmetric forelimb use during 

postural support behaviors (Schallert, Fleming et al. 2000). Animals were placed in a clear 

cylinder, allowed to explore freely, and videotaped for 2 minutes or until there were 30 

contacts made with the forelimb against the cylinder walls. Forelimb use was assessed by 

counting the number of times each limb was used for upright body support against the 

wall. Percent use was calculated as: (1/2 both limbs+paretic limb)/total touches. Animals 

with a stroke use their paretic limb less post stroke while naïve animals will continue to 

use both limbs equally on the cylinder task.  

Ladder Task 

The ladder task was used to assess coordinated forelimb use, stepping accuracy, 

and limb placement. The ladder apparatus is made of two plexiglass walls, with 3mm pegs 

spaced 1cm apart from each other. The ladder is raised ~20cm off the ground with a 

neutral start cage and the animal’s home cage at the end. Animals were allowed to walk 

freely across the ladder and videotaped for three trials. Scoring of the steps was done with 

slow motion video replay and based on a previously established rating scale (Metz and 

Whishaw). The total number of steps and missteps were calculated and scored on a scale 

(0-6) based on how the animal placed the forelimb on the rungs of the ladder. Errors were 
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counted when an animal completely missed the ladder rung and a fall occurred (score of 

0) or placed the limb but when weight bearing either fell (score of 1) or slipped (score of 

2). Percent error was calculated as: (#0+1+2)/total steps.   

Immunohistochemistry and Quantification of Tissue Densities 

Following end-point MRI scans, animals were deeply anesthetized with 

pentobarbital (Euthasol, 100-150mg/kg, IP) and were intracardially perfused with 0.1M 

phosphate-buffer and 4% paraformaldehyde. Six serial rostral to caudal sets of 50 µm 

coronal sections were produced using a vibratome and stored in cryoprotectant. Three 

sets of sections were processed for immunohistochemistry (IHC) to ascertain post-injury 

morphological changes in the surface density of astrocytes, dendrites, and axons in the 

perilesional motor cortex. Astrocytes, dendrites, and axons are key structural elements 

that change expression acutely post stroke and likely contribute to post stroke dMRI metric 

changes.  

 Free-floating sections were processed for IHC. Tissue was incubated for 48 hrs in 

one of the following primary antibodies: glial fibrillary acidic protein (GFAP) for astrocytes 

(1:800 rabbit polyclonal), microtubule protein 2 (MAP2) for dendrites (1:500 mouse 

monoclonal), and pan-axonal neurofilament marker (SMI-312; 1:1000 mouse monoclonal) 

for axons. Following primary incubation, sections were rinsed and incubated for 2 hrs in 

secondary antibody at a dilution of 1:200 (horse anti-mouse for MAP2 and SMI-312; goat 

anti-rabbit for GFAP). Sections were incubated in peroxidase-linked avidin-bioin complex 

(ABC kit) for 2 hrs. Immunoreactivity was visualized using 3,3′ diaminobenzidine with 

nickel ammonium sulfate intensification. All animals were included in each batch of IHC 

processing and each batch included negative control sections without primary antibody.   

Microstructure Quantification  

 The cycloid grid intersection method (Baddeley, Gundersen et al. 1986) was used 

to determine surface density for the GFAP, MAP2 and SMI-312 immuno-reactive (IR) 
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processes. For each antibody, we sampled tissue that was represented in three adjacent 

MRI slices that included the forelimb area of the sensorimotor cortex. Data were obtained 

in three adjacent coronal sections (~600 µm apart) which included perilesional motor 

cortex (i.e., between approximately +1.2 and -0.26 mm anterior/posterior relative to 

bregma). Using ImageJ (National Institute of Mental Health, Bethesda, MD), cycloid arcs 

were overlaid on light microscopic images, taken at 100× oil immersion (final 

magnification=1,400×), of four sample regions, two adjacent sets (~250 µm) in layers II/III 

and two sets in layer V beginning at approximately 250 µm medial to the lesion core 

(towards midline), for 3 sections. Each immuno-reactive process that crossed an arc was 

counted. The surface density was calculated using the formula Sv = 2(I/L), where Sv is 

the surface density, I is the total number of intersections and L is the sum of the cycloid 

arc lengths.  

Statistical Analysis  

All data are reported as mean ± standard error of the mean (SEM). In Study 1, 

one-way ANOVAs were used to test for time point differences using SPSS software and 

corrected using Bonferroni post-hoc analysis. For Study 2, repeated analysis of variance 

(rANOVA) models were used to look for a relationship between histology measures by 

group and injury, as well as their interaction with a Scheffe’s adjustment. Correlations were 

used to determine relationships between changes in the density of glia, dendrites, and 

axons with post-lesional dMRI metrics. The significance level was α=0.05. 

Results 

Study 1: dMRI Reveals Different Time-Sensitive Stroke-Induced Microstructural 
Changes in a Large SMC Stroke 
 
Diffusion MRI 

MD was significantly different in the lesion core compared with the contralesional 

homologous cortex (F3,29=22.547, p<0.01). Similar to previous reports (Hui, Du et al. 
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2012), MD in the lesion core was significantly reduced compared with the contralesional 

homologous cortex at 2hrs (p<0.01) and 24hrs (p<0.01) after stroke, but there were no 

longer significant differences at 72hrs. MK remained significantly elevated across all time 

points in the lesion core (F3,29=31.194, p<0.01) compared with contralesional SMC at 2hrs, 

24hrs, and 72hrs (p’s<0.01). In the perilesional cortex, at 2hrs after lesion, MD was subtly 

but significantly decreased in remaining perilesional MC compared with pre-operative 

levels [t(6)=2.631, p=0.039]. At 24hrs and 72hrs perilesional MD was no longer 

significantly different from the before lesion. However, MK remained elevated in the 

remaining MC longer after injury compared to before lesion. Perilesional MK in the 

perilesional cortex was significantly increased compared with pre-operative levels at 24hrs 

[t(7)=-4.479, p=0.003] and 72hrs [t(9)=-5.761, p<0.05] after lesion.  

 

 

Microstructural/histology Results 
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As seen in Figure 2.2, there was a significant effect of time after injury on the 

surface density of GFAP-immunoreactive processes in perilesional motor cortex 

(F3,29=26.822, p<0.01). At 72hrs, there was a significant increase in GFAP-positive 

processes compared with the contralesional forelimb region of the SMC (p<0.001) and 
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compared with other time points (2hrs [t(21)=-6.293, p<0.005] and 24hrs [t(21)=-6.115, 

p<0.005]). In addition, there was a significant increase in the density of glia processes in 

the contralesional SMC at 72hrs compared with 2hrs (p<0.05). There were no significant 

differences between perilesional MAP2 surface densities at any acute time point 

compared with the contralesional SMC (F2,21=1.442, p=0.259). There were no significant 

differences between perilesional surface densities of SMI-312 at any acute time point 

compared with the contralesional SMC (F2,21=0.247, p=0.783).  

Although MD in the perilesional cortex was no longer significantly different from 

contralesional SMC at 72hrs, GFAP surface density at 72hrs was highly correlated with 

perilesional MD (r=0.897; p<0.001, Figure 2.2). The return of MD to pseudonormalized 

levels acutely after ischemia may be due to increased astrogliosis, which is indicated by 

the increased surface density in GFAP, and an increase in water diffusion through these 

astrocytes. There was also a significant, but weak, correlation overall between MAP2 

surface density in the perilesional cortex and perilesional MD (r=0.462; p<0.05). 

 

Behavioral Assessment 

Unilateral ET-1 lesions to the Fl-SMC resulted in lasting impairments in the 

forelimb opposite the lesion in the cylinder task. As seen in Figure 2.3, at 24 and 72hrs 

post-lesion, rats used their paretic limb for upright postural support significantly less post-
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infarct compared to their non-paretic limb at 24hrs [t(13)=4.441, p=0.001] and 72hrs 

[t(6)=3.399, p=0.015]. Additionally, animals made significantly more limb placement errors 

with their paretic limb at 24hrs [t(14)=-5.036, p<0.005)] and 72hrs post-injury [t(7)=-3.531, 

p=0.012] compared to pre-injury (Figure 2.3) on the ladder task. There were no significant 

change in errors made with the non-paretic limb.  

 

Study 2: Sensitivity of Diffusion MRI in a Moderate Motor Cortical Stroke  

Diffusion MRI 

Representative maps of MD and MK for a single slice from one animal scarified at 

7 days are shown in Figure 2.4. Substantial changes within the lesion core are apparent 

for both metrics, which are consistent with ischemia (Figure 2.4). In the lesion core there 

was a significant time by injury interaction (F149=44.7, p<0.001) and a significant decrease 

in MD at 3hrs (p<0.001) and 24hrs (p<0.001) compared to sham animals and pre-

operative levels following stroke, which renormalized by day 3 post-injury. This result is 

consistent with previous data in the field (Hui, Du et al. 2012, Weber, Hui et al. 2015). 

Additionally, there was also a significant time by injury interaction with MK (F156=39.31, 

p<0.001), and MK remained elevated at all time points: 3 hrs (p<0.001), 24 hrs (p<0.001), 
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and 72 hrs (p<0.001) which is consistent with previous reports (Hui, Du et al. 2012, Weber, 

Hui et al. 2015).  

 We examined the same metrics (MD and MK) in the perilesional motor cortex 

(Figure 2.4). There was a significant injury by time interaction of MD in the perilesional 

cortex (F133=5.96, p<0.001) and MD was significantly decreased at 3 hrs (p<0.001) post-

injury compared to sham animals and pre-operative levels. There was not a significant 

interaction of injury and time in MK, only a significant effect of time (F151=4.781, p=0.001). 

There was a slight increase in MK at 3 hrs (p=0.016) compared to pre-operative levels. 

These data indicate that not only are dMRI metrics sensitive to differences in the lesion 

core, but also are able to detect changes in the perilesional area of the motor cortex, which 

undergoes ischemia induced, time-dependent biochemical and structural changes 

(Carmichael, Kathirvelu et al. 2016).  
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Histology  

Lastly, we examined the surface density of glia, dendrite processes, and axons in 

the perilesional cortex (see Figure 2.5). It should be noted that by post-injury Day 3, tissue 

in the lesion core is likely not viable and does not reacted to the antibodies used in this 

study (Figure 2.5A); thus, we focused on changes in astrocytic (GFAP positive cells) and 

neural (dendrites and axons) structural changes in perilesional cortex and related these 

to dMRI metrics. There was a significant interaction of time and injury (F49=8.03, p<0.001) 

and significant increases in the density of immuno-positive GFAP processes at 3 days 

(p=0.005) and 7 days (p<0.001) post-injury compared to sham animals (Figure 2.5B).  As 

seen in Figure 2.5C, there was a significant and strong positive correlation at 24 hrs 

between GFAP and perilesional fractional anisotropy (FA) (r=0.85, p=0.001). There was 
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also a significant correlation between GFAP-positive processes and perilesional MD on 

post-injury day 7 (r=0.78, p=0.01; Figure 2.5D). These data suggest that astrocytes may 

play a role in the return of MD to pre-stroke levels, as previously reported (Weber, Hui et 

al. 2015).   

 

There was not a significant interaction of time and injury in perilesional density of 

axon (SMI-312-positive) or dendritic (MAP2-positive) processes (Figure 2.6 A&B).  

However, at 24 hrs after injury, there was a positive correlation between the density of 

SMI-312-positive axons and perilesional MD (r=0.78, p=0.008; Figure 2.6C). Thus, these 

data suggest that changes in axonal and astrocyte density might be involved in some of 

the changes in MD and FA.  

 



39 
 

 

Behavioral Assessment  

All animals were tested on behavioral tasks before stroke induction and post lesion 

at 24hrs, 72hrs, and 7 days (Figure 2.7). Behavioral testing was not performed at 3hrs 

due to anesthesia effects. Animals showed a reduced use of the impaired forelimb at 24hrs 

[t(28)=6.328, p<0.001], 72hrs [t(18)=4.917, p<0.001], and 7 days [t(9)=2.523, p=0.033] 

compared to pre-operative use on the cylinder task. Additionally, at 24hrs [t(28)=-6.050, 

p<0.005] and 72hrs [t(18)=-4.987, p=0.034] post-stroke impaired forelimb use is 

decreased compared to the non-impaired forelimb. At 7 days post-stroke, there is still a 

reduction in use of the impaired forelimb compared to the non-impaired forelimb [t(9)=-

2.264, p=0.05], however there was not a significant reduction from sham animals. On the 

ladder task, significantly more errors were made with the impaired forelimb at all post 

lesion time points compared to the non-impaired forelimb: 24hrs [t(28)=7.319, p<0.001], 

72hrs [t(18)=5.817, p<0.001], and 7 days [t(9)=3.851, p<0.005]. Additionally, the injured 

forelimb showed impairment following a stroke compared to pre-stroke assessment at 

24hrs [t(28)=-6.541, p<0.001], 72hrs [t(18)=-4.616, p<0.005] and 7 days [t(9)=-2.497, 

p=0.034].  
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Discussion 

Study 1 and 2 revealed very similar results and provided further evidence that MK 

and MD reveal different but likely complimentary information about microstructural 

changes after stroke. Similar to previous findings (Hui, Du et al. 2012), MD in the lesion 

core was reduced until 24hrs after lesion, but was no longer significantly different from the 

contralesional SMC at 72hrs after lesion. However, MK of the lesion core remained 

significantly different from contralesional homotopic SMC at all time points. These findings 

are similar to those reported after unilateral MCAO in rats and likely reflect, as others have 
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reported in different models, changes in water diffusion associated with edema (Moseley, 

Cohen et al. 1990), axon beading (Budde and Frank 2010), and demyelination (Jiang, 

Zhang et al. 2010). These early changes in MD and MK in the lesion core are also likely 

because of other, as of yet unidentified microstructural changes. We were unable to 

address the underlying cause of these lesion core changes because there was rarely 

lesion tissue remaining during these acute time points after injury.  

In these two studies, we also sought to determine whether after a focal, unilateral 

ET-1–induced ischemic insult to the SMC, alterations in microstructure were detectable 

using dMRI in the perilesional motor cortex, an area known to undergo acute and chronic 

changes after injury and experience-dependent changes (Carmichael, Kathirvelu et al. 

