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Abstract 

 

Behavioral Experience Effects on Forelimb Strength Recovery and 

Corticostriatal Axonal Plasticity after Experimental Middle Cerebral 

Artery Occlusion 

 

Krystal Schaar Valenzuela, PhD 

The University of Texas at Austin, 2018 

 

Supervisor:  Theresa A. Jones 

 
The overarching goal of this dissertation project is to test how behavioral 

experiences with the paretic and non-paretic forelimbs influence recovery of paretic 

forelimb strength and corticostriatal projections after strokes caused by occlusion of the 

middle cerebral artery. In order to accomplish this goal, we pursued the following 

specific aims: 1) to establish a model that characterizes paretic forelimb weakness using 

an automated skilled reaching task after middle cerebral artery occlusion (MCAo) in the 

rat, 2) to test the effects of skilled rehabilitative strength training on paretic forelimb 

recovery and corticostriatal axonal plasticity after MCAo, and 3) to test whether training 

with the non-paretic forelimb interferes with recovery of the paretic forelimb and its 

effects on axonal plasticity after MCAo. 

The results from the study assessing the first aim are described in chapter 2. We 

found that the Isometric Pull Task, an automated skilled reaching task, detects forelimb 
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weakness after experimental MCAo. Furthermore, we found that the intraluminal suture 

MCAo model consistently produces large infarcts damaging somatosensory cortex and 

striatum. The results for the second aim are described in chapter 3, where we show that 

daily rehabilitative training with the paretic forelimb for six weeks on the Isometric Pull 

Task improves paretic forelimb strength after MCAo. We also found that rehabilitative 

training reduces contralesional striatal axon projections but does not affect contralesional 

cortical or ipsilesional striatal axon projections that originate from cortex of the lesioned 

hemisphere. The results for the third aim are described in chapter 4, where we show that 

14 days of non-paretic forelimb training post-MCAo on the Isometric Pull Task does not 

reduce the efficacy of rehabilitative training. These findings suggest that compensating 

with the intact body side early after stroke may not always be detrimental to recovery and 

may depend on infarct locus. We also show that non-paretic limb use after MCAo does 

not influence corticostriatal axonal plasticity. These findings are consistent with the lack 

of behavioral effect of non-paretic limb training. We finish in chapter 5 by summarizing 

the results and discussing the implications and potential future direction of this work.  
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Chapter 1:  Introduction 

 

1.1 HISTORY OF STROKE 

In around 400 B.C., the Greek physician Hippocrates first recognized stroke, 

calling the condition apoplexia (Fields & Lemak, 1989). In his documentation of case 

studies Of the Epidemics, he described a woman who lived on the sea-front that was 

seized with pains in the head and around the right clavicle, and then became paralyzed in 

the right arm after a convulsion. He went on to note her loss of speech, which is likely the 

first written account of aphasia. Around 300 B.C., anatomy rooms were established for 

the dissection of bodies and in the first century, the Greek physician Aretaeus of 

Cappadocia made the notable discovery that paralysis is on the side of the body opposite 

the affected side of the head due to crossing of the nervous pathways (Fields & Lemak, 

1989). 

 Artists attempted to draw illustrations of the brain anatomy for centuries to come, 

however, it was not until the sixteenth century that knowledge of brain anatomy was 

propelled forward. Andreas Vesalius’ dissections of the brain were rendered with 

remarkable clarity by an extraordinary artist, Jan Stephan Kalkar, and were reproduced as 

both woodcuts and copper plates (Fields & Lemak, 1989). Shortly after, the Circle of 

Willis was understood.  

 The most important progress in the understanding of the brain pathology of 

apoplexia can be attributed to Jakob Wepfer in the seventeenth century (Fields & Lemak, 
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1989). He dissected and traced the carotid and vertebral arteries of apoplexia patients and 

was the first to postulate that obstructing the influx of blood to the brain resulted in 

apoplexia and that those living with hypertension or heart disease were more liable to 

suffer an apoplectic attack. Wepfer also noted that in some cases of apoplexia, there was 

massive bleeding in the brain. Medical science continued to make advances about the 

causes, symptoms, and treatment of apoplexia, and it was divided into categories based 

on the cause of the conditions. After this, it became known as stroke and cerebrovascular 

accident (CVA).   

1.2 CLINICAL STROKE 

1.2.1 Epidemiology of stroke   

A global study including data from 1990-2013 and from 188 countries found that 

more than 90 percent of the global stroke burden is attributable to modifiable risk factors, 

or risk factors that individuals can take measures to change (Feigin et al., 2016). 

Moreover, they found that achieving control of behavioral risk factors (such as smoking, 

poor diet, and low physical activity) and metabolic risk factors (such as high systolic 

blood pressure, high body mass index, high fasting plasma glucose, high total cholesterol, 

and high glomerular filtration rate) could avert more than seventy-five percent of the 

global stroke burden.  

Environmental factors (air pollution and lead exposure) have also emerged as a 

contributor to the global stroke burden (Feigin et al., 2016). Air pollution has become a 

significant contributor to stroke particularly in middle-income and low-income countries, 
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emphasizing the importance of reducing exposure in these countries. Understanding how 

each type of risk factor to change is important in order to establish region-specific and 

country-specific policies and prevention strategies for population welfare.  

1.2.2 Types of stroke 

According to the American Heart Association 

(www.strokeassociation.org/statistic), strokes are defined as ischemic (clots) or 

hemorrhagic (bleeds). The majority of strokes are diagnosed as ischemic, occurring as a 

result of an obstruction within a blood vessel supplying blood to the brain. The American 

Heart Association currently estimates that 87 percent of strokes in the US are ischemic 

(www.strokeassociation.org/statistic). The underlying condition for this type of 

obstruction is often from the development of fatty deposits lining the vessel walls. 

Hemorrhagic strokes account for the other 13 percent of stroke cases in the US 

(www.strokeassociation.org/statistic). Hemorrhagic strokes occur when a weakened 

blood vessel ruptures and most often occur due to uncontrolled hypertension.   