2016). We observed conflicting results with MK in the perilesional cortex. In study 1 we 

saw MK elevated at 72hrs post stroke, whereas in study 2 we did not see any increase in 

MK in the perilesional cortex. This may be, in part, due to smaller lesions (482.44±58.14 

voxels) in the study 2 compared to study 1 (1187.88±237.40 voxels) determined by ROIs 

drawn on T2 images and thus perilesional cortex MK responses may be less robust. 

Further, these data indicate that elevations in MK are not likely because of glia infiltration 

or acute disruption of the overall density of axons and dendrites in perilesional cortex. It is 

likely, but yet unexplored in this stroke model, that these ongoing elevations in MK are 

related to axon beading, microglia upregulation, or other microstructural changes not 

examined in our studies. Further studies are needed to investigate these other likely 

microstructural changes that underlie the time-specific changes in MK. 

We observed several significant and strong correlations between density histology 

measures and dMRI metrics in both study 1 and 2.  First, in our larger injury model the 

surface density of glia and dendritic processes in perilesional cortex was both correlated 

with perilesional MD. There was a substantial degree of reactive astrogliosis, as measured 
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by GFAP+ immuno-reactivate processes, in the perilesional cortex at 72 hrs and was 

strongly correlated with MD at this time point. Glia, specifically astrocytes, expresses 

aquaporin-4 making them highly permeable to water, leading to increased water diffusion. 

After ischemic injury, glia infiltration can lead to greater edema; when aquaporin-4 is 

knocked out, there is reduced edema (Manley, Fujimura et al. 2000). Thus, the increase 

in astrogliosis in the perilesional cortex at 72hrs after stroke is one explanation for why 

MD is increased (to more normalized levels) at 72hrs after lesion. In the large stroke study, 

we found a statistically significant correlation between the surface density of GFAP and 

perilesional MD at 3 days post-lesion, but this finding is not reproduced in study 2 (r=0.09). 

We do however show a significant correlation between GFAP and perilesional MD at 7 

days in study 2. Again, the later time point correlation may be due to the fact that our 

lesions were smaller in study 2, which may have delayed some aspects of the injury 

response.  These two studies suggest that astrogliosis levels may be correlated with the 

size of injury and the reason we do not see a correlation until 7 days post stroke in study 

2.  

Astrocyte density also correlated with perilesional FA 24hrs after stroke, but not at 

any other time points in study 2. As noted by Sofroniew and Vinters (Sofroniew and Vinters 

2010), GFAP antibodies can be used as a sensitive and reliable marker that labels most 

CNS injury-induced reactive astrogliosis. GFAP antibodies also do not necessarily react 

to all astrocytes in healthy tissue nor does it reveal all the fine distal processes. Further, 

mild to moderate reactive astrogliosis often leads to only negligible astrocyte proliferation 

(Sofroniew and Vinters 2010). Thus, the observed increase in astrocyte surface density 

changes in this study likely does not reflect astrocyte proliferation but instead an 

upregulation of injury-induced GFAP astrocytes undergoing lesion induced morphological 

and functional changes. In other models, including traumatic brain injury, GFAP 
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immunoreactivity has also been associated with FA levels (Budde, Janes et al. 2011). 

Other models and groups have found correlations in neuronal injury models with dMRI 

and GFAP levels. In a rat model of TBI, Zhuo and coworkers (Zhuo, Xu et al. 2012) found 

evidence linking increased MK with increased GFAP immunoreactivity in gray matter. 

Other studies that have attempted to link reactive astrogliosis with diffusion measures 

report both positive (Wang, Wu et al. 2009, Falangola, Guilfoyle et al. 2014) and negative 

results (Umesh Rudrapatna, Wieloch et al. 2014, Guglielmetti, Veraart et al. 2016). 

Perilesional surface densities of dendritic processes examined by quantifying 

immunoreactive MAP2 did not show a difference across post stroke time points in either 

study, as expected. The correlation seen in the large stroke study between perilesional 

MD and surface density of dendritic processes was extremely weak (r=0.462), but may 

reflect acute lesion-induced dendritic remodeling. Further investigation is needed to 

understand this relationship. The water permeability rates are unknown in dendritic 

processes and these rates likely depend on shape and size. Water permeability may be 

changing after ischemic damage, leading to MD detecting these changes but likely do not 

capture all of the changes occurring in perilesional microstructure.  

Axonal remodeling after stroke has been demonstrated previously (Liu, Li et al. 

2012), is linked to behavioral recovery (Liu, Li et al. 2012), and has been associated with 

changes in dMRI measures, primarily in white matter tracts (Jiang, Zhang et al. 2010).  In 

our studies, we were interested in whether dMRI could capture axonal degeneration in 

cortical gray matter. We found conflicting correlation results in both studies. In both studies 

we found no significant changes after stroke in the density of axons in remaining cortex. 

In study 1, we found no significant correlations with dMRI metrics. However, we found a 

strong correlation very early after stroke between axonal density and FA in study 2. FA 

may be detecting axonal degeneration and axonal demyelination, which has been 
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proposed in other models of injury (Budde, Janes et al. 2011). Previous research has 

shown a link between density of axonal projections and FA in white matter tracts (Jiang, 

Zhang et al. 2010, Budde, Janes et al. 2011, Liu, Li et al. 2012). Further studies are 

needed to determine this possible relationship. 

Together these data indicate that diffusional kurtosis imaging measures are 

sensitive to changes in tissue properties of acute perilesional cortex; however, it is still 

unclear whether this is because of alterations in the surface density of glia processes, 

dendrites, and axons. Nevertheless, glia infiltration into the perilesional cortex may 

underlie the normalization of diffusion properties measured by MD after lesion, but likely 

there are also other structural changes responsible for the apparent normalization of MD. 

This work is one of the first to characterize morphological changes after ischemic stroke 

and to relate these findings to changes in dMRI metrics. These data further support that 

diffusional kurtosis and diffusion tensor measures provide different but complimentary 

information on acute changes in perilesional cortex after stroke. There are likely several 

different microstructural changes underlying these two complimentary diffusion measures. 

These studies pose several limitations that should be taken into consideration 

when interpreting the results. The majority of studies that attempt to find causal links 

between dMRI and histological measures have used correlations between the two, as we 

have done, but as the old adage states--correlations do not determine causality. Future 

studies would benefit from using conditional knockout or knockin animals to help 

determine the effects on dMRI metrics of altering the expression of different cell types or 

their structure. We examined three different cell types using IHC and stereological 

quantification, however many more factors could be contributing to changes detected by 

dMRI. Edema, microglia activation, inflammation, and cellular apoptosis are all likely to 

contribute to changes in water diffusion and thus dMRI metrics following stroke (Moseley, 
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Cohen et al. 1990, Budde, Janes et al. 2011, Umesh Rudrapatna, Wieloch et al. 2014). 

Another limitation is possible displacement of the perilesional tissue due to tissue 

degradation within the lesion core over the course of the experiment, which could 

confound the positioning of our perilesional ROIs and contribute to the variability of our 

measurements. MD and MK values in both studies were more variable during early time 

points post stroke (3hrs) compared to later time points such as 7 days.  

Conclusion 

 In conclusion, these studies are one of the first to characterize morphological 

changes after ET-1–induced ischemic stroke and to relate the findings to changes in dMRI 

metrics. These data further support that diffusional kurtosis and diffusion tensor measures 

provide different but complimentary information on acute changes in perilesional cortex 

after stroke. There are likely several different microstructural changes underlying these 

complimentary diffusion metrics, though it appears that upregulation of astrocytes seem 

to play a role. Further investigation needs to be done to determine these time-sensitive, 

region-specific changes.  
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CHAPTER 3: CHANGES IN TISSUE DIFFUSION PROPERTIES FOLLOWING 
REHABILIATION IN EXPERIMENTAL STROKE ANIMALS  
 
Introduction 

 While many studies have examined dMRI metric changes in the lesion core 

chronically following a stroke, there are no studies in animal models examining 

rehabilitation training induced effects on dMRI measures in peri-infarcted. Although human 

studies have shown differences in dMRI metrics after rehabilitation training, determining 

the cause of these changes has yet to be possible. Theories such as changes in 

myelination, increased density of axons, and others have been given to justify dMRI 

changes (Jiang, Zhang et al. 2010, Sampaio-Baptista, Khrapitchev et al. 2013). Our goal 

was to determine the microstructural changes occurring that drive these dMRI changes 

following rehabilitation. This work has focused on upper extremity deficits, which are the 

most common persistent impairments following stroke (Kelly-Hayes, Robertson et al. 

1998).  

Currently, physical rehabilitation is the gold standard to improve motor function and 

allow stroke survivors to regain independence following an ischemic stroke (Association 

2014). Animal models of ischemic stroke that go through forelimb motor rehabilitative 

training show enhanced motor performance compared to control conditions where animals 

are allowed to recover in their home cage (Maldonado, Allred et al. 2008). Motor 

rehabilitative training via a skilled reaching task, a form of motor learning, drives more 

efficient neuroplastic changes throughout the cortex, especially in the perilesional area, 

and white matter.  For example, in rodents, synaptogenesis, spine formation and 

elimination, and glial changes all occur in the peri-injury remaining motor cortex following 

a motor learning task (Adkins-Muir and Jones 2003, Kleim, Hogg et al. 2004, Xu, Yu et al. 

2009). Functional plasticity also occurs after training on a skilled reaching task measured 

by cortical representations of motor maps. Several studies have shown increases in 
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forelimb representations in motor maps in the caudal forelimb area of the motor cortex 

following a skilled reaching task (Nudo, Milliken et al. 1996, Kleim, Barbay et al. 1998, 

Kleim, Hogg et al. 2004). There is support from human neuroimaging studies that motor 

learning causes increases in fractional anisotropy (FA) in white matter.  Patients with 

multiple sclerosis undergoing upper limb skilled reaching rehabilitation showed 

preservation of corpus callosum and cortospinal tracts, measured by increases in FA 

(Bonzano, Tacchino et al. 2014). 

 In the current set of studies, we examined whether changes in dMRI metrics were 

sensitive to potential structural changes related to neural remodeling and better functional 

recovery following chronic stroke. We did this through two different studies. Our first study 

investigated the relationships between dMRI measures and rehabilitative-induced forelimb 

functional recovery following an ischemic lesion. Secondly, we aimed to understand the 

relationship between learning-induced plasticity and dMRI metrics in animals with no 

history of an ischemic lesion.  

Methods 

Animals 

Long Evan male rats were given food and water ad libitum and were kept on a 

12:12-hour light:dark cycle. All work was done in accordance with the Medical University 

of South Carolina Animal Care and Use Committee guidelines. Animals were randomly 

assigned to groups in both studies. Study 1: Animals received ET-1 stroke (n=30) to 

examine lesion induced dMRI changes and rehabilitation training effects in dMRI metrics 

(stroke+rehabilitation training n=15, stroke+no-rehabilitation control n=15). Study 2: Sham 

animals (n=19) from Chapter 2, study 2 were compared to pre-stroke single pellet reach 

trained animals from Chapter 3, study 1 to examine learning-induced changes in dMRI 

metrics.  

Surgical Procedures 
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Animals in study 1 received a cocktail of ketamine (110 mg/kg) and xylazine (70 

mg/kg). A craniotomy was performed at 0.5 mm posterior and 1.5 mm anterior to bregma 

and 3.0 to 5.0 mm lateral to midline, and then dura was gently retracted. Four microliters 

(0.2 μg/μL in sterile saline) of ET-1 was applied directly on the brain surface at 1 μL/min, 

with a 2-minute wait between each 1 μL of ET-1 application. After the final application of 

ET-1 in all surgeries, the brain was left undisturbed for 5 minutes and then the holes or 

craniotomy was covered with gel film and UV-cured dental acrylic. 

Diffusion MRI 

dMRI scans were acquired at various time points depending on the experiment 

using a 7T/30 Bruker BioSpec (Billerica, MA) animal scanner. Animals were anesthetized 

with isoflurane/air (4-5% for induction/1-3% for maintenance) for all dMRI scans. A 

standard DKI (Jensen and Helpern 2010) protocol was utilized consisting of a two shot 

spin-echo echo planar imaging diffusion sequence with 30 diffusion encoding directions 

and 5 b-values (0, 500, 1000, 1500, 2000 s/mm2). Other imaging parameters were: TR/TE 

= 4750/32.5 ms, field of view = 30×30 mm2, matrix = 128×128, in-plane resolution = 

0.23×0.23 mm2, slice thickness = 1.0 mm, diffusion gradient pulse duration = 5 ms, 

diffusion time = 18 ms, and number of excitations = 2. A total of 19 axial slices with no 

interslice gap were collected. 

 Data presented from the region of interest (ROI) analysis are for MD and MK 

corresponding to the apparent diffusion and kurtosis coefficient, respectively, averaged 

over all directions (Jensen, Helpern et al. 2005). Diffusion and diffusional kurtosis tensors 

were calculated using diffusional kurtosis estimator (DKE), a publically available in-house 

software (Tabesh, Jensen et al. 2011). For study 1 multislice ROIs were manually drawn 

in the perilesional layers II/III and V of the remaining MC and contralesional layers II/III 

and V of the forelimb area of the SMC. The perilesional regions of interest were drawn on 

3 contiguous MRI slices (1-mm thick) and were inclusive of layers II/III and V. 
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Tract Based Spatial Statistics (Study 1 and 2) 

All imaging metrics derived from DKE were analyzed by using unbiased whole 

brain tract-based spatial statistics (TBSS) (Smith, Jenkinson et al. 2006). Prior to utilizing 

TBSS, Advanced Normalization Tools (ANTS, http://stnava.github.io/ANTs) created a 

study-specific atlas of evaluated FA maps to be used for independent subject image 

normalization and registration.  The standard TBSS pipeline was followed, except the 

intermediary steps, where they were modified in house to use ANTS for all FA image 

normalization and registration purposes in the cohort. The skeleton of white matter tracts 

generated by the TBSS pipeline was obtained by thresholding the mean FA map at 0.2, 

and white matter tract integrity metrics were thresholded with the FA at 0.36.  Animals 

utilizing their left forelimb for training (right hemisphere) were flipped to be standardized 

on the left, i.e. all training hemispheres were manipulated to one lateral side. 

Behavioral Assays 

Single Pellet Reaching (Study 1) 

The single pellet reaching (SPR) task, a skilled forelimb reaching task, can be used 

to assess skilled learning and relearning of a skilled forelimb task following stroke. Animals 

were placed in a plexiglass chamber and allowed to reach through a small window in the 

front of the chamber. Animals reached through the window with a limb they prefer, a 1-

centimeter tall platform holds a single banana flavored pellet for the animal to reach for. 

Each time the animal reaches for the pellet it will be scored as a success, fail, or drop 

(Whishaw and Pellis 1990). A success occurs when the animal reaches for a pellet and 

eats the pellet without dropping the pellet. Animals in the rehabilitation groups reached to 

a criterion of roughly 60% success rate before undergoing ET-1 induced stroke. These 

pre-operative animals were used to compare to naïve animals in study 2. After surgery, 

this task also served as the rehabilitation training (RT) task for animals in the RT group. 

For RT, animals reached for 20 minutes/day or until they completed 60 trials for 6 
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days/week for 21 days. Animals in the no-rehabilitation control (No-RT), following surgery, 

were placed in the plexiglass chamber with banana pellets to eat off the ground for 20 

minutes/day for 6 days/week for 21 days.  

Statistical Analysis  

All data are reported as mean ± standard error of the mean (SEM). Study 1, used 

rANOVAs to examine behavioral differences following RT with Bonferroni post-hoc 

corrections. For study 1 and 2, TBSS voxelwise statistics on all skeletonized metrics were 

conducted between groups in the cohort with a two-group difference GLM. The 

significance level was α=0.05. 

Results 

Study 1: Changes in Diffusion Measures Following Experimental Stroke and 
Rehabilitative Training 
 
Diffusion MRI 
 

Animals were scanned prior to lesion, 4 days post stroke, and after 21 days (26 

days post stroke) of rehabilitation training or control procedures. As in our previous 

studies, we first drew ROIs in the perilesional area, but did not find a significant interaction 

of time and/or group in MD or MK. Therefore, our ROI analysis revealed no difference of 

rehabilitation over time. There was a significant change over time when groups were 

combined in both MD (F2=8.042, p=0.001) and MK (F2=8.544, p=0.001) indicating a stroke 

effect in the diffusion metrics. With no change between groups, animals were combined 

to determine time point effects. MD was significantly decreased at 4 days [t(29)=3.319, 

p<0.05] and 26 days [t(29)=4.459, p<0.05] post stroke compared to pre-operative values. 

However, MK was only increased at 26 days [t(29)=-2.591, p=0.015] post stroke compared 

to pre-operative values.   
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 Using the TBSS approach, we examined changes in FA along all white matter in 

the brain. Additionally, we ran the white matter model (WMM) to determine directionality 

of any FA changes seen with TBSS (details in the Introduction). Although a previously 

published study found an increase in FA in the corpus callosum under the motor cortex 

grey matter between naïve animals that underwent skilled training compared to control 

training conditions (Sampaio-Baptista, Khrapitchev et al. 2013), we did not find a 

difference in FA in any white matter tracts in the brain in stroke animals that underwent 

RT compared to NoRT. We used similar methods to the Sampaio-Bapitista and colleagues 

to examine differences between RT treated animals and control animals following stroke. 

We also did not find a difference in white matter tract integrity parameters in our animals 

following stroke and RT. We performed extensive analysis to confirm our findings, which 

will be highlighted in the discussion.  
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 Our lack of findings in our dMRI and TBSS metrics were not due to lack of 

behavioral recovery on our sensitive behavioral task. After animals had an ET-1 induced 

lesion they were significantly impaired on the single pellet reaching (SPR) task 

[t(29)=15.044, p<0.001]. There was a significant effect of group by day throughout 

rehabilitation (F4=11.841, p<0.001). The RT (n=15) animals had significantly better motor 

performance on week 1 [t(28)=2.967, p=0.006], week 2 [t(28)=3.442, p=0.002], and week 

3 [t(28)=5.648, p<0.001] compared to NoRT animals (n=15).  
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Study 2: Changes in Diffusion Measures Following a Skilled Motor Learning Task 

 Sham animals (Chapter 2, study 2) were scanned after being handled for one 

week. Following pre-training on the SPR task and reaching a criterion of 60% success, 

animals (Chapter 3, study 1) were imaged. This study was conducted to understand 

learning-induced plasticity changes in dMRI metrics, however was not originally planned 

out to be completed therefore was likely not designed properly. Pre-trained animals from 

Chapter 3 study 1, had a varying amount of training days because all animals reach 

asymptotic behavior at a different pace. Once asymptotic, animals remained in their home 

cage to await imaging and an ischemic lesion. Animals on average were trained for 6± 

0.53 days, with a maximum of 11 days for one animal.  

TBSS analysis for all white matter tracts in the brain was performed to examine 

learning-induced dMRI changes. We found a significant increase in FA in the external 

capsule of the non-trained hemisphere of naïve animals compared to animals performing 

a skilled reaching task (Figure 3.3). Additionally, kurtosis metrics (mean kurtosis, axial 
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kurtosis, and radial kurtosis) show increased in the entire white matter of naïve animals 

compared to trained animals (Figure 3.4).  

 

 

 Lastly, to understand the meaning of these increases seen in naïve animals we 

ran the white matter model. The four primary metrics of WMM would give us more insight 
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into understanding these changes. We only found a significant increase in axonal water 

fraction in naïve animals in the corpus callosum near the forelimb region of the motor 

cortex compared to trained animals (Figure 3.5). Increases in axonal water fraction would 

suggest an increase in axonal density in naïve animals. Secondly, it may be the case that 

we are detecting reduced axonal density driven by training.  
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Discussion 

Animals that underwent skilled reaching RT, via the SPR task, for 21 days following 

injury had enhanced forelimb reaching improvements compared to animals that did not 

have RT. Other groups have shown enhancement of motor recovery with RT and changes 

in structural proteins such as increases in dendritic density, synapse number, and 

increases in glutamate receptor number the perilesional cortex (Maldonado, Allred et al. 

2008). We anticipated recovery of structural proteins would lead to dMRI metric changes 

and therefore enhanced behavioral recovery should have given a favorable environment 

to discover differences in dMRI metrics. In both the region of interest comparison of the 

perilesional area and TBSS analysis of white matter neither showed any differences 

between the two groups (RT and NoRT). Our TBSS analysis corrected the p-value for 

multiple comparisons, as should be done with so many comparisons. We then examined 

the results with uncorrected p-values to determine if there were any potential changes that 
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we masked by a conservative correction. The uncorrected results showed a few minute 

significant voxels scattered throughout the brain. These voxels were in random locations 

such as the tongue region of the sensory cortex that are unlikely altered by forelimb 

training. The TBSS analysis was unable to reveal any significant difference between 

groups. We ran both a ROI based analysis and TBSS analysis after RT so we were not 

bias in our analysis and that no possible brain region was overlooked that underwent RT 

induced changes in water diffusion.  

Lastly, we ran white matter tract integrity parameters (WMTI) (in depth explanation 

in introduction) after the planned ROI based analysis and TBSS analysis following 

rehabilitation. We examined four different parameters: axonal water fraction, intrinsic 

diffusivity, axial diffusivity, and radial diffusivity. The axonal water fraction is thought to 

measure axonal density. The intrinsic diffusivity examines diffusion inside axons and might 

be a marker of axonal injury. The axial and radial diffusivities are markers of isotropic 

changes in extra-axonal space. Radial diffusivity is a marker for changes in the extra-

axonal diffusion transverse to the fibers, which may be linked to myelin breakdown. We 

found no significant changes in any parameters examined; therefore, we conclude that 

dMRI metrics were unable to detect microstructural changes following RT despite large 

behavioral recovery. There is conflicting evidence in the literature investigating white 

matter changes using MRI and motor learning. Research groups have reported seeing 

differences between people performing a motor learning task and controls; correlations 

have been established between imaging metrics and behavior (Sampaio-Baptista, 

Khrapitchev et al. 2013, Bonzano, Tacchino et al. 2014). Negative results are uncommonly 

reported, however one group has shown that there was no changes in MRI metrics 

following a training task similar to our studies (Thomas, Marrett et al. 2009, Johansen-

Berg 2012).  
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Following negative results in study 1, we aimed to determine if there was a 

difference between naïve animals and non-stroke SPR trained animals. Referencing a 

2012 report from Sampaio-Baptista and colleagues (Sampaio-Baptista, Khrapitchev et al. 

2013) to use the same parameters to determine if we to could find motor learning induced 

changes using TBSS.  We thus examined a subset of animals comparing sham animals 

(n=19) from Chapter 2 study 2 and animals scanned before stroke induction and after SPR 

pre-training (n=15) from Chapter 3 study 1. We found a decrease in FA in the external 

capsule near sensory cortex in animals that trained on the SPR task compared to naïve 

animals. There was no correlation found between FA in this region with reaching 

performance in the animals that were pre-trained on the SPR task. There were also 

decreases throughout all cortical white matter areas in kurtosis metrics (MK, radial 

kurtosis, and axial kurtosis) in animals pre-trained on the SPR task. To understand what 

these widespread cortical changes might mean, we ran WMM parameters. In the corpus 

callosum under the forelimb region of the sensorimotor cortex, there was a decrease in 

the axonal water fraction in both hemispheres of animals who underwent SPR training 

compared to naïve animals (Table 3.2). The axonal water fraction is thought to be a 

marker of axonal density (Fieremans, Benitez et al. 2013), therefore an increase in axonal 

water fraction is thought to represent an increase in axonal density. This would suggest 

that naïve animals have a greater axonal density in this region compared to trained 

animals, which is contradictory to the literature (Johansen-Berg 2012). Due to the white 

matter model assumptions, if there are changes in myelination the interpretation that 

axonal water fraction is a marker of axonal density may not hold up. These data are 

therefore inconclusive, but may be indicating that dMRI metrics are not useful in examining 

neuroplastic changes following motor learning. This final comparison combined two 
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studies that were never intended to be combined and was not properly designed (see 

Chapter 5), therefore the results we are seeing could be an indicator of poor design.    

Conclusions 

In conclusion, there were no changes in diffusion metrics following stroke and 

rehabilitation training even though animals showed strong behavioral recovery. Additional 

studies will need to be completed to understand whether the lack of effect was because 

of the techniques used, lesion size, or experimental design (for example when animals 

were scanned or extent of RT). 

 

 

 

 

 

 

 

 

 

 

 

 

 



60 
 

CHAPTER 4: CHARACTERIZING MITOCHONDRIA DYSFUNCTION AFTER STROKE 
AND RESCUING MITOCHONDRIA FUNCTION TO PROMOTE MOTOR RECOVERY  
 
Introduction 

Ischemic strokes make up 87% of all strokes (Association 2015) and treatment for 

ischemic stroke patients is limited. Many studies have focused on neuroprotective drugs 

that are administered prior to or within minutes to hours after stroke. While only tissue 

plasminogen activator (TPA) has been found to be effective at reducing stroke-induced 

tissue loss. TPA has a small window of effectiveness (<4hr post-stroke) and can have 

severe consequences in hemorrhagic patients therefore, there remains a need for 

treatment options beyond the first few hours after stroke. 

Within minutes to hours after injury, apoptosis starts to occur, normally due to 

calcium influx and mitochondria dysfunction (Duchen 2000). Degeneration of distal axons, 

also known as Wallerian degeneration occurs days to weeks following injury due to onset 

of deleterious metabolic pathways which leads to expansion of infarct size and worsening 

of clinical outcome. The area undergoing secondary injury that surrounds the core of the 

ischemic lesion is termed the penumbra and this peri-infarct tissue is clinically attractive 

due to the delayed onset of pathogenic mechanisms, which may be amenable to 

therapeutic interventions (Borgens and Liu-Snyder 2012). In addition to synthesizing ATP, 

the mitochondrion is also important in cell metabolism, calcium homeostasis, free radical 

production, and apoptosis (Bayir and Kagan 2008, Niizuma, Endo et al. 2009, Hoppins 

2014). During the secondary phase of ischemic injury, these mitochondria-dependent 

pathways are disrupted leading to increased reactive oxygen species, intracellular calcium 

and induction of pro-apoptotic cascades (Duchen 2000, Lin and Beal 2006, Franklin 2011). 

Thus, the development of pharmacological agents to promote recovery of mitochondria 

and ATP-dependent cellular functions may limit secondary neuronal damage in peri-infarct 

tissue. Mitochondria abundance and the integrity of mitochondrial DNA (mtDNA) is 
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disrupted following subacute brain insult (Harmon, Gibbs et al. 2016) and is crucial for 

recovery of cellular function following ischemic injury (Stallons, Whitaker et al. 2014, 

Smith, Stallons et al. 2015).  

Mitochondria are also known to play a role in axonal growth and dendritic 

remodeling (Cheng, Hou et al. 2010), therefore increasing mitochondria healthy function 

and inducing mitochondria biogenesis (MB) following stroke may be essential for 

promoting structural and functional plasticity of peri-lesional sensorimotor cortex (SMC). 

Mitochondria biogenesis can be induced with exercise training in naïve and post-stroke 

animals and leads to decreases in lesion size and behavioral impairments following stroke 

(Steiner, Murphy et al. 2011, Zhang, Wu et al. 2012). It is likely that MB will promote 

energetic support during other forms of treatment following stroke, such as rehabilitation 

training, which has also been shown to induce structural and functional neural remodeling 

following stroke. Remaining motor cortex is vital for recovery of motor function following 

ischemic stroke, the majority of functional and structural plasticity occurs in the remaining 

SMC (Jones and Adkins 2015). The remaining SMC will be our target for therapeutic 

intervention following ischemic stroke.   