Another notable “type” of stroke is a transient ischemic attack (TIA), often 

referred to as “mini stroke”. A TIA is a temporary blockage of blood flow to the brain 

that does not leave permanent damage and often indicates that a full-blown stroke is 

ahead.  
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1.2.3 Treatment for stroke 

1.2.3.1 tPA 

Tissue plasminogen activator (tPA) is the only FDA approved treatment for 

ischemic stroke in the US. It was approved in 1996 and it sold in the US as Activase 

(Alteplase) by the biotechnology company Genentech. It is a clot busting treatment that 

helps restore blood flow to the brain. It must be administered within 4.5 hours of the 

onset of stroke symptoms, limiting the number of stroke patients that can receive it as a 

thrombolytic treatment. It is estimated that only approximately ten percent of stroke 

patients reach a hospital early enough or fulfill the criteria for being able to receive tPA 

treatment in the therapeutic time window (Wahl & Schwab, 2014). 

1.2.3.2 Endovascular procedure 

Another treatment option to remove a clot is by surgical removal. The procedure 

is called a mechanical thrombectomy, in which a stent retrieving device is inserted into 

the blocked blood vessel in the brain. The stent opens and grabs the clot, allowing 

physicians to remove the stent with the trapped clot. Endovascular procedures or similar 

surgical treatments can also be done to treat hemorrhagic strokes by clipping a vessel to 

secure a bleed.  

1.2.3.3 Clinical trials 

Treatments for stroke continue to evolve because of brave human beings willing 

to participate in studies where outcomes and side effects are often unknown. There are 
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currently 1,250 clinical trials investigating therapies for stroke in the US and over 4,200 

worldwide (clinicaltrials.gov/statistic). 

1.2.4 Motor consequences of stroke 

Stroke is the leading cause of adult disability in the United States. It leaves many 

patients dependent on others for assistance and with a reduction in quality of life. 

Behavioral outcome is highly variable (Alaverdashvili et al., 2008b; Whishaw et al., 

2008) and depends on the site and extent of brain damage (Klein et al., 2012). Following 

initial damage from stroke, patients recover to some limited extent. The recovery process 

includes resolution of acute brain tissue damage, behavioral compensation, and 

neuroplasticity (Carmichael, 2003). However, the mechanisms behind these processes of 

recovery are poorly understood.  

One of the most common and devastating consequences of stroke is motor 

dysfunction on the body side opposite to the affected brain side. Stroke patients are often 

left with full or partial paralysis, known as hemiplegia, as well as one-sided body 

weakness, also known as hemiparesis. The level of paralysis and weakness, along with 

behavioral outcome, depends on many factors such as the size and location of the stroke. 

Hemiplegia and hemiparesis cause stroke survivors to have difficulty grasping objects, 

coordinating movements, and walking. Stroke survivors also commonly experience 

muscle fatigue.  
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1.2.5 Stroke rehabilitation and recovery 

Despite the effort of stroke centers to deliver prompt care, only a minority of 

patients receive thrombolytic treatment, leaving many patients with residual functional 

deficits. Therefore, rehabilitation services are the primary mechanism by which motor 

recovery and the achievement of independence are promoted in stroke patients (Winstein 

et al., 2016). More than two-thirds of stroke survivors receive rehabilitation services after 

hospitalization (Buntin et al., 2010), therefore, the need for effective stroke rehabilitation 

is likely to remain an essential part of the continuum of stroke care for the foreseeable 

future (Winstein et al., 2016). 

The problem with current stroke rehabilitation is that its effectiveness is often 

limited. For example, one of the major difficulties in studying the effects of stroke on a 

complex function such as skilled reaching, such as those used in normal daily tasks, is the 

variable extent and locus of damage and the highly variable levels of deficits and 

recovery that result from it (Klein et al., 2012). The type and timing of rehabilitation is 

believed to be a principle determinant of the degree of recovery (Krakauer et al., 2012; 

Wahl & Schwab, 2014), however, the optimal period for restoration of function appears 

to be finite (Wiersma et al., 2017). After this period, further rehabilitation has limited 

efficacy (Dimyan & Cohen, 2011). The degree to which rehabilitation can improve 

recovery is still under investigation, and strategies to improve outcome are required 

(Krakauer & Marshall, 2015; Lowry, 2010).  
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1.3 EXPERIMENTAL STROKE 

1.3.1 Modeling stroke in the rat 

Both ischemic and hemorrhagic strokes can be modeled in rodents. The rat is one 

of the most commonly used animals in experimental stroke because its cerebral 

vasculature and physiology are similar to that of humans (Yamori et al., 1976), and its 

moderate body size allows for easy monitoring of physiological parameters (Pontén et al., 

1973). 

The intraluminal middle cerebral artery occlusion suture model is one of the 

models that most closely simulates human ischemic stroke (Durukan & Tatlisumak, 

2007; Fluri et al., 2015). The middle cerebral artery and its branches are the cerebral 

vessels that are most often affected in ischemic stroke. Although it is difficult to pinpoint 

the exact number of strokes caused by occlusion of the middle cerebral artery in humans 

because it would require clinicians and hospital staffs to have the resources to document 

and report the data, one study of 1,000 patients found that approximately 70 percent of 

ischemic stroke patients had occlusion of the MCA (Bogousslavsky et al., 1988). These 

MCA strokes were classified into the following: Entire MCA, Deep MCA, and 

Superficial MCA. Given these findings, and that 87 percent of strokes are caused 

obstruction of a blood vessel supplying blood to the brain 

(www.strokeassociation.org/statistic), modeling this type of stroke in rodents is valuable 

for translational implications. The focus of this dissertation is on the intraluminal middle 
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cerebral artery occlusion suture method, due to the clinical relevance of large artery 

blockage in clinical populations.  

Some of the intraluminal MCAo suture model benefits include that it requires no 

craniotomy and it exhibits a penumbra and reperfusion that are similar to that of a human 

stroke (Fluri et al., 2015). This model produces damage to both cortical and subcortical 

brain structures, similar to that seen in human strokes caused by large artery occlusion. 

Disadvantages to this model are that it can produce a large infarct that may not be 

treatable in human strokes (Carmichael, 2005), the mortality rate can be high, and the 

infarct location and size can be variable. 

Other common ischemic stroke models include the photothrombotic model, which 

is based on intravascular photo-oxidation, and the endothelin-1 model, which is based on 

applying a vasoconstrictive peptide directly onto the brain. The photothrombotic model 

enables a well-defined localization of a lesion and is minimally invasive with a low 

mortality rate, however, it is typically used for cortical stroke studies and there is little 

penumbra and reperfusion with this model (Fluri et al., 2015). The endothelin-1 model is 

often used for cortical lesion studies but can be used to study subcortical strokes too. 

There is a low mortality rate and good reproducibility with this model, however it 

requires a craniotomy. It has also been suggested that endothelin-1 can facilitate axonal 

sprouting (Uesugi et al., 1998), which may interfere with the interpretation of neural 

repair experiments (Carmichael, 2005). 
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1.3.2 Modeling upper limb impairments in the rat 

A common consequence of stroke in rats, as in humans, is loss of function in the 

hand and arm contralateral to the side of injury (the “paretic” side) (Allred et al., 2010). 

Reaching tasks are commonly used to assess various facets of forelimb function 

following stroke in rodent models (Whishaw et al., 1991). These tasks have many 

variations and provide valuable information about skilled forelimb performance and 

movement quality (Baird et al., 2001; Montoya et al., 1991; Tennant & Jones, 2009). The 

single pellet retrieval task is a common variation of the task that requires a rodent to use 

its impaired forelimb to reach outside a chamber and retrieve a food reward (Allred & 

Jones, 2004; MacLellan et al., 2006). This set of motions is similar to those used by 

humans when eating (Alaverdashvili & Whishaw, 2013). There are various outcome 

measures used for this task, however, one of the most common outcome measures used is 

the number of pellets a rat successfully retrieves during a session, measured as a 

percentage. 

1.3.3 Upper extremity weakness is highly understudied in preclinical research  

Limb weakness on one side of the body, referred to as hemiparesis, commonly 

occurs after stroke, however, it is highly understudied in experimental stroke. Until 

recently, reaching tasks have not been able to directly quantify forelimb strength. The 

Isometric Pull Task (Hays et al., 2013) was recently developed and is a fully automated 

system that incorporates reach-to-grasp function and provides quantitative data for 

forelimb force generation. The Isometric Pull Task has been used to model upper limb 
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weakness in cortical stroke in both rats (Hays et al., 2016) and mice (Becker et al., 2015) 

but has yet to be tested in other stroke models.  

1.3.4 Rehabilitating the paretic forelimb 

The idea behind rehabilitative therapy after brain injury is to promote an 

environment that is most supportive for recovery. It has been well established in rodents 

that rehabilitative training of the paretic forelimb can improve performance on skilled 

reaching tasks. As in human strokes, the degree of skilled reaching impairments and 

recovery depends on lesion location and size in rodents (Klein et al., 2012). Hubel and 

Wiesel’s classic work demonstrating that visual deprivation during a sensitive period 

early in life permanently altered the properties of the adult visual cortex leads to the idea 

that a similar sensitive period for recovery may also exist following stroke. Some 

research suggests an optimal time window for stroke recovery does exist (Biernaskie et 

al., 2004; Biernaskie & Corbett, 2001). 

Concern about initiating rehabilitation too early following a stroke arose from 

animal research showing that forced use of the paretic (impaired) forelimb and forced 

disuse of the non-paretic (unimpaired or less impaired) forelimb immediately after injury 

resulted in chronic paretic forelimb impairment (Kozlowski et al., 1996). The overall 

consensus from animal data is that rehabilitation initiated within the first four days after 

stroke can have adverse effects (Krakauer et al., 2012). On the other hand, exposing rats 

to an enriched environment in combination with daily rehabilitative training therapy 

resulted in improved paretic forelimb recovery when initiated at day 5 or day 14 post-
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stroke but not 30 days post-stroke (Biernaskie et al., 2004). There is a general 

concordance between animal models of strokes and human studies that earlier 

intervention is more effective than delayed rehabilitation (Krakauer et al., 2012).  

The amount of therapy is also important for recovery. In one study, the amount of 

reaching animals were permitted was varied, and the result was that there was a reaching 

threshold above which recovery occurred; rats that failed to attain this threshold level of 

reaching did not exhibit recovery (MacLellan et al., 2011). Although it is unclear how 

much therapy is needed for optimal results, stroke patients are given far less reaching 

practice than what is conducted during comparable animal rehabilitation studies (Lang et 

al., 2009b). 

1.3.5 Compensatory use of the less-affected body side 

As a result of lost function on the paretic body side, stroke survivors often begin 

to rely on the ipsilesional, or less affected, body side (often referred to as the “non-

paretic” side), despite the presence of mild impairment on this side (Allred et al., 2010). 

As stroke patients begin to develop compensatory strategies such as relying on the intact 

forelimb, they avoid using the affected forelimb. This phenomenon is known as learned 

nonuse (Dobkin, 2005; Taub et al., 1994). One therapy introduced to combat learned 

nonuse is constraint-induced movement therapy (CIMT), a technique that involves 

restraining the intact limb to encourage use of the paretic limb (Grotta et al., 2004; 

Nijland et al., 2011). Learning how to compensate with the non-paretic body side may 

convey immediate functional benefits, but its long-term effects on recovery are not well 
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understood. Rats use a similar compensatory mechanism of relying on their less-affected 

forelimb. There have been a small number of studies that have examined the effects of 

non-paretic forelimb use on paretic forelimb recovery. These studies have shown that 

non-paretic forelimb use can have maladaptive effects on the recovery of paretic forelimb 

function using a forelimb motor cortical stroke model (Allred et al., 2010; Allred & 

Jones, 2008b) and a stroke model that controlled damage to the forelimb motor cortex 

and the dorsolateral striatum (MacLellan et al., 2013). This research, and research on 

bimanual limb training, is still fairly understudied, so it is unclear how non-paretic limb 

training affects recovery of the paretic forelimb in strokes in which other brain regions 

are damaged.  