Activation of β2-adrenergic receptors and exercise have been shown to increase 

levels of PGC-1α and induce MB in the kidney and skeletal muscle (Miura, Kai et al. 2008, 

Wills, Trager et al. 2012). One non-FDA approved β2-adreneric receptor long lasting 

agonist, Clenbuterol, has been shown to induce neuroprotection, induce neurotrophic 

factors such as nerve growth factor (NGF), and have an anti-inflammatory effect (Gleeson, 

Ryan et al. 2010). Due to the number of side effects and because it is not FDA approved 

Clenbuterol is not an ideal way to activate β2-adrenegric receptors for a clinically relevant 

model. Formoterol however, is FDA approved, has less severe side effects, and has been 

shown to induce MB in the kidney (Wills, Trager et al. 2012). Formoterol crosses the blood 

brain barrier and has been shown in increase cognitive function and dendritic complexity 
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in other disease models (Dang, Medina et al. 2014). There has been no investigation of 

the effect of formoterol stimulating MB following stroke and whether that leads to the 

enhanced behavioral and structural changes.    

This study had three primary aims: 1) to examine mitochondria dysregulation 

following an ET-1 model of stroke; 2) determine if formoterol could rescue mitochondria 

homeostasis markers acutely, and 3) finally if formoterol combined with rehabilitation could 

enhance functional recovery. Initially, we examined the subacute (up to 7 days post stroke) 

time course of mitochondria dysregulation by examining genes that encode for respiratory 

chain subunits and link these mitochondria changes to common pathological pathways 

such as neuroinflammation and cell death. Because previous studies have shown that 

rescued function of SMC is dependent on preservation of the peri-infarct motor and 

sensory cortex and dorsal lateral striatum, we hypothesized that ischemic injury to the 

SMC would result in disrupted mitochondria homeostasis and biogenesis in peri-infarct 

tissue in concert with neuroinflammation and cell death that would result in impaired 

behavior outcomes. Secondly, we hypothesized that administration of formoterol would 

rescue mitochondria homeostasis markers in the perilesional motor and sensory cortex 

and the striatum, where we examined dysfunction in our first experiment. We administered 

the β2-adrenergic receptor agonist formoterol 24 hours after injury to examine the same 

subacute time course of mitochondria function and investigating the same respiratory 

chain subunits as in experiment one. Lastly, we hypothesized that administering 

formoterol in combination with RT would decrease motor impairments post stroke. We 

injected animals at one of three different doses of formoterol 24 hours after injury in 

combination with rehabilitation training (RT) for 15 days to determine the optimal dosing 

regimen to promote maximal behavioral recovery post stroke.  Additionally, we performed 

several experiments to understand the underlying mechanism of formoterol to enhance 

behavioral recovery.  
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Methods 

Animal 

Long Evans male rats (n=233, 3-4 months old) received food and water ad libitum 

and were kept on a 12:12hr light:dark cycle. For study 1 rats were randomly assigned to 

one of six groups that received either a sham or stroke procedure and were euthanized at 

one of three time points: 24 hrs (sham=10; stroke=10), 72 hrs (sham=14; stroke=22), or 

144 hrs (sham=10; stroke=20). Animals in study 2 were randomly assigned to three 

groups: stroke+0.1mg/kg formoterol (n=26), stroke+vehicle (n=25), or sham (n=16). 

Lastly, animals in study 3 were randomly assigned to eight groups: rehabilitation+vehicle 

(n=9), no rehabilitation+vehicle (n=10), rehabilitation+0.1mg/kg (n=9), no 

rehabiliation+0.1mg/kg (n=10), rehabilitation+0.5mg/kg (n=10), no 

rehabilitation+0.5mg/kg (n=9), rehabilitation+1.0mg/kg (n=10), or no 

rehabilitation+1.0mg/kg (n=9). Animals that did not display behavioral impairment in study 

3, which was defined as less than a 20% change from pre-stroke assessment, were 

excluded from the study (n=4).  All animal protocols followed the National Institutes of 

Health (NIH) Guide for the Care and Use of Laboratory Animals, and were approved by 

the Medical University of South Carolina Animal Care and Use Committee.   

Surgical Procedures 

For all three experiments rats were anesthetized with ketamine (1.1mg/kg I.P.) and 

Xylazine (0.7mg/kg I.P.). Unilateral ischemic lesions were induced via ET-1 (American 

Peptide, Inc) applied to the cortical surface of the forelimb area of the SMC (Fl-SMC). 

Briefly, a craniotomy was performed at 1.0 mm posterior and 2.0 mm anterior to bregma 

and 3.0–5.0 mm lateral to midline and dura was gently retracted.  ET-1 was applied on 

the brain surface at approximately 1ul/min, with a 2 min wait between applications using 

a total of 4ul. After the final 1ul of ET-1, the brain was left undisturbed for 5 minutes and 
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then the craniotomy was covered with gel film (Invotec International) and dental acrylic. 

Sham animals had all procedures up to craniotomy. All animals received buprenorphine 

(0.5mg/kg S.C.) prior to incision for pain. 

Behavioral Tasks 

Ladder Task (Study 1 and 2) 

To assess ischemia-induced impairments of forelimb function and compare these 

to mitochondria homeostasis markers, all animals were tested on the ladder task on days 

0, 1, 3, and 6.  The ladder task was used to assess coordinated forelimb use, stepping 

accuracy, and limb placement and is sensitive to motor cortex damage (Metz and 

Whishaw 2009).The ladder apparatus is made of two plexiglass walls, with 3mm diameter 

pegs spaced 1cm apart from each other. The ladder is raised ~20cm off the ground with 

a neutral start cage and the animal’s home cage at the end.  Through slow-motion video 

replay, all forelimb placements were qualitatively scored on a 0-6 rating scale over three 

trials (three traverses across the ladder). A perfectly placed limb received a score of 6 and 

a partial placed limb, such as just one digit on the rung, scores a 5. Errors were scored as 

follows: 0 = limb missed the ladder rung and the limb fell through the rungs; 1 = the limb 

was placed the limb but when weight bearing either fell (score of 1) or slipped (score of 2) 

(Metz and Whishaw 2009). Percent errors was calculated as: sum of errors (0+1+2)/(total 

steps) per test day.  

Single Pellet Reaching (SPR) Task (Study 3) 

Animals were placed in a plexiglass chamber and allowed to reach through a small 

window in the front of the chamber. Animals reached through the window with a limb they 

prefer and a 1-centimeter tall platform holds a single banana flavored pellet for the animal 

to reach for. Each time the animal reached for the pellet it was scored as a success, fail, 
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or drop (Whishaw and Pellis 1990). Animals must reach a criterion of roughly 60% success 

rate before undergoing ET-1 induced stroke. After surgery, animals were allowed to 

recover for two days. On the third day, behavioral assessment was conducted using the 

single pellet reaching task and this task served as the rehabilitation training task. Animals 

reached for 20 minutes/day or until they complete 60 trials for 6 days/week for 15 days. 

Tissue Collection (Study 1 and 2) 

 Animals were deeply anesthetized with Euthasol (0.1mg/kg) and brains were 

removed to obtain fresh tissue punches from the ipsilesional sensory and motor cortex 

and the striatum. Samples were taken medial and anterior to the injury based on specific 

lesions and anatomical observation, no tissue was sampled that contained the lesion core. 

Tissue was placed on dry ice to preserve mRNA and protein levels. Samples remained in 

a -80 freezer until RNA isolation or western blot analysis was performed. We choose to 

investigate the motor and sensory cortex that did not include the lesion core because 

these areas are highly connected to the primary area of injury, undergo secondary 

degeneration, and are important for recovery of sensorimotor function following caudal 

forelimb injuries and thus are targets for future intervention (Jones, Chu et al. 1999, 

Carmichael 2003, Nudo 2013).  

RNA Isolation and Real-Time PCR (Study 1 and 2) 

Total RNA was extracted from cortex and striatum using TRIzol reagent 

(Invitrogen) according to the manufacturer’s protocol. Reverse transcription was 

performed using the RevertAid First Strand cDNA kit (Thermo Fisher Scientific) with 0.5-

1 ug of RNA. 5 uL of cDNA template was used to amplify PCR products using 2x Maxima 

SYBR green qPCR master mix (Thermo Fisher Scientific). The primer sequences used in 

the qPCR protocol are listed in Table 4.1. Fold changes in mRNA expression were 
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normalized to tubulin were calculated using the ΔΔ- Ct analysis method (Wills, Trager et 

al. 2012). Tubulin has been established to be a relevant control used to determine 

changes in mitochondria genes (Wills, Trager et al. 2012, Harmon, Gibbs et al. 2016).  

 

Mitochondrial DNA Content (Study 1 and 2) 

Relative mtDNA content in rat cortex and striatum samples was measured using 

real-time qPCR. Nuclear and mitochondrial, was isolated from tissues using the DNEasy 

Blood and Tissue Kit (Qiagen), 5 ng of cellular DNA was used to perform qPCR. Relative 

quantity of mtDNA was assessed by expression of NADH dehydrogenase 1 (ND1), a 

mitochondrial gene, and normalized to nuclear-encoded β-actin. Primer sequences for 

ND1 and β-actin were ND1 sense: 5’-TGAATCCGAGCATCCTACC-3′; ND1 antisense: 5’-

ATTCCTGCTAGGAAAATTGG-3’; β-actin sense: 5’-TAAGGAACAACCCAGCATCC-3’; 

and β-actin antisense: 5’-CAGTGAGGCCAGGATAGAGC-3′. The ΔΔ-Ct analysis method 

was used to calculate fold changes in expression (Wills, Trager et al. 2012).  
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Immunoblot Analysis (Study 1 and 2) 

            Rat cortex and striatum tissue was homogenized in 150 μL of protein lysis buffer 

and protease inhibitors (1% Triton X-100, 150 mM NaCl, 10 mM Tris-HCl, pH 7.4; 1 mM 

EDTA; 1 mM EGTA; 2 mM sodium orthovanadate; 0.2 mM phenylmethylsulfonyl fluoride; 

1 mM HEPES, pH 7.6; 1 μg/ml leupeptin; and 1 μg/ml aprotinin) using a Polytron 

homogenizer. Then the samples were sonicated and centrifuged at 14,000 g for 15 min at 

4°C. The supernatant was collected and protein quantified using a bicinchoninic acid kit 

(Sigma). Proteins (30 μg) were separated on 4 to 20% gradient SDS-polyacrylamide gels 

and transferred to nitrocellulose membranes. Membranes were blocked in 5% BSA or milk 

in TBST (0.1% Tween 20 in 1× Tris-buffered saline) and incubated with primary antibodies 

overnight at 4°C.  Primary antibodies used in this study included:  COX1 (1:2000 Abcam); 

ND1 (1:2000, Abcam); NDUFS1 (1:2000, Abcam); cleaved caspase 3 (1:1000, Cell 

Signaling, Danvers); Caspase 3 (1:1000, Santa Cruz); GAP-43 (1:1000, Cell Signaling) 

and GAPDH (1:10000, Fitzgerald). After incubation for 1hr at room temperature with 

secondary rabbit (1:2000, Abcam) or mouse (1:20000, Abcam) antibodies conjugated with 

horseradish peroxidase, membranes were detected by chemiluminescence. 

Densitometric analysis was performed using ImageJ (Schneider, Rasband et al. 2012). 

Immunohistochemistry (IHC) (Study 3) 

Following 15 days of rehabilitation training (RT), a subset of animals were 

examined for changes in perilesional dendritic density. Animals were deeply anesthetized 

with pentobarbital (Euthasol, 100-150mg/kg, IP) and were intracardial perfused with 0.1M 

phosphate-buffer and 4% paraformaldehyde. Six serial rostral to caudal sets of 50 µm 

coronal sections were produced using a vibratome and stored in cryoprotectant. Three 

sets of sections were processed for IHC to ascertain post-injury morphological changes in 

the surface density of dendrites in the perilesional motor cortex. As described previously 
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(Adkins, Voorhies et al. 2004), free-floating sections were processed for IHC. Tissue was 

incubated for 48 hr in primary antibody for dendrites (MAP2; 1:500 mouse monoclonal; 

Sigma-Aldrich). Following primary incubation, sections were rinsed and incubated for 2 hr 

in secondary antibody at a dilution of 1:200 (horse anti-mouse). Sections were incubated 

in peroxidase-linked avidin-biotin complex (ABC kit) for 2 hr. Immunoreactivity was 

visualized using 3,3′ diaminobenzidine with nickel ammonium sulfate intensification. All 

animals were included in each batch of IHC processing and each batch included negative 

control sections without primary antibody.  

The cycloid grid intersection method (Baddeley, Gundersen et al. 1986) was used 

to determine surface density for MAP2 immuno-reactive processes. We sampled tissue 

that was represented that included the forelimb area of the sensorimotor cortex. Data were 

obtained in three adjacent coronal sections (~600 µm apart) which included peri-lesional 

motor cortex (i.e., between approximately +1.2 and -0.26 mm anterior/posterior relative to 

bregma). Using ImageJ (National Institute of Mental Health, Bethesda, MD), cycloid arcs 

were overlaid on light microscopic images, taken at 100× oil immersion (final 

magnification=1,400×), of four sample regions, two adjacent sets (~250 µm) in layers II/III 

and two sets in layer V beginning at approximately 250 µm medial to the lesion core 

(towards midline), for 3 sections. Each immuno-reactive process that crossed an arc was 

counted. The surface density was calculated using the formula Sv = 2(I/L), where Sv is 

the surface density, I is the total number of intersections and L is the sum of the cycloid 

arc lengths.  

Estimated Lesion Size Analysis (Study 3) 

Nissl stained sections for animals in the 0.1mg/kg+RT, vehicle+RT, 

0.1mg/kg+NoRT, and vehicle+NoRT were used for lesion volume estimations. Seven 50 

µm coronal sections 600µm apart were analyzed for lesion volume estimation using 
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sections between approximately 2.7mm anterior to 1.3mm posterior to Bregma, which 

were determined using structural landmarks. Injury volumes of cortex were estimated for 

each subject using a grid overlay in ImageJ with an area/point of 100 pixels2. Points in 

healthy cortex was counted in the lesion and non-lesion hemisphere. Lesion area was 

calculated as the difference between the injured and non-injured cortex. Volume was 

estimated as the product of lesion area multiplied by the distance between sections 

(600µm) and the distance between points (0.824mm).  