1.4 AXONAL PLASTICITY  

1.4.1 Lesion induced axonal sprouting and its functional significance  

Axonal sprouting is a widespread plastic response on the part of the central 

nervous system (CNS) to a brain lesion (Steward, 1994). When a CNS fiber tract is 

severed, fiber connectivities are permanently interrupted with resulting axonal and 

synaptic loss in the distally located brain regions (Deller et al., 2006). The affected nerve 

fibers cannot reconnect to their original target region, but the CNS reacts to this 

deafferentiation with a plastic remodeling process within the denervated brain regions. 

Surviving nerve fibers sprout new axon collaterals and form new synapses, reinnervating 

the denervated brain region. This sprouting does not restore the original anatomical 

connections but instead leads to a partial reinnervation of the deafferented brain regions 



 13 

and functional changes within the involved brain areas. The typical response in both 

humans and animals with smaller strokes is often a high level of spontaneous recovery 

that has been associated with axonal remodeling in the peri-infarct region (Li et al., 2015; 

Murphey & Corbett, 2009; Overman et al., 2012; Starkey et al., 2012). This is likely 

because there are remaining surviving connections within the ipsilesional hemisphere. On 

the other hand, larger strokes often result in a poor prognosis for recovery (Li et al., 2015; 

Murphey & Corbett, 2009; Overman et al., 2012; Starkey et al., 2012), and the 

contralesional hemisphere has been associated with the reorganizational processes 

underlying potential recovery of impaired motor functions (Bachmann et al., 2014; Kim 

& Jones, 2010; Rehme et al., 2012; Wahl et al., 2014). This is likely because many 

connections are destroyed in the ipsilesional hemisphere, so the contralesional 

hemisphere is forced to take over.  

The functional significance of axonal sprouting depends on the type of lesion 

involved and the brain regions injured, and it can have favorable or unfavorable 

consequences (Deller et al., 2006). For example, young children who had to have their 

cortex removed from one side of the brain compensated for their motor deficits via axon 

collateral sprouting processes; it is likely that intact motor axons of the other hemisphere, 

which are capable of crossing over the midline at the spinal cord level, sprouted into the 

deafferented spinal cord and thereby regulated movements on both sides of the body (Cao 

et al., 1994, Carr et al., 1993). In contrast to these favorable aspects of axonal sprouting, 

Woolf et al. (1992) found detrimental connectivity that resulted from axonal sprouting. 

Following injury of a peripheral nerve, collateral sprouting occurs on the part of sensory 
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fibers in the spinal cord. These fibers gained access to the spinal cord’s pain pathways, 

which in turn triggered painful sensations at even a light touch and resulted in a 

chronically painful disorder.  

1.4.2 Axonal remodeling induced by rehabilitative training  

The effect of rehabilitative training on axonal remodeling is understudied in 

stroke research. However, a few studies have shown an increase in axonal remodeling in 

the corticospinal tract originating from the contralesional hemisphere following skilled 

reach training (Starkey et al., 2011) and constraint induced movement therapy (Ishida et 

al., 2016; Maier et al., 2008; Zhao et al., 2013). Other studies have revealed that 

rehabilitative training also promotes axonal remodeling in the corticospinal tract (Okabe 

et al., 2016) or corticorubral tract (Ishida et al., 2016) from the ipsilesional hemisphere.  

It is possible that rehabilitative training promotes axonal remodeling through glial 

interaction (Lui et al., 2014) or vascular remodeling (Muramatsu et al., 2012), or by 

increased neural activity (Okabe et al., 2017). Okabe et al. (2017) support the idea that 

the most likely reason that rehabilitative training promotes axonal remodeling is because 

of increased neural activity, and this is possibly due to an increased production of trophic 

factors rendering the environment more suitable for axonal remodeling.  
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Chapter 2:  Modeling forelimb weakness using an automated skilled 
reaching task after middle cerebral artery occlusion in rats 

2.1 ABSTRACT  

Reaching tasks are commonly used to assess various facets of forelimb function 

following stroke in rodent models. These tasks provide valuable information about skilled 

forelimb performance and movement quality, although they do not directly quantify 

forelimb weakness, a common consequence of stroke. The Isometric Pull Task, a fairly 

new behavioral neuroscience task, is a fully automated system that incorporates reach-to-

grasp function and provides quantitative data on forelimb force generation. The goal of 

this study was to characterize motor deficits and lesions after the intraluminal middle 

cerebral artery occlusion (MCAo) method in the rat, and furthermore, to determine if the 

Isometric Pull Task is sensitive to detecting deficits in both forelimb strength and skilled 

reaching after MCAo. To test this, rats were trained with their preferred forelimb on the 

Isometric Pull Task with a modified pull handle that required them to rotate their paws in 

a similar way that humans rotate their hands while eating. Transient focal ischemia (60 

min) was induced in the hemisphere contralateral to the preferred forelimb. Animals were 

probed for deficits of paretic forelimb strength periodically six weeks after stroke. At Day 

5 post-stroke, average force was 21% of pre-stroke force, and at Day 42 post-stroke, 

average force was 56% of pre-stroke force. Additionally, the number of trials performed 

at Days 5 and 42 post-stroke were 97% and 61% of pre-stroke values, respectively. 

Histologically, MCAo caused significant cortical and striatal tissue loss in the lesioned 
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hemisphere. These findings demonstrate that MCAo infarcts consistently produce large 

infarcts damaging the somatosensory cortex and the striatum and that the Isometric Pull 

Task is sensitive to robust deficits in forelimb force generation following MCAo. This 

task provides an additional measure that can be used to evaluate motor dysfunction that is 

characteristic of upper extremity impairments in clinical stroke populations.  

2.2 INTRODUCTION 

Stroke survivors often experience upper extremity dysfunction and weakness. 