Equation: Volume=Σ(PointsXDistance2XDistance between sections) 

Statistical Analysis  

All data are reported as group means with ±standard error of the mean (S.E.M.). 

Repeated analysis of variance (rANOVA) was used to test for behavioral differences with 

post-hoc comparisons for each post-operative day in all experiments.  Single comparison 

of molecular data was performed using the Student t-test, whereas data found to not have 

a normal distribution were subjected to a Mann-Whitney U-test in experiment one and two. 

Data were considered statistically significantly different at p ≤ 0.05. 

Results 

Study 1: Mitochondria Dysfunction Following Acute Stroke 

Stroke Induced Motor Impairment 

As demonstrated previously, unilateral ET-1 lesions to the forelimb area of the 

SMC result in lasting impairments in the forelimb opposite the lesion (Metz and Whishaw 

2009). Animals exhibited more limb placement errors while walking across a horizontal 

ladder with their impaired limb at 24 hrs (p<0.005), 72 hrs (p<0.005), and 144 hrs 

(p<0.005) post-injury compared to sham animals (Figure 4.1). There were no differences 

seen with the non-impaired forelimb compared to sham animals or pre-stroke number of 

errors.  
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Decreased respiratory chain gene expression and mtDNA content in ipsilesional motor 

and sensory cortex.  

Mitochondrial dysfunction is a major contributor to neuronal death following 

ischemic stroke (Bayir and Kagan 2008). Therefore, we assessed mRNA expression of 

PGC-1α, and components of the electron transport chain, nuclear-encoded NADH 

dehydrogenase (ubiquinone) Fe-S protein 1 (NDUFS1), and mitochondrial-encoded 

cytochrome c oxidase subunit 1 (COX1) and ND1. As seen in Figure 3.2, there was a non-

significant downward trend (p= 0.056) in PGC-1α mRNA expression 24 hrs post-stroke. 

NDUFS1 mRNA expression was decreased at 24 hrs and did not return to sham levels 

until 144 hrs post-stroke. Additionally, there was a robust reduction of COX1 and ND1 

transcript levels at 72 hrs and remained suppressed at 144 hrs following injury. 

Mitochondrial DNA copy number was assessed as a marker of mitochondrial content. 

There was a persistent suppression of mtDNA copy number at 24, 72, 144 hrs post-stroke. 

Taken together, these findings reveal disruption in transcriptional regulation of 
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mitochondrial proteins involved in oxidative phosphorylation and mitochondrial content 

following ET-1 induction of cerebral ischemia.  

 

Transitory changes of mitochondrial encoded transcripts in ipsilesional striatum.  

We screened for mitochondria damage in the ipsilesional striatum following ET-1 

ischemic damage due to secondary injury in this area (Carmichael and Chesselet 2002). 

There were no changes in PGC-1α and NDUFS1 mRNA expression in the striatum at any 

time point examined. However, we did observe a transitory decrease in COX1 and ND1 

mRNA expression at 72 hrs (p<0.05) post-stroke and by 144 hrs mRNA levels recovered 

back to sham levels. At 24 hrs (p<0.05), there was a brief reduction of mitochondrial DNA 
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copy number in the ipsilesional striatum which returned to sham levels at 72 hrs (Figure 

4.3). These results reveal that ET-1 induced SMC lesions result in subacute and transitory 

mitochondrial changes after stroke.  

 

Reduced mitochondrial encoded protein expression in the ipsilesional cortex and striatum.  

To assess if ET-1 disrupts the translation of mitochondrial genes we also 

measured protein levels of COX1, ND1, and NDUFS1 at 144 hrs (Figure 4.4). Immunoblot 

analysis revealed that at 144 hrs, COX1 and ND1 were decreased compared to sham 

levels in the ipsilesional cortex (p<0.05). COX1 and ND1 protein expression were also 

decreased in the ipsilesional striatum compared to sham animals (p<0.05). NDUFS1 
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remained at sham control levels at this 144 hrs time point. These data reveal that in our 

model of cerebral ischemia mitochondrial-encoded genes are more sensitive to 

transcriptional/translational disruption than nuclear-encoded genes.  

 

UCP2 activation in the ipsilesional cortex and striatum.  

Excessive reactive oxygen species (ROS) generation can induce the up regulation 

of mitochondrial ROS detoxifying enzymes, manganese superoxide dismutase 2 (SOD2) 

and the uncoupling protein 2 (UCP2) to neutralize the detrimental effects initiated by 

oxidative stress. Along with its uncoupling role to mitigate ROS production, UCP2 has 

been implicated in neuroprotection by suppressing pro-inflammatory cytokines and 

elevating anti-apoptotic mediator, Bcl2  (Haines and Li 2012). Therefore, we measured 

SOD2 and UCP2 in ipsilesional cortex and striatum (Figure 4.5). Interestingly, there was 

only a modest decrease of SOD2 transcript at 72 hrs (p<0.05) in the cortex and SOD2 

mRNA levels remained unchanged in the striatum. In contrast, cortical UCP2 transcript 
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levels increased within 24 hrs and further increased by 72 hrs which persisted to 144 hrs 

(p<0.05). In the ipsilesional striatum, UCP2 increased compared to sham control at 72 hrs 

and remained elevated at 144 hrs (p<0.05). These data reveal that ET-1 mediates 

sustained increases in UCP2 in cortex and striatum.  

 

Gene expression of inflammatory mediators and macrophages in the ipsilesional cortex 

and striatum.  

Since macrophages are known to be involved in innate immune response following 

ischemic injury (Jin, Yang et al. 2010),  we examined the transcriptional expression of 

F4/80, a surface marker for mature macrophages (Figure 4.6). We observed an increase 

in cortical F4/80 mRNA expression over sham animals at 72 and 144 hrs. Additionally, we 

observed significant increases in cortical interleukin-6 (IL-6) transcripts at 24, 72, and 144 

hrs. There was a transitory increase in F4/80 at 72 hrs that returned to sham levels by 144 



75 
 

hrs in the striatum. IL-6 induced an increase at 24 hrs and remained elevated at 72 hrs in 

the striatum. Our data demonstrate that mitochondrial changes are occurring in peri-infarct 

tissue that is undergoing inflammatory responses over the 144 hrs examined. The pro-

inflammatory environment in both the sensorimotor cortex and striatum further 

demonstrate continued stroke induced pathology in connected brain regions outside the 

primary stroke region and likely contribute mitochondria disruption. 

 

Caspase 3 cleavage and GAP43 expression in ipsilateral cortex and striatum.  

Rodent models of neurodegenerative diseases implicate caspase dependent 

apoptosis as an important contributor to neuronal and tissue damage (Chen, Ona et al. 

2000, Li, Ona et al. 2000, Ferrer, Friguls et al. 2003, Louneva, Cohen et al. 2008).  

Immunoblot analysis was used to assess the level of caspase 3 activation by measuring 

the cleaved form of caspase 3 following ET-1 induced stroke (Figure 4.7). Cleaved 
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caspase 3 was detected in the ipsilateral cortex, but not in the ipsilateral striatum 144 hrs 

following stroke. These data demonstrate that there is a range of pathological effects on 

brain regions neuronally connected to the primary site of stroke and that direct cell death, 

indicated by increased activation of cleaved caspase 3, may be the consequence of 

mitochondria disruption.  

 

 Sensorimotor cortex and striatum are key areas that undergo neural regrowth and 

reorganization after following motor cortical damage (Carmichael and Chesselet 2002, 

Jones In Press). We measured axonal regeneration and outgrowth of growth-associated 

protein 43 (GAP-43). GAP-43 increases during periods of axonal sprouting and within the 

first week post-stroke in areas surrounding the primary site of injury (Stroemer, Kent et al. 

1995, Benowitz and Carmichael 2010).  In line with previous reports, we observed an 

increase in GAP-43 protein expression in the ipsilesional cortex at 144 hrs (Figure 4.7). 

We also detected an increase in the striatum at 144 hrs post–stroke.  These data reveal 

that sufficient cell injury occurs in the early stages post-stroke to activate regenerative 
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processes and that this process occurs when mitochondria homeostasis is still disrupted 

in both striatum and cortex.  

Study 2: Mitochondria Homeostasis Following Formoterol Treatment  

Behavioral impairment post-stroke and formoterol treatment.  

All animals that underwent an ET-1 induced ischemic lesion showed greater 

impairment on day 1, 3 and 6 post-stroke compared to pre-operative levels. There was 

not a significant difference in the percentage of errors performed between animals that 

received vehicle or formoterol at any time point post-stroke. Through slow-video replay 

exact forelimb placements can be scored on a scale from 0 (total miss) to 6 (correct 

placement). When examining correct (6’s) and slightly incorrect placements (5’s), there 

was a difference between vehicle and formoterol treated animals. Animals that received 

formoterol had significantly more 5’s than vehicle animals and significantly less 6’s. These 

results may indicate that formoterol treatment improves the use of better compensatory 

paw placement or poor placement adjustments.  
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Partial recovery of respiratory chain gene expression in ipsilesional motor and sensory 

cortex.  

In study 1, we demonstrated a decrease in respiratory chain gene expression in 

ND1, COX1, and NDUFS1. We replicated these results in our stroke+vehicle animals. 

Animals that received formoterol still showed a reduction of ND1 transcript levels at 72 

hrs, however show a partial recovery at 144 hrs by no longer being significantly decreased 

from sham animals. COX1 mRNA expression in formoterol animals was not significantly 

different from sham animals at 72 hrs or 144 hrs, however was not significantly increased 

from stroke+vehicle animals. Finally, NDUSF1 transcript levels were no longer 

significantly different at 72 hrs in formoterol animals compared to sham animals. The 

modest decrease seen in NDUSF1 at 72 hrs in the stroke+vehicle animals has recovered 

by 144hrs. Taken together, these findings support that formoterol has a modest effect at 

the primary site of injury, the motor and sensory cortex, following stroke.  
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Recovery of mitochondrial encoded transcripts in ipsilesional striatum.  

We examined mitochondria transcripts in the ipsilesional striatum after stroke 

because secondary injury occurs in this area (Carmichael and Chesselet 2002). Since 

there was not a change in NDUSF1 in the stroke+vehicle animals compared to shams, we 

also did not detect a change in the stroke+formoterol animals compared to sham animals. 

In stroke+vehicle animals, there was a transitory decrease in COX1 and ND1 transcript 

levels that recovers at 144 hrs. Animals that were treated with formoterol showed a 

significant increase in both COX1 and ND1 mRNA levels compared to stroke+vehicle back 

to sham control levels at 72 hrs. These results show that formoterol promotes recovery of 

mitochondria homeostasis transcript levels early in the striatum, the secondary site of 

injury. This rescue of mitochondria encoded electron transport chain transcripts could aid 

in functional recovery post-stroke.  
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Mitochondrial encoded protein expression in the ipsilesional cortex and striatum reflects 

transcript levels.  

To assess if formoterol effects the translation of mitochondrial genes we measured 

protein levels of COX1, ND1, and NDUFS1 at 72 hrs and 144 hrs. Immunoblot analysis at 

72 hrs and 144 hrs showed no change in NDUSF1 compared to sham animals in vehicle 

and formoterol animals. At 72 hrs and 144 hrs post-stroke in the motor and sensory cortex, 

COX1 and ND1 protein levels were significantly decreased in both vehicle and formoterol 

animals compared to sham animals. Formoterol treatment did not affect mitochondria 

protein levels in the cortex, the primary site of injury. In the striatum, formoterol treatment 

rescued both COX1 and ND1 protein levels at 72 hrs; animals were no longer significantly 

decreased compared to sham animals and were significantly increased compared to 
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vehicle animals.  At 144 hrs post-stroke formoterol treatment also rescued COX1 protein 

levels in the striatum. However, formoterol treated animals show a significant decrease in 

ND1 protein level compared to sham animals at 144 hrs. Taken together, protein 

expression in the cortex and striatum reflect mRNA levels at 72 and 144 hrs.   

 

UCP2 transcript levels in the ipsilesional cortex and striatum following formoterol 

treatment.  

Mitochondria ROS detoxifying enzyme, UCP2, is used to neutralize the detrimental 

effects initiated by oxidative stress. UCP2 may also be neuroprotective (Haines and Li 

2012). Animals that were given formoterol after stroke saw no change in UCP2 levels at 

144 hrs compared to stroke+vehicle animals in the cortex or striatum (Figure 4.12). All 

animals with a stroke had significantly higher levels compared to sham animals.  
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Gene expression of inflammatory mediators and macrophages in the ipsilesional cortex 

and striatum.  

Formoterol, in asthma and COPD models, was shown to have an anti-inflammatory 

effect (Whelan, Johnson et al. 1993, Bathoorn, Liesker et al. 2008). Since macrophages 

are known to be involved in innate immune response following ischemic injury (Jin, Yang 

et al. 2010),  we examined the transcriptional expression of F4/80, a surface marker for 

mature macrophages after formoterol treatment. In the cortex, there was an increase in 

F4/80 in stroke+vehicle animals compared to sham animals. There was a partial recovery 

of F4/80 in animals treated with formoterol, whereas they were no longer different from 

sham controls. F4/80 levels in the striatum had returned to sham levels by 144 hrs in all 

stroke animals. Interleukin-6 (IL-6) showed a similar trend by returning to sham levels in 

the striatum by 144 hrs. Animals given formoterol showed a partial reduction in IL-6 in the 

cortex at 144 hrs to a level no different from sham animals. Formoterol is able to effect the 

pro-inflammatory environment following ET-1 lesions in the SMC.  
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Caspase 3 cleavage and GAP43 expression in ipsilateral cortex and striatum following 

formoterol treatment.  

Protein expression analysis showed cleaved caspase 3 activation in all animals 

that had a stroke in the ipsilateral cortex and not the striatum. Animals treated with 

formoterol did not have a different level of caspase 3 cleavage than vehicle treated 

animals. All animals showed an increase in caspase 3 cleavage out to 144 hrs after stroke.  