Humans often lose the ability to accurately shape their paretic hand for grasping objects 

and are unable to extend their fingers and thumb (Lang et al., 2009a). The movements 

required to complete a reach-to-target task are similar between humans and rats (Sacrey 

et al., 2009; Whishaw, 1992), therefore making rats a good animal model for stroke 

research. In animal models of experimental stroke, reaching tasks are commonly used to 

assess various facets of forelimb dysfunction. Pellet retrieval tasks, which involve reach-

to-grasp function and are highly sensitive measures of fine motor function, are the most 

common method used to measure forelimb impairments after unilateral brain damage. In 

these tasks, animals are trained to retrieve a food reward through a narrow slot outside the 

cage (Adkins & Jones, 2005; O’Bryant et al., 2007; Whishaw et al., 1991). These tasks 

provide valuable information about skilled forelimb performance and movement quality, 

however, there is very little research on forelimb weakness, a very common consequence 

of stroke in humans. Some reaching tasks can estimate forelimb strength, but they do not 

provide quantitative data (Remple et al., 2001). The grip strength task measures 
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quantitative values of strength, but each trial requires direct administration by the 

experimenter (Dunnett et al., 1998; Smith et al., 1995). Direct administration of each trial 

results in fewer trials in comparison to other reaching tasks and may be more susceptible 

to trial-to-trial variability (Hays et al., 2013).  

Recent development of the Isometric Pull Task provides quantitative data on 

forelimb force generation (Hays et al., 2013). The Isometric Pull Task is being used to 

investigate forelimb weakness in a cortical stroke model (Hays et al., 2016) and a 

traumatic brain injury model (Pruitt et al., 2017), however, it has not been tested in a 

large artery occlusion stroke model, a type of stroke that is commonly present in 

clinically populations (Bogousslavsky et al., 1988) and one that typical involves damage 

to subcortical brain structures. The purpose of the present study is to characterize 

forelimb weakness in an experimental intraluminal middle cerebral artery occlusion 

(MCAo) suture model using the Isometric Pull Task, with a modified handle (designed 

specifically for this study) that requires the animal to perform the same skillful movement 

that is required in commonly used skilled reaching tasks such as the single pellet retrieval 

task. We also set out to characterize the lesions produced from the MCAo model and 

validate the Isometric Pull Task with the modified handle as a sensitive assay for 

measuring forelimb weakness following MCAo. 
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2.3 METHODS 

2.3.1 Subjects and housing 

Male Long Evan rats were purchased from Envigo at 4 weeks old. All rats were 

housed in pairs on a 12:12 hour light/dark cycle with ad libitum access to water, in cages 

with standardized supplements (PVC and cardboard tubes, wooden objects, and a 

complex food mixture). Rats were handled regularly. At 10-12 weeks old, behavioral 

training began, and rats were maintained on scheduled feeding (17 g chow per day, 

gradually increased to permit normal age-related weight gain). Rats were weighed at least 

weekly. All experimental procedures were approved by and conducted in accordance 

with the University of Texas Institutional Animal Care and Use Committee.  

2.3.2 Isometric Pull Task 

2.3.2.1 Overview 

The Isometric Pull Task (Vulintus) is a fully automated task that incorporates 

reach-to-grasp motion and force generation to assess forelimb function in rodents (Hays 

et al., 2013). Rats were trained to reach outside a chamber, grasp a handle attached to a 

stationary force transducer, and pull the handle with a predetermined amount of force to 

receive a food reward (45 mg dustless precision pellet, BioServ).   

2.3.2.2 Apparatus  

The behavioral chamber (Figure 2.1) consisted of an acrylic box (25.4 cm x 30.5 

cm x 12.1 cm) with a slot located in the front which allowed rats to reach for an 
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aluminum pull handle that was connected to a force transducer (Motor Pull Device, 

Vulintus LLC) outside of the chamber. The pull handle (modified; pictured in Figure 2.1) 

was centered in the slot at a height of 6.35 cm from the chamber floor and at lateral 

distances varying from .5 cm inside to 2 cm outside relative to the inner wall surface of 

the chamber, depending on the training stage (described in detail below). Force 

measurements were calibrated with a force meter monthly. 
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Figure 2.1 Isometric Pull Task with modified handle. Rats were trained to pull on the 
handle in order to receive banana flavored pellets in the food receptacle in 
the front corner of the chamber. A modified pull handle was used in order to 
require the animals to use both skillful movements and forelimb strength in 
order to complete the task. An arm barrier was inserted to require the animal 
to use the designated forelimb. 

 

2.3.2.3 Software 

Custom software (MotoTrak, Vulintus LLC) was used to control the task and 

collect data. A motor controller board (Motor Controller, Vulintus LLC) sampled the 

force transducer and relayed information to custom MATLAB software which analyzed, 



 21 

displayed, and stored the data. If a trial was successful, the software triggered an 

automated pellet dispenser (Vulintus LLC) to deliver a banana flavored sucrose pellet to 

a receptacle located in the front corner of the chamber.  

2.3.2.4 Pre-operative training  

Training sessions lasted 30 minutes once a day, five days a week. During stage 

one of training, rats were manually shaped by the experimenter dispensing food rewards 

to encourage interaction with the handle (at this stage, rats typically bump into the handle 

or use their mouth to pull it). Rats pulled the handle initially located .5 cm inside the 

chamber to receive a reward pellet. A trial was initiated when the rat generated a force of 

10 g on the handle. After trial initiation, the force was sampled for 4 s. If the force 

threshold was broken within a 2 s window following initial contact, the trial was recorded 

as a success and a reward pellet was delivered. If the force did not exceed the 10 g 

threshold within the 2 s window, the trial was recorded as a failure and no reward pellet 

was delivered. Following the 4 s of data collection, there was a 50 ms pause before a rat 

could initiate another trial. The task was made progressively more challenging as rats met 

the criteria for the number of successful trials within a session and progressed to the next 

stage. Rats were required to complete 50 attempts for two consecutive days to advance to 

stage two.   

 During stage two, the handle was located .5 cm outside the chamber and the force 

threshold was adaptively increased by the software such that rats were required to exceed 

their 50th percentile force calculated over the previous 20 trials (Sloan et al., 2015). 
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Required thresholds were capped at 120 g. Rats were required to complete 50 attempts at 

a 60 percent success rate for two consecutive days in order to be advanced to stage three.  