Growth-associated protein 43 (GAP-43) increases within the first week post-stroke 

surrounding the primary site of injury in areas of axonal spouting (Carmichael, Archibeque 

et al. 2005). All animals that had an ET-1 stroke showed an increase in GAP-43 in the 
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cortex and not in the striatum. Formoterol treatment did not change the level of GAP-43 

protein in either the cortex or striatum. It is important to note that there was a less robust 

increase in GAP-43 in the cortex in animals that had a stroke in this set of studies. Also, 

in study 1 there was a very significant increase in GAP-43 in the striatum at 144 hrs; 

however, in study 2 we do not. This may indicate that stroke-induced increases of GAP-

43 were delayed in study 2, due to lesion progression and size.  

 

Study 3: Formoterol Enhances Motor Recovery Following Stroke and Rehabilitative 
Training 
 
Formoterol Enhanced Behavioral Recovery.  

Animals were treated with three different doses (0.1mg/kg, 0.5mg/kg, or 1.0mg/kg) 

of formoterol or vehicle starting 24 hrs after injury and underwent 15 days of either 

rehabilitation training (RT) or control behaviors (No-RT). All animals that were given RT 

significantly improved after 15 days than animals that did not have RT (p<0.001). There 
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were no behavioral differences between No-RT animals that received different formoterol 

doses. Animals in the 0.5mg/kg+RT (F16=0.726, p=0.766) and 1.0mg/kg+RT (F16=0.841, 

p=0.638) groups were not significantly differently from vehicle+RT animals (Figures 4.15 

and 4.16). However, animals given 0.1mg/kg+RT significantly improved over time 

compared to vehicle+RT animals (F16=1.965, p=0.016). Specifically on rehabilitation days 

3 (p=0.042), 4 (p=0.002), 6 (p=0.014), 9 (p=0.007), and 12 (p=0.008) 0.1mg/kg+RT 

animals performed the SPR task significantly better than vehicle+RT (Figure 4.17).  
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Density of Dendritic Processes after Formoterol Treatment.  

Formoterol promotes changes in dendritic complexity in a down syndrome model 

(Dang, Medina et al. 2014). Since there was a behavioral difference between animals that 

received 0.1mg/kg+RT compared to vehicle+RT animals, we attempted to determine 

dendritic density changes between these two groups of animals by using stereological 

processes. In previous studies, animals that have undergone RT show an increase in 

dendritic density compared to untrained animals (Jones, Chu et al. 1999). Increases in 

dendritic density is one example of enhanced neuroplasticity following RT that contributes 

to enhanced behavioral performance. There was not a difference in dendritic surface 

density between vehicle+RT and 0.1mg/kg+RT animals. However, this 

immunohistochemical technique might not have been the best way to capture changes in 

dendritic complexity changes following formoterol treatment. On the other hand, in our 

model formoterol may not be changing dendritic complexity and possibility acting through 

a different mechanism to enhance motor recovery compared to vehicle animals.  

Formoterol as a Neuroprotectant.  

Previous research has suggested that β2-adrenergic receptor agonists can act as 

a neuroprotectant in a focal ischemia model (Junker, Becker et al. 2002). It has not been 
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examined whether formoterol effects lesion size when given after the injury has occurred. 

Our goal was to examine whether formoterol reduced lesion size. We quantified lesion 

size between the 0.1mg/kg+RT and vehicle+RT groups. Using a point counting method 

explained above, we determined there was not a difference in lesion size between the two 

groups. In our hands, formoterol does not change lesion size and is therefore likely acting 

along another mechanism to enhance motor recovery when administered 24h after stroke. 

These results are in agreement with the cleaved caspase 3 levels in vehicle and formoterol 

treated animals explored in study 2. We were able to show no difference in caspase 3 

levels between drug and vehicle treated animals and therefore would expect no change 

in lesion size between the two groups.  

Discussion 

Several studies have demonstrated that mitochondrial dysfunction is a common 

consequence of cerebral ischemia (Anderson and Sims 1999, Sims and Anderson 2002, 

Hoppins 2014). Disrupted mitochondrial homeostasis has been linked to detrimental 

pathways such as ROS production, calcium dysregulation, inflammation, and intrinsic 

apoptotic cell death (Sciamanna, Zinkel et al. 1992, Dirnagl, Iadecola et al. 1999, Chan 

2005, Sims and Muyderman 2010). These complex pathophysiological pathways have 

been intimately described following ischemic stroke and it is hypothesized that 

mitochondria are crucial initiators and targets of these diverse inflammatory and aberrant 

metabolic pathways. In addition, it is possible but, untested, that mitochondrial dysfunction 

may be related to a reduction in neuronal function, altering sensory and behavioral 

outcomes following stroke. Many of these effects occur immediately post-injury; therefore, 

elucidation of the pathways and key proteins linked to mitochondrial dysfunction following 

insult and over time may provide targets for pharmacological intervention.   
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The results of study 1 demonstrated mitochondrial disruption, activation of 

inflammatory pathways, cell death and initiation of regenerative pathways within the first 

week of ischemic stroke in a focal ET-1 induced rat stroke model. In the cortex, there was 

decreased mRNA and protein expression of nuclear and mitochondrial encoded subunits 

of complex I and IV as well as depletion of mitochondrial DNA number. Concomitantly, 

mitochondrial DNA copy number was suppressed early and persistently in the ipsilesional 

cortex following ischemia. There was only reduced protein expression in mitochondrial-

encoded proteins which may be due to the increased sensitivity of mtDNA damage 

compared to nuclear DNA. Following ischemic injury, chronic ROS production causes 

extensive mtDNA damage and the inability to monitor and repair mtDNA damage is due 

to the less efficient mitochondrial DNA repair mechanisms that become overwhelmed in 

the presence of excessive oxidative stress (Yakes and Van Houten 1997).  It is expected 

that mtDNA damage may lead to inactive electron transport chain activity, thereby 

affecting normal mitochondrial function. 

As demonstrated in study 2, formoterol treatment had minimal effects on restoring 

mitochondria function and reducing inflammatory activation during the first week post-

stroke in the primary site of injury, the cortex, which was unexpected. In mitochondrial 

encoded subunits of complex I and IV of the electron transport chain and inflammatory 

markers, there was a partial rescue of function. In an earlier study by our lab, naïve 

animals given formoterol did not show an increase in PGC-1α or mitochondria copy 

number in the cortex, but did show an increase in both markers in the striatum. We 

hypothesized that no change in the cortex could be due to a ceiling effect and once injury 

had occurred, formoterol would increase these factors in the cortex. Our data indicates a 

biogenetic effect in the striatum in naïve animals and following stroke. The minimal effects 

seen in the cortex are not because formoterol is not crossing the blood brain barrier or 
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unable to promote MB. In previous studies formoterol induced MB following ischemia in 

the kidney, therefore drug treatment has shown MB in other disease models. Additionally, 

studies have shown that β2-adreneric receptors are located within the cerebral cortex 

(Nicholas, Pieribone et al. 1993). Even though we saw dramatic mitochondria dysfunction 

in the cortex, we did not detect MB in the cortex following ischemic stroke of the SMC. 

 Study 1 identified mitochondrial deficits in the secondary site of injury, the 

striatum. There was decreased striatal mitochondrial content, as measured by mtDNA 

copy number, mtDNA transcripts and protein. Acute and transient reduction of 

mitochondrial DNA and mRNA expression of ND1 and COX1 in the striatum were seen. 

While the biochemical and cellular mechanisms that comprise secondary injury are not 

entirely understood, we hypothesize that the disturbance in mitochondrial DNA and gene 

regulation is based on the functional connectively between the cortex and striatum. The 

striatal changes are transient, with mtDNA and mitochondrial RNA changes recovering to 

control levels by 72 hrs and 144 hrs, respectively, suggesting the damage to the striatum 

is less severe compared to the primary site of injury and is recoverable. Future 

investigation into the role of cellular stress responses and the dynamic interplay of multiple 

pathophysiological cascades in secondary injury, that go beyond both the initial ischemic 

insult and the disruption of cerebral circulation are needed (Veenith, Goon et al. 2009).   

Although the striatum revealed transient decreases formoterol was able to 

accelerate recovery of mitochondria homeostasis proteins back to control levels by 72 hrs 

post stroke. Formoterol promoted MB and recovery in the striatum, which was less 

severely damaged, demonstrated by the lack of cell death pathway, measured by cleaved 

caspase 3 protein levels. Therefore, these data suggest that formoterol might be most 

effective with mild injuries under the same dosing and administration timing examined 

since formoterol is effective in the striatum, which is a secondary location of injury. 
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Formoterol is likely inducing reparative processes in the striatum shown by recovery of 

mitochondrial homeostasis proteins. Other reparative processes that promote functional 

recovery after stroke have been seen acutely in the striatum. For example, axon sprouting 

in the striatum begins 2-3 days after cortical stroke leading to new cortical-striatum 

synaptic connections and increases in multiple synaptic boutons within the striatum 

(McNeill, Brown et al. 2003).  

It is important to note that although in study 1 there was not a significant decrease 

in PGC-1α mRNA expression in either the cortex or striatum, we hypothesize that the 

PGC-1α transcript levels are reduced abruptly following injury and recover rapidly to 

control levels to regulate compensatory mechanisms such as antioxidant production. 

Under normal physiological conditions, mitochondrial respiratory complexes are a source 

of ROS generation (Bayir and Kagan 2008). When respiratory enzymes are damaged 

following injury, these complexes produce an excessive amount of ROS which can lead 

to protein, lipid, and DNA damage, subsequently contributing to mitochondrial damage 

and dysfunction. Therefore, mRNA level of the mitochondrial antioxidant gene, SOD2 as 

a marker of oxidative stress was assessed. Surprisingly, we only observed a decrease in 

SOD2 transcript at 72 hrs post-stroke in the cortex, which recovered to sham control levels 

by 144 hrs and SOD2 mRNA levels remained unchanged in the striatum. Numerous 

studies have reported SOD2 is a direct downstream target of PGC-1α (Marmolino, Manto 

et al. 2010, Xiong, MacColl Garfinkel et al. 2015); therefore, we predict that SOD2 mRNA 

levels transiently decreased in response to the modest suppression of PGC-1α in the 

cortex at 24 hrs.  

Recently, an increasing number of studies have focused on the various 

physiological and pathological roles of UCP2 (Brand and Esteves 2005, Chen, Wu et al. 

2006, Dietrich, Andrews et al. 2008, Wojtczak, Lebiedzinska et al. 2011), which has been 
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described to have a role in mediating lipid peroxidation within the mitochondrial matrix due 

to ROS formation. When UCP2 detects elevated levels of mitochondrial ROS, a feedback 

loop is activated to induce UCP2 expression in the inner mitochondrial membrane 

(Dietrich, Andrews et al. 2008). It is well documented that the primary role of UCP2 is to 

dissipate the proton gradient across the inner membrane to prevent ATP synthesis and 

transport superoxide radicals across the inner mitochondrial membrane, thus decreasing 

the effect of ROS produced by the respiratory chain (Brand and Esteves 2005). 

Interestingly, UCP2 mRNA expression was persistently increased in both the ispilesional 

cortex and striatum in study one. Formoterol treatment did not change the increase in 

UCP2 in the cortex or striatum at 144 hrs post-stroke. Several reports have demonstrated 

that β-adrenergic receptors activate UCP2 in other disease states (Pearen, Ryall et al. 

2009), however this has yet to be examined in a stroke model until these studies. UCP2 

has also been reported to perform other functions such as regulating neuroinflammation 

and apoptosis following ischemic stroke. Haines, et al., demonstrated that the 

overexpression of UCP2 alleviated the ischemia-induced increase in IL-6 mRNA which 

may reduce the deleterious effects of prolonged inflammation. Overexpression of UCP2 

also rescued diminished pro-survival markers such as Bcl-2, cyclin G2, and HSP90 

(Haines and Li 2012). Furthermore, UCP2 has been documented to be neuroprotective 

via its involvement in neurogenesis and synaptogenesis, suggesting a role in neuronal 

growth and development (Dietrich, Andrews et al. 2008, Simon-Areces, Dietrich et al. 

2012). Future studies are needed to explore the potential roles of UCP2 in our cerebral 

ischemic model.   

Consistent with cortical mitochondrial deficits, the presence of neuroinflammation 

during the first days of experimental stroke was confirmed by the elevated mRNA 

expression of macrophage marker, F4/80 and inflammatory mediator cytokine, IL-6. 
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Interestingly, cortical IL-6 transcript levels were induced earlier than F4/80, with a 3-fold 

increase in expression that remained persistently elevated above sham control levels.  

Furthermore, the maximal expression of F4/80 and IL-6 in the cortex corresponds to the 

maximal expression of both transcripts in the striatum, suggesting that neuroinflammation 

may have a greater role in development of secondary damage post-stroke than previously 

anticipated. Elevated macrophage and cytokine markers, suggest that cortical and striatal 

compensatory pathways are insufficient to blunt neuroinflammatory responses following 

ischemic stroke. This may be due to the potentiation of the activation of cellular injury 

cascade by prolonged mitochondrial dysregulation in the cortex. Together, these findings 

support the implication that ischemic injury causes detrimental effects in surrounding 

tissue days after the initial stroke; therefore treatment with formoterol should improve 

these neuroinflammatory responses.  

In the cortex, there was a minimal recovery of IL-6 and F4/80 transcripts after 

formoterol treatment. By 144 hrs post-stroke, there was no longer an increase of 

transcripts in the striatum and no effect of formoterol. Formoterol is FDA approved to treat 

asthma and COPD, therefore there has been extensive work examining the effect of 

formoterol on inflammation. Reports have shown that giving formoterol alone, instead of 

in combination with a steroid, has no effect on IL-6 levels in the cardiovascular system 

(Suda, Tsuruta et al. 2011). In the cortex and hippocampus, formoterol was shown to 

increase other cytokines that are anti-inflammatory (McNamee, Ryan et al. 2010), 

however pro-inflammatory cytokines such as IL-6 were not examined in these studies. 

Although, an extensive number of groups have examined cytokine expression after 

formoterol treatment, very little work has been done to examine formoterol’s interaction 

with macrophage expression which are innate immune cells. One group was able to 

shown that IL-6 is linked with macrophage activation (Fernando, Reyes et al. 2014), which 
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may be why we saw the same effect in both IL-6 and F4/80 transcript levels after 

formoterol treatment. A few reports have attempted to understand how formoterol interacts 

with microglia in the brain (Qian, Wu et al. 2011). 

Cell death in peri-infarct cortex is, in part, a consequence of mitochondrial 

dysfunction as evidenced by caspase 3 cleavage in the cortex. One of the most common 

forms of cell death in neurodegeneration is through the intrinsic mitochondrial apoptotic 

pathway. Following initiation of the intrinsic pathway, cytochrome c is released from the 

mitochondria and works with other apoptotic factors to process the inactive form of 

procaspase 3 to the cleaved, active form (Vila and Przedborski 2003). Cleaved caspase 

3 in turn induces cellular changes including chromatin condensation, DNA fragmentation, 

and formation of apoptotic bodies, leading finally to cell death (Hengartner 2000, Galluzzi, 

Morselli et al. 2009). These studies revealed that cerebral ischemia induced caspase 3 

cleavage in the peri-infarct region of ipsilateral cortex 144 hrs post-stroke, in concert with 

increases in GAP-43 in both cortex and striatum. GAP-43 is associated with neurite 

outgrowth, axon growth cone formation and axonal sprouting post -injury and may play an 

important role in experience-dependent plasticity (Benowitz and Routtenberg 1997, 

Carmichael 2016). After onset of stroke, one of the most prominent regenerative events 

is axonal sprouting in the penumbra, which is accompanied by expression of GAP- 43 

(Goto, Yamada et al. 1994, Carmichael, Archibeque et al. 2005). Additionally, GAP-43 is 

a recently discovered postsynaptic substrate of caspase 3 and caspase 3 has also been 

demonstrated to be involved in the formation of new synaptic contacts; therefore, it has 

been hypothesized that caspase 3 and GAP- 43 are part of a common molecular pathway 

involved in tissue response after stroke (Han, Jiao et al. 2013, Wang, Chen et al. 2014). 

Our data are consistent with this hypothesis as evidenced by caspase 3 cleavage and 

increased GAP-43 protein expression, which demonstrates that sufficient cell injury occurs 
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in the early stages post-stroke to activate regenerative processes needed to preserve and 

restore neuronal function. 

Finally, after acute formoterol treatment, we examined whether formoterol would 

decrease cell death or increase reparative processes. Formoterol did not affect cleaved 

caspase 3 or GAP-43 levels 144 hrs after stroke. We hypothesized that formoterol would 

promotor MB and thus improve cell survival, however we did not see this. There is very 

little evidence in the literature to support changes to caspase 3 or GAP-43 levels after 

formoterol treatment. There is conflicting evidence to support both β-adrenergic receptor 

activation promoting and blocking cell death pathways in other disease models (Gannon, 

Che et al. 2015). Therefore, it was unknown whether formoterol would have any effect on 

cell death following stroke. In the heart, β-adrenergic receptor blockers showed inhibition 

of axonal growth (Clarke, Bhattacherjee et al. 2010). These treatments were not done with 

β2 agonists, but rather with β1 antagonists which are primarily found in the heart and 

agonists have not been examined. Treatment with the β2-adrenergic agonist, Clenbuterol, 

increases regeneration of motor neurons and improves synaptic function in mice with 

motor neuron degeneration (Zeman, Peng et al. 2004). These two studies taken together 

suggest that activation of β2-adrenergic receptors via formoterol may lead to reparative 

processes after injury. Although we were unable to shown an increase in GAP-43 

compared to vehicle animals acutely, formoterol could be activating other pathways 

promoting repair mechanism. Further work needs to be done to examine these 

mechanisms.  

Formoterol and Rehabilitation Training Enhanced Motor Recovery 

To determine whether formoterol would enhance RT after stroke, animals 

underwent rehabilitative training on the single pellet reaching task. Skilled reaching alone 

is known to sub-optimally improve motor function following a motor cortical stroke. In line 
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with previous work, all animals in the RT group showed significant improvements 

compared to untrained animals (No-RT). In study 3, our goal was to promote mitochondria 

biogenesis via formoterol to enhance functional recovery early after stroke and lead to 

long-lasting behavioral improvements. To determine the most effective dose, three doses 

of formoterol were examined. In a similar brain injury model, our group initially found that 

between 0.01 mg/kg, 0.1mg/kg, and 0.3mg/kg, that 0.1mg/kg was the most effective in 

increasing mitochondrial linked markers in rat cortex. Consistent with previous research 

and our work, 0.1mg/kg dose of formoterol was the most effective to enhance motor 

performance post stroke when combined with the single pellet reaching task. 

Formoterol improves cognitive memory and enhances dendritic plasticity in a down 

syndrome model (Dang, Medina et al. 2014). Otherwise, very few studies have examined 

the effect of formoterol induced MB in the brain. Therefore, we first examined dendritic 

density in our most efficacious group (0.1mg/kg) after 15 days of RT. Previous groups 

have demonstrated that animals that have undergone RT show an increase in dendritic 

density in perilesional cortex (Jones, Chu et al. 1999). Increases in dendritic density is one 

example of enhanced neuroplasticity following stroke that contributes to enhanced 

behavioral performance and we hypothesized these neuroplasticity events could be part 

of the mechanism behind increased behavioral recovery in formoterol treated animals.  

We did not detect a difference in dendritic density using our immunohistochemistry 

approach. Secondly, we did not see a difference in lesion size following formoterol 

treatment. No change in lesion size aligns with no change in cleaved caspase 3 protein 

levels within a week after stroke. In our hands, formoterol does not appear to be causing 

a change in cell death rates which we originally hypothesized. Taken together, we showed 

that formoterol is not neuroprotective nor stimulating dendritic growth to enhance 
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behavioral recovery following ischemic stroke. However, formoterol did stimulate MB in 

the striatum.  

Meshul and colleagues found that following cortical lesions, there is an increase in 

sensorimotor striatal glutamatergic function and an increase in synaptic terminals in the 

striatum (Meshul, Cogen et al. 2000). These increases in synaptic terminals and 

glutamatergic function are found up to 30 days after stroke and are linked to an increase 

in behavioral recovery. Research groups have shown that β-adrenergic receptors can 

modulate glutamate transition in other areas of the brain (Egli, Kash et al. 2005). 

Therefore, formoterol activation of β-adrenergic receptors in the striatum may lead to 

enhanced cortical function and plasticity, which results in an enhancement of motor 

recovery following a stroke in these studies. The most likely explanation is that there are 

a combination of factors (i.e. dosing, timing, injury size and severity) and mechanisms that 

are leading to our behavioral result which have yet to be examined by our group.  

Conclusion 

We hypothesized that promoting mitochondria biogenesis would lead to better 

functional recovery and induce structural and functional plasticity following rehabilitative 

training. In conclusion, ET-1-induced focal experimental stroke to the SMC leads to 

mitochondrial dysregulation, inflammatory cell infiltration, and cell death during the first 

week of injury which lasts for days following initial injury in peri-infarct cortex and striatum. 

Further, mitochondrial disruptions occur in accordance with marked motor impairment in 

the ladder task, which assesses both cortical and striatal injury. We also observed 

transient alterations in the pathways in the striatum, a secondary site of damage. The 

presence of mitochondrial suppression in the cortex and striatum depicts how pathogenic 

mechanisms can affect adjacent cells, intensifying the damaging effects of ischemic 

stroke. Formoterol treatment to stimulate mitochondria biogenesis leads to a rescue of 
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mitochondrial encoded subunits of complex I and IV of the electron transport chain in the 

striatum. All other markers of injury had mild to no effects following treatment acutely with 

formoterol. The ladder task also showed no change in performance between animals 

given vehicle or formoterol indicating a more sensitive task must be used to determine 

motor improvement after injury. A commonly studied dose of formoterol did show 

enhancement of motor recovery when given in combination with rehabilitation training. 

These results supported our hypothesis, however we were unable to show a change in 

functional and structural plasticity. A direct mechanism of action for motor improvement is 

still unknown and needs to be investigated in subsequent studies. Given the significance 

of mitochondria in regulation of neuronal function and survival, more studies are warranted 

to explore the relationship between mitochondrial function and behavior outcomes 

following stroke.  
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CHAPTER 5: DISCUSSION AND CONCLUSIONS  

Ischemic stroke is a leading cause of death in the world and a majority of stroke 

survivors are left with long-lasting motor deficits. The primary goals of these studies was 

to enhance recovery of motor function following stroke via pharmacology enhancement 

and to understand the relationship between dMRI measures and the cellular, functional, 

and behavioral changes acutely and chronically. These studies have been promising for 

stroke recovery and understanding early biomarkers post stroke. Our hypothesis was that 

dMRI would be a sensitive tool to identify microstructural changes acutely and 

chronically following stroke and that promoting mitochondria biogenesis would 

lead to better functional recovery and induce structural and functional plasticity 

following rehabilitative training.   

The original conclusion and culmination of this work was to investigate dMRI 

metrics following pharmacologically enhanced rehabilitation training with formoterol. 

However, as shown in Chapter 3, dMRI was not able to detect a difference between 

animals who underwent RT versus control procedures, be more specific. Both diffusivity 

and kurtosis measures have been used to understand mitochondria function and health. 

DTI has been used to image patients with mitochondrial dysfunction disorders to 

determine lesion severity and monitor the overall progress of the lesion (Gropman 2013). 

Changes in mitochondria function have been found to be strongly correlated with DKI 

metrics, indicating dMRI is a viable technique to monitor changes in mitochondria function 

and health in rodents (D. S. Rosenberger 2014, Xingju Nie 2015). Future work will be 

necessary to determine optimal training parameters to create long lasting neuroplasticity 

changes visible with dMRI.  

Diffusion MRI Used as a Predictor After Stroke  

 Roughly one-third of patients who suffer a stroke are left with persistent long-term 

motor deficits (Kelly-Hayes, Robertson et al. 1998, Association 2015). However, currently 
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there is not a way to determine who will recover motor function following a stroke and to 

what extent. Many patients will have a MRI to diagnose stroke occurrence and it has 

become common to use DTI. There are characteristic changes in dMRI metrics in the 

stroke core that several investigators are continuing to examine and determine the 

underlying neural changes. To date, although several hypotheses have been proposed to 

explain dMRI ischemic stroke lesion core changes, none are without debate and most lack 

direct causal evidence. Thus these dissertation studies were meant to understand the 

underlying structural changes and to investigate the sensitivity of dMRI to these changes 

in perilesional motor cortex. Numerous studies have discovered that MD decreases within 

hours of an ischemic stroke and begins to renormalize 5-7 days post lesion (Alexander, 

Lee et al. 2007). Neuronal beading, swelling and osmotic imbalance in neurons following 

stroke, have all been shown to restrict water movement and is currently hypothesized to 

be one of the leading causes for the reduction of MD in the lesion core (Budde and Frank 

2010). This hypothesis is debated in the field, so we attempted to examine other structural 

protein changes that could cause changes in water diffusion following a stroke in the 

perilesional area. More recently discovered, less studied and understood is the increase 

in mean kurtosis (MK) seen hours following stroke compared to the non-stroke 

hemisphere seen in animal models persists at least one week following stroke (Hui, Du et 

al. 2012). Very few studies have begun to examine MK acutely following stroke and 

currently structural changes underlying the increase in MK after stroke have not been 

directly examined. In Chapter 2 we were able these replicate these dramatic changes in 

MD and MK in the lesion core of a focal ischemia model, therefore concluding decreases 

in MD and increases in MK are consistent throughout models of stroke and species 

(Alexander, Lee et al. 2007, Hui, Du et al. 2012, Weber, Hui et al. 2015).   

The use of dMRI techniques in perilesional grey matter has been under examined, 

however the perilesional remaining sensory and motor cortex undergoes stroke-related 
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and behavioral-induced plasticity that are important for recovery of function (Jones, Chu 

et al. 1999, Carmichael 2016). The goal of our studies (Chapter 2 and 3) was to determine 

if dMRI was sensitive to these changes and thus whether dMRI could be used as a 

biomarker to determine rehab-induced neural plasticity and thus help clinicians prescribe 

adequate or effective rehab doses, for example. Our findings suggest that dMRI metrics 

are sensitive enough to pick up changes in the perilesional area acutely following stroke 

and that glial infiltration at later time points (3-7 days) is likely contributing to dMRI metric 

changes. Although these dMRI changes in the perilesional area are not as robust as in 

the core of the lesion, these studies were first of their kind to attempt to understand the 

mechanism of dMRI metric changes acutely in the perilesional area following an acute 

stroke. Even though in both studies we found correlations between dMRI metrics and 

astrocyte upregulation, these studies did not determine causality. It is standard in the field 

to determine these connections with correlations, however that may not be the best 

approach. It would have been ideal to knock out or knock in GFAP-positive astrocytes and 

determine the effect on dMRI metrics. Further, there are several other processes that are 

occurring early after a stroke that happen concurrently as glial upregulation that may be 

causing the differences we see in dMRI compared to sham animals and the non-injured 

cortex. Within hours to days post stroke edema occurs, which has been shown in previous 

studies to correlate with changes in dMRI metrics within 8 hours after a middle cerebral 

artery occlusion in cats (Moseley, Cohen et al. 1990). Secondly, microglia upregulation is 

occurring early after a stroke (by 24hrs) and although less studied, microglia may be 

driving changes in diffusion properties in grey and white matter following an acute 

ischemic stroke (Indraswari, Wong et al. 2009). Links between level of microglia activation 

in white matter tracks and integrity of the white matter tracks measured by fractional 

anisotropy have been established (Thiel and Heiss 2011). Inflammation and cellular 

apoptosis are also likely to contribute to changes in dMRI metrics following stroke, 
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although these were not investigated in our studies (Moseley, Cohen et al. 1990, Budde, 

Janes et al. 2011, Umesh Rudrapatna, Wieloch et al. 2014).  

Experiments in Chapter 3 aimed to examine dMRI metrics after rehabilitative 

training (RT) to determine if there were differences between animals who underwent 

rehabilitative training or not. In particular, the goal was to understand dMRI changes in 

perilesional grey matter and white matter integrity in the corpus callosum near the forelimb 

region of the sensorimotor cortex (SMC) following skilled rehabilitative training. 