During stage three, the handle was positioned at 1.25 cm outside the chamber and 

the adaptive force setting was used during this stage. After two consecutive days of at 

least 50 attempts at a 60 percent success rate, an animal was advanced to stage four.   

During stage four, the handle was positioned at 2 cm outside the chamber. A rat 

had to pull with at least 120 g of force to successfully receive a pellet. Limb preference 

was determined on the first day of this stage. Each animal was required to use the same 

limb at least 80 percent of the time. Most animals showed a strong limb preference within 

one 30 min session. On the second day of stage four, an arm barrier that required the rat 

to reach with the designated limb was inserted and remained in place for the remainder of 

the experiment. After four consecutive days of at least 50 attempts at a 60 percent success 

rate with the arm barrier (although the success rate was often much higher), an animal 

was advanced to stage five. 

Stage five was used for pre-stroke baseline data and lasted for three days. The 

handle remained positioned at 2 cm outside the chamber. Rats had to pull with at least 

120 g of force to successfully receive a pellet. Performance over the three days were 

averaged and used for pre-stroke baseline performance. The values for force threshold, 

handle location, and criteria for each stage are described in Table 2.1.  
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2.3.2.5 Outcome measures 

Two outcome measures were used for the Isometric Pull Task: 1.) average grams 

of force per session, and 2.) total number of trials per session (total number of trials 

indicates all attempted trials, not just successful trials).  

2.3.2.6 Post-operative testing 

All post-stroke sessions lasted 30 minutes. Force thresholds remained adaptive 

after stroke to accommodate for the severity of impairments caused by MCAo and keep 

the rats engaged in the task. The arm barrier remained in place to prevent compensatory 

use of the uninjured limb. Rats were probed for performance on the Isometric Pull Task 

on days 5, 10, 15, 21, 28, 35, and 42 post-MCAo to determine if the task is sensitive to 

detecting deficits of forelimb weakness after MCAo.  
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Stage Force 
threshold 
(g) 

Handle 
location* 
(cm) 

Criteria for advancement to next stage 

1 10  -0.5 50 attempts in two consecutive days 
2 Adaptive 0.5 Two consecutive days of 50 attempts at a 60 

percent success rate 
3 Adaptive 1.25 Two consecutive days of 50 attempts at a 60 

percent success rate 
4 120 2.0 Limb preference identified on Day 1; Four 

consecutive days of 50 attempts at a 60 
percent success rate 

Pre-stroke 
baseline 

120 2.0 Three consecutive days of 50 attempts at a 
60 percent success rate 

Post-stroke Adaptive 2.0 Not applicable 
* Handle location refers to distance relative to inside chamber wall. Negative values 
denote distance inside the chamber, and positive values are outside the chamber. 

Table 2.1: Training and testing stage parameters for the Isometric Pull Task 

 
 

2.3.3 Schallert Cylinder Test 

The Schallert Cylinder Test (Schallert, 2006) was used as an assay of lesion-

induced asymmetries in forelimb use for upright postural-support behavior. Placing rats 

in a cylinder encourages upright exploratory movements during which asymmetrical 

forelimb use can be sensitively observed (Allred & Jones, 2004). Rats were filmed in a 

Plexiglas cylinder (19 cm diameter) for two minutes on testing days. From slow-motion 

playback of each session, the first 20 instances of sole use of either forelimb (ipsilateral 

or contralateral to the lesioned hemisphere) or simultaneous bilateral forelimb use for 

upright support against the wall were recorded. The percent of ipsilesional forelimb use 

was calculated using the formula: (total ipsilateral limb use + ½ bilateral)/total limb use * 
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100. Rats were tested pre-operatively and on days 5, 10, 15, 21, 28, 35, and 42 post-

MCAo. 

2.3.4 Middle Cerebral Artery occlusion (MCAo) 

 Transient focal ischemia was induced by an intraluminal middle cerebral artery 

occlusion (MCAo) suture method. MCAo was induced contralateral to the preferred 

forelimb used in the Isometric Pull Task. Anesthesia was induced with 5% isoflurane and 

maintained with 1-2% isoflurane in 20% oxygen and 80% air mixture via a nose cone. 

Core body temperature was maintained at 36.5±0.5°C with a heating lamp and monitored 

using a rectal probe. Through a midline neck incision, either left or right common, 

internal, and external carotid arteries were exposed, and a 4-0 nylon filament (Doccol) 

with a silicone tip was inserted through the stump of the external carotid artery. The 

diameter of the filament used was determined from the weight of each animal at the time 

of surgery. The common carotid artery was then clipped off, and the filament was 

advanced into the internal carotid artery 19 to 21 mm beyond carotid bifurcation. Mild 

resistance indicated proper placement of the filament in the middle cerebral artery, 

confirmed by laser Doppler flow reduction (measured on the surface of the skull) of the 

MCA perfusion territory >75% from baseline. Focal ischemic time was 60 minutes, and 

reperfusion was accomplished by withdrawing the suture and removing the common 

carotid artery clip. The external carotid artery was permanently ligated. Reperfusion was 

confirmed using laser Doppler. The neck and scalp incisions were then sutured.  



 26 

2.3.4.1 MCAo post-operative care 

Animals were monitored every hour for 3 hours post-op, while recovering on a 

heating pad. Immediately after surgery, animals received a 10 ml injection of Ringers 

solution for hydration. Buprenorphine (0.03 mg/kg), an analgesic, was administered 

subcutaneously when the animal began to arise from anesthesia. After 3 hours post-op, 

animals were moved to recover in a housing room with a temperature of 25°C and were 

monitored at least twice daily until the surgical wounds healed. Softened food was given 

for 4-5 days post-stroke, and animals were weighed at least weekly throughout the 

studies. 

2.3.5 Perfusions 

Rats were overdosed with sodium pentobarbital (150 mg/kg) and transcardially 

perfused with heparinized sodium phosphate buffer (0.05 g heparin / L 0.4M buffer), 

followed by a fixative solution (4% paraformaldehyde in the same buffer). Brains were 

extracted and post-fixed in 4% paraformaldehyde. After 48 hours, brains were embedded 

in 4% agarose and vibratome sectioned. Six rostral-caudal sets of 50 µm thick coronal 

sections were taken throughout the cerebrum and then stored in cryoprotectant solution at 

-4 degrees Celsius before use. 

2.3.6 Histology  

One set of sections was Nissl stained with Toluidine blue and used for lesion 

volume measurement. Nissl staining is a technique used to highlight structural features of 
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neurons under light microscopy (Robak, 2002) and is a histochemical commonly applied 

for studies involving morphology and pathology (Fujita et al., 2008; Pilati et al., 2008).  

2.3.7 Lesion volume assessment  

Volume measurements of remaining cortex, striatum, and lateral ventricles in 

lesioned brains were used as an indirect measure of lesion size. Area measures in 50 µm 

thick Nissl stained coronal sections were traced, beginning at approximately 2.7 mm 

anterior and ending approximately 4.2 mm posterior to bregma, using Neurolucida 

perimeter tracing software (Microbrightfield Inc.). Nine sections, 600 µm apart, were 

used for each brain. Volume was calculated using the Cavalieri method (Grundersen et 

al., 1988; West, 2012) as the product of the summed areas and distance between section 

planes (600 µm). 

2.3.8 Statistical analyses 

Paired t-tests were used to assess potential differences in pre-op and post-op time 

points for behavioral tests and for lesion volume. Descriptive results are reported as 

mean±SEM. Results were considered significant at p < .05.  

The number of animals included in the analysis was n=8. One animal was 

excluded for not learning the reaching task; four animals were excluded due to 

unsuccessful occlusion of the MCA; six animals died from MCAo; and one animal was 

excluded for never performing the reaching task post-MCAo.  
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2.4 RESULTS  

2.4.1 MCAo impairs paretic forelimb force generation on the Isometric Pull Task 

As shown in Figure 2.2, the amount of force rats used on the Isometric Pull Task 

dropped drastically after stroke. A paired t-test revealed a significant difference in pre-

stroke performance (189.28±7.51) and D5 post-stroke performance (40.15±17.69); t(7) = 

7.116, p < 0.001; and D10 post-stroke performance (78.64±15.24); t(7) = 5.226, p = 

0.001; and D15 post-stroke performance (68.66±15.68); t(7) = 5.784, p < 0.001; and D21 

post-stroke performance (63.88±20.55); t(7) = 5.083, p = 0.001; and D28 post-stroke 

performance (74.61±19.21); t(7) = 4.773, p = 0.002; and D35 post-stroke performance 

(96.28±29.20); t(7) = 3.934, p = 0.006; and D42 post-stroke performance (106.64±22.60); 

t(7) = 4.117, p = 0.004. 



 29 

           

                     

Figure 2.2 The Isometric Pull Task detects robust deficits in forelimb force 
generation after middle cerebral artery occlusion. Forelimb force 
generation with the impaired forelimb on the Isometric Pull Task after 
MCAo. Each post-stroke time point was significantly different (*p<.05; 
**p<.001) from the pre-stroke time point (n=8). Data are mean±SEM.  
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2.4.2 MCAo reduces the number of trials per session on the Isometric Pull Task 

As shown in Figure 2.3, the number of trials attempted on the Isometric Pull Task 

dropped drastically after MCAo. A paired t-test revealed a significant difference in pre-

stroke performance (188±14.86) and D5 post-stroke performance (5±3.90); t(7) = 11.660, 

p < 0.001; and D10 post-stroke performance (34±13.75); t(7) = 8.604, p < 0.001; and 

D15 post-stroke performance (50±19.93); t(7) = 6.721, p < 0.001; and D21 post-stroke 

performance (60±26.39); t(7) = 4.189, p = 0.004; and D28 post-stroke performance 

(67±23.14); t(7) = 4.737, p = 0.002; and D35 post-stroke performance (70±20.42); t(7) = 

4.283, p = 0.004; and D42 post-stroke performance (114±27.80); t(7) = 2.581, p = 0.036. 
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Figure 2.3 The Isometric Pull Task detects robust deficits in number of attempted 
trials after middle cerebral artery occlusion. Number of attempted trials 
with the impaired forelimb on the Isometric Pull Task after MCAo. Each 
post-stroke time point was significantly different (*p<.05; **p<.001) from 
the pre-stroke time point (n=8). Data are mean±SEM. 
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2.4.3 Rats rely on their unimpaired forelimb during exploratory behavior after 
MCAo 

As seen in Figure 2.4, animals had an increased asymmetrical forelimb use 

following MCAo, resulting from an increased reliance on the unimpaired forelimb and a 

decreased use of the impaired forelimb. A paired t-test revealed a significant difference in 

pre-stroke performance (52.81±5.31) and D5 post-stroke performance (80.63±8.26); t(7) 

= -2.945, p = 0.022; and D10 post-stroke performance (83.13±8.37); t(7) = -3.804, p = 

0.007; and D15 post-stroke performance (78.75±6.76); t(7) = -3.702, p = 0.008; and D21 

post-stroke performance (85.63±3.46); t(7) = -6.355, p < 0.001; and D28 post-stroke 

performance (75.00±6.91); t(7) = -2.751, p = 0.028; and D35 post-stroke performance 

(81.56±5.32); t(7) = -4.653, p = 0.002; and D42 post-stroke performance (76.88±7.32); 

t(7) = -2.746, p = 0.029. 
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Figure 2.4 Middle cerebral artery occlusion increases reliance on the unimpaired 
forelimb in a test of postural support. Forelimb asymmetries in postural 
support behaviors as measured in the Schallert Cylinder Test. MCAo 
resulted in increased use of the unimpaired forelimb and disuse of the 
impaired forelimb. Each post-stroke time point was significantly different 
(*p<.05; **p<.001) from the pre-stroke time point (n=8). Data are 
mean±SEM. 
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2.4.4 Cortical and striatal volume are reduced in the lesioned hemisphere after 
MCAo 

MCAo produced large lesions damaging both cortical and subcortical brain 

structures (see Figures 2.5 and 2.6). Cortical volume was significantly reduced after 

MCAo (mean±SEM volume in mm3: intact = 122.04±5.06, lesioned = 90.00±8.93, t(7) = 

3.040, p = 0.019). Striatal volume was significantly reduced after MCAo (mean±SEM 

volume in mm3: intact = 31.03±3.58, lesioned = 17.65±3.66, t(7) = 4.801, p = 0.002). 