Perilesional grey matter and white matter near the SMC undergo behavioral-induced 

plasticity changes that are important for recovery of function after rehabilitative training. 

We hypothesized that dMRI changes would correlate to these behavioral-induced 

plasticity changes and behavioral recovery measured by the single pellet reaching task 

and that we could determine biomarkers that would lead to refined and individualized 

rehabilitation. Unlike other reports reviewed by Johansen-Berg examining dMRI changes 

following injury and training (Johansen-Berg 2012), we did not see learning induced 

changes in grey or white matter following rehabilitation training after stroke.  

Our animals were scanned at three time points: before injury but after initial training 

on the SPR, 4 days after injury, and after 21 days of RT. One possibility to explain our lack 

of findings was the schedule in which the animals underwent MRI scans. We had 

behavioral differences as early as the first week of RT, scanning them each week may 

have yielded a different result or provided more clarity of our results. Although, we 

expected that dMRI would be sensitive to long-term structural changes, such as growth of 

dendritic fields (Jones, Chu et al. 1999, Voorhies 2001, Kleim and Jones 2008), following 

RT, by imagining them following the last day of RT, we may have missed a more dynamic 

or robust change. Animals were imaged the day after the last day of RT, potentially 

scanning them on the last day of RT and within 90 minutes, which tends to be the window 

for upregulation of immediate early genes in active brain regions, might have revealed a 
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more robust difference leading to visualized changes with dMRI. Lastly, I was only able to 

discover one negative report in which the authors did not detect a difference MRI metrics 

and training on a motor task (Thomas, Marrett et al. 2009). Thomas and colleagues (2009) 

used a within-group study design in which human participants were trained on a visual-

motor and imaged before training, after control procedures, and following motor training. 

No significant differences in dMRI metrics were found in grey matter after controlling for 

alignment biases and correct statistical analysis. There is a strong publication bias to only 

publish positive results, as a recent review indicated that far more negative reports could 

be observed and not reported (Johansen-Berg 2012); therefore it is hard to know how 

many studies did not find a connection between dMRI metrics and motor learning as we 

show.  

Sampaio-Baptista and colleagues trained a group of animals on the SPR task for 

11 consecutive days and demonstrated an increase in fractional anisotropy (FA) in the 

corpus callosum under the SMC compared to animals trained on an unskilled task and 

control animals (Sampaio-Baptista, Khrapitchev et al. 2013). This increase in FA was also 

correlated to the learning rate of animals on the SPR task. Since, we were unable to detect 

a difference in our stroke animals after undergoing 21 days of RT and in order to determine 

if we could replicate Sampaio-Baptista and colleagues, we examined control animals 

trained on the SPR task compared to naïve animals. For this comparison, we analyzed 

and compared the imaging data collected from our “pre-stroke” time period (Chapter 3, 

study 1). Thus, as described in in chapter methods, animals were pre-trained on the SPR 

task until they reached a criterion of 60%.  Following asymptotic behavior, which took 6 

days (±0.53) (stable behavior when averaged over 3 days) animals then were returned to 

their home cage to await ischemic stroke injury. These trained animals were then 

compared to aged matched naïve animals (sham animals from Chapter 2, study 2) with 

no behavioral training.  
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Pre-trained animals from Chapter 3 study 1, had received a varying number of 

training days because all animals reach asymptotic behavior at a different pace. Animals 

on average were trained for 6 days (SEM ± 0.53), with a maximum of 11 days for one 

animal, which is on average half of the number of days animals in the Sampaio-Baptista 

and colleagues manuscript were trained (Sampaio-Baptista, Khrapitchev et al. 2013). 

Additionally, in our study as the number of training days increased there was an increase 

in FA values in the external capsule region (p=0.017, r=0.606), where we detect an 

increase in FA in naïve animals compared to trained animals. When we compared FA 

averages, all of our animals were near control levels compared to this previous report. Our 

training paradigm was shorter in duration, therefore less intense compared to the 

Sampaoi-Baprista et al., (2013) report and thus may account for the lack of white matter 

changes.  

To further understand why naïve animals have greater FA in the external capsule, 

we used an analytical program to investigate white matter tract integrity (WMTI) 

parameters. White matter tract integrity assumes there are two compartments that do not 

exchange water: the intra-axonal space and the extra-axonal space (Fieremans, Jensen 

et al. 2011). There are four primary metrics we use in the WMTI: 1) Axonal water fraction 

is thought to measure axonal density; 2) The intrinsic diffusivity examines diffusion inside 

axons and might be a marker of axonal injury; 3) The axial and radial diffusivities are 

markers of isotropic changes in extra-axonal space; and 4) Radial diffusivity is a marker 

for changes in the extra-axonal diffusion transverse to the fibers which may link to myelin 

breakdown. By examining only highly aligned white matter tracts by applying a FA 

threshold of 0.36 (maximum of 1) in the WMTI, there were no longer significant voxels in 

the external capsule and we were unable to understand why naïve animals had 

significantly higher FA values in this region. The fact that the external capsule had FA 

values lower than 0.36 indicates white matter in that region is less highly aligned and 
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significant differences in the external capsule could be a statistical fluke. Naïve animals 

did show an increase in axonal water fraction in the corpus callosum directly under the 

forelimb region, suggesting an increase in axonal density without training. To determine 

axonal density changes, carefully designed histology analysis would need to be 

conducted. The other three metrics were not significantly different between groups. These 

results are inconclusive and require additional and redesigned studies to understand dMRI 

metrics after SPR training.    

 The results from this dissertation suggest that acutely dMRI is able to detect 

changes in the perilesional area, known to undergo stroke-related and behavioral-induced 

plasticity changes over time, and that astrocyte upregulation is playing a role. Although 

the causal role of astrocytes to alter water diffusion and thus dMRI was not investigated, 

future key experiments could be done by knocking out or knocking in astrocytes to 

determine the mechanism of diffusion changes in the perilesional area. In depth 

experiments and analysis did not show chronic dMRI metric changes after stroke animals 

underwent rehabilitation training. Future experiments with more intense behavioral 

training may be able to determine if dMRI metrics are sensitive to more robust learning-

induced plasticity. Initially, we hypothesized that dMRI would be a sensitive tool to identify 

microstructural changes acutely and chronically following stroke. We can conclude that 

dMRI is a sensitive tool to identify changes acutely following stroke, although more work 

is necessary to determine if dMRI is sensitive to other types of structural changes not 

examined in these studies. We were unable to detect learning-induced dMRI changes 

chronically following stroke.  

Formoterol as a Potential Pharmacotherapy Following Stroke   

In Chapter 4, we performed three experiments to determine whether mitochondria 

are dysfunctional in a focal model of ischemic stroke, whether formoterol, a beta2 

adrenergic drug found to increase MB in the periphery, would improve mitochondria 
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function acutely after stroke, and if formoterol and rehabilitative training would lead to 

enhanced behavioral recovery.  We demonstrated in study 1 that following focal ischemic 

stroke, there was dysfunction in three pathways: (1) sustained loss of mitochondrial 

proteins and mitochondrial DNA copy number in the cortex linked to decreased 

mitochondrial gene transcription; (2) early inflammatory response mediated by interleukin- 

6 followed by macrophages; (3) apoptosis in conjunction with the activation of regenerative 

pathways. Formoterol rescues mitochondrial dysfunction mRNA and proteins in the 

striatum within 72 hrs with partial recovery of cortical markers. Formoterol had little to no 

effect on other pathways such as inflammation, apoptosis, and regeneration. Although, 

there was not full recovery of mitochondria homeostasis markers in the cortex we 

continued by examined the effect of RT combined with formoterol treatment to determine 

whether partial recovery of these markers was sufficient to drive motor recovery. Animals 

that were treated with formoterol for 18 days in combination with RT for 15 days showed 

significantly greater behavioral recovery compared to animals that were given vehicle. 

Two other doses of formoterol were also examined to determine optimal dosing 

parameters, however 0.1mg/kg was the only dose to show a significant difference 

compared to vehicle treatment. 

Throughout these studies, we chose to investigate the remaining motor and 

sensory cortex that did not include the lesion core (primary injury location and unlikely to 

survive) because these areas are highly connected to the primary area of injury, undergo 

secondary degeneration, and are important for recovery of sensorimotor function following 

caudal forelimb injuries and thus are targets for intervention (Jones, Chu et al. 1999, Nudo 

2013). Unpublished data from the Schnellmann laboratory examined both the lesion core 

and perilesional area following spinal cord injury. After formoterol daily treatment for 7 

days in the core of the spinal cord injury, there was partial recovery of mitochondria copy 

number and PGC1α and no injury-induced change in ND1 and COX1. No deficits or 
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formoterol effect was seen in the perilesional area 7 days following injury. After 15 days 

post spinal cord injury, there was no longer an injury-induced deficit however there was a 

formoterol enhancement in both the lesion core and perilesional area. Examining the 

lesion core following our ischemic stroke along with the perilesional area may have given 

more insight to effect of formoterol in the perilesional motor cortex. Demonstrated by the 

unpublished data, examining mitochondria markers longer after injury may have been 

beneficial. Additionally, we examined the entire striatum because it is known to undergo 

functional plasticity following stroke and is thought to be critical to intervention (Carmichael 

and Chesselet 2002). Investigation of the dorsal-lateral striatum would have provided 

more targeted information and should be the focus of future experiments.  

Initial studies from our group examining formoterol revealed that formoterol caused 

mitochondrial biogenetic changes solely in the striatum. Naïve animals dosed with 

0.1mg/kg of formoterol showed a significant increase in PGC-1α levels in the striatum with 

no change in the cortex (Figure 5.1). Daily injections of 0.1mg/kg formoterol did not an 

increase in mitochondria copy number in the cortex or striatum. We hypothesized that 

injury would lower a potential ceiling effect and that we would see an effect of formoterol 

in the cortex following injury. In the early 1990s Nicholas and colleagues examined the 

disruption of β2-adrenergic receptors in the rat throughout the brain by using in situ 

hybridization. Receptors were located throughout the caudate and putamen, however 
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none were detected in the motor or sensory cortex (Nicholas, Pieribone et al. 1993). This 

may be one reason that the effect of formoterol in the cortex is minimal and fully recovery 

in seen in the striatum following stroke.  

Proposed Mechanism of Action  

 From our results and previous reports, formoterol is likely modulating another 

neurotransmitter system or causing changes in the striatum leading to decreased motor 

impairments. In Chapter 3, experiment 2 we found that formoterol stimulated mitochondria 

biogenesis (MB) in the striatum. Β2-adrenergic receptors are located throughout the 

caudate and putamen and have been shown to modulate glutamate transition in the brain 

(Nicholas, Pieribone et al. 1993, Egli, Kash et al. 2005).  Meshul and colleagues found 

that following cortical lesions, there is an increase in sensorimotor striatal glutamatergic 

function and an increase in synaptic terminals in the striatum (Meshul, Cogen et al. 2000). 

These increases 30 days after stroke are linked to an increase in behavioral recovery.  

Thus, MB is likely not the key mechanism in formoterol-induced enhancement of 

motor recovery. Formoterol activation of β2-adrenergic receptors in the striatum may be a 

more likely candidate. G-coupled protein receptors, such as β2-adrenergic receptors, 

activate a large cascade of proteins (adenylate cyclase, cyclic AMP, protein kinase A) that 

could stimulate motor recovery.  Formoterol may induce better motor recovery by 

activating β2-adrenergic receptors which then modulate oxidative metabolism, lipolysis, 

glucose transport, and glucose oxidation (Wills, Trager et al. 2012). Although a clear 

synaptic mechanism remains to be determined, it is probable that formoterol acts within 

the striatum to enhance motor recovery. Future studies could begin to elucidate this 

mechanism by directly infusing formoterol into the dorsal lateral striatum near the forelimb 

motor area or use β2-adrenergic receptors antagonists to determine mitochondria 

homeostasis effects and effects on motor recovery.   

Future Directions 
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 To determine the direct cause of dMRI metric changes in the perilesional area post 

stroke, more direct and less correlative studies need to be done. Knocking in or knocking 

out GFAP-positive astrocytes for example would help to determine the role of astrocyte 

increases post stroke to dMRI metrics. Although, not as direct of analysis, pharmacological 

studies with agonists and/or antagonists may also be conducted to elucidate a causal 

relationship. These same experiments could be done to understand other mechanisms 

(edema, microglia upregulation, inflammation, etc.) that could be contributing to changes 

in dMRI acutely following stroke. In attempt to visualize RT effects with dMRI, a more 

intense RT must be used. Combining multiple skilled learning tasks may be the most 

beneficial and create a more robust change in structural proteins after stroke. Some 

studies post stroke have used exercise training instead of skilled learning tasks, it would 

be beneficial to examine the differences between exercise-induced and skilled learning-

induced dMRI changes.  

 Unpublished data suggests that examining formoterol acutely several weeks, 

instead of days, post-injury would give more insight into changes in the mitochondria 

homeostasis pathway. These studies did not look at changes after 6 days post stroke, 

however it may be more beneficial to extend these analysis to 14-21 days after injury. To 

further understand the mechanism by which formoterol enhances motor recovery an 

antagonists could be given and/or directly infusing formoterol to specific brain regions of 

interest.  

Conclusions  

We hypothesized that dMRI would be a sensitive tool to identify 

microstructural changes acutely and chronically following stroke and that 

promoting mitochondria biogenesis would lead to better functional recovery and 

induce structural and functional plasticity following rehabilitative training.  To 

accomplish these studies, we used a combination of sensitive behavioral, 
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immunohistochemical, mitochondrial related molecular markers, and diffusion magnetic 

resonance imaging (dMRI) to investigate the time course of acute and chronic stroke 

effects. In summary, we found that dMRI is a sensitive tool to identify microstructural 

changes acutely following stroke. We were unable to detect differences in dMRI metrics 

chronically following rehabilitation training. Lastly, we found that formoterol lead to better 

functional recovery when combined with rehabilitation training through an undetermined 

mechanism.  
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