Ventricle volume was not significantly reduced after MCAo (mean±SEM volume in 

mm3: intact = 3.14±0.66, lesioned = 4.64±1.27, t(7) = -2.229, p = 0.061). 

 

            

Figure 2.5 MCAo results in loss of brain tissue in cortex and striatum. Lesion volume 
was measured using Neurolucida software (n=8). MCAo resulted in 
significant tissue loss in the cortex and striatum of the lesioned hemisphere 
(*p<.05). The ventricles were not significantly affected by MCAo. Data are 
mean±SEM. 
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Figure 2.6 MCAo produces large lesions that affects cortical and subcortical brain 
regions. Nissl stained coronal section depicting a representative MCAo 
lesion. Scale bar = 1 mm. 
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2.5 DISCUSSION 

The data from this study support that the infarcts caused by MCAo, a large artery 

occlusion stroke model that results in both cortical and subcortical damage to the brain, 

result in not only skilled reaching deficits but also in considerable forelimb weakness. 

The Isometric Pull Task was used to quantify forelimb force generation. A modified 

handle was designed and used in order to require animals to perform the same skillful 

reaching movements that common reaching tasks, such as the single pellet retrieval task, 

require. Animals were impaired on both outcome measures (average grams of force and 

average number of attempted trials per session) long-term. Overall, this study 

demonstrates that the Isometric Pull Task is sensitive to robust deficits in paretic forelimb 

strength following MCAo. 

The Schallert Cylinder Test has been shown to be a sensitive and reliable test in 

detecting increased asymmetrical forelimb use of the uninjured forelimb following stroke 

(Adkins et al., 2004; Hsu & Jones, 2005; Napieralski et al., 1998), therefore, it was used 

as an additional measure in this experiment to measure forelimb dysfunction after MCAo. 

Animals had an increased asymmetrical forelimb use following MCAo, resulting from an 

increased reliance on the unimpaired forelimb and a decreased use of the impaired 

forelimb. This asymmetrical forelimb use persisted long-term, until the final day 42 

testing time point.  

MCAo lesions resulting from a 60 minute occlusion period produced significant 

damage to the both cortical and subcortical brain regions. More specifically, 

somatosensory cortex was damaged while primary and secondary motor cortex were 
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spared in this stroke model. MCAo resulted in significant damage to the striatum in all 

animals.   

While the stroke field has done a nice job at testing impairment of skilled motor 

function in rodents using reach-to-grasp tasks, it has almost completely neglected testing 

limb weakness, despite that the majority of stroke survivors experience it. The Isometric 

Pull Task with the modified handle provides an additional measure that can be used to 

evaluate motor dysfunction that is characteristic of upper extremity impairment in clinical 

stroke populations. Additionally, the Isometric Pull Task is an advancement in operant 

conditioning systems that provides an array of benefits for experimenters testing models 

of brain damage and skilled motor function. It eliminates variability in scoring by the 

experimenter, provides highly accurate quantitative data (via the force transducer), and is 

not as labor intensive, which allows an experimenter to test multiple animals 

simultaneously, providing more statistical power than most other forelimb motor tasks 

(Hays et al., 2013).  

Experimental stroke models that involve damage to subcortical brain regions are 

highly understudied in research on the efficacy of motor rehabilitative training despite 

their presence in clinical populations. Because patterns of motor recovery may depend on 

the type of stroke and neuronal circuit damaged, the emphasis given to cortical strokes 

thus far creates a problem for translational research. For example, it is unclear under what 

circumstances experience with intact body side is detrimental to recovery. It is also 

unclear how a rehabilitative task that includes both strength and skill will influence 

behavioral outcome. Furthermore, we do not know how this behavioral experience might 
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be influencing neural plastic changes. Understanding post-stroke brain reorganization 

will require an analysis of the location and extent of stroke with behavioral paradigms. 

The next chapters of this dissertation will investigate rehabilitation-induced axonal 

plasticity using the Isometric Pull Task with the modified handle after the intraluminal 

MCAo suture method in rats.  
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Chapter 3:  Rehabilitative training ameliorates forelimb weakness and 
alters corticostriatal axonal plasticity after MCAo 

3.1 ABSTRACT  

Reaching tasks are commonly used to assess various facets of paretic forelimb 

function and the influence of motor rehabilitative training in rat stroke models. Typically, 

strokes that cause subcortical brain damage are understudied in motor rehabilitation 

research, despite their common presence in clinical populations. Moreover, we recently 

demonstrated that experimental middle cerebral artery occlusion (MCAo) strokes cause 

significant forelimb weakness, in addition to skilled reaching dysfunction, and that the 

Isometric Pull Task is a sensitive measure of detecting robust deficits in both of these 

facets of motor impairment following MCAo. The present study examined how 

rehabilitative training that focused on both skill and strength using the Isometric Pull 

Task influenced recovery of the paretic forelimb after MCAo, a stroke model that has 

been demonstrated in our recent work to produce damage to the somatosensory cortex 

and striatum. Because behavioral manipulations can influence patterns of neural 

connectivity post-stroke, the present study also examined how rehabilitative training 

influenced corticostriatal plasticity. Rats were trained with their preferred forelimb on the 

Isometric Pull Task, and then transient focal ischemia (60 min) was induced in the 

hemisphere contralateral to the preferred forelimb by the intraluminal MCAo suture 

method. Rats received either six weeks of rehabilitative training (RT) with the paretic 

forelimb or non-training control conditions on the Isometric Pull Task. An anterograde 

tract tracer was pressure injected into layer V motor cortex in the ipsilesional hemisphere 
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to trace axonal projections, and brains were harvested 21 days later. We found that six 

weeks of a rehabilitative training task that focused on both skill and strength significantly 

improved forelimb function. The RT group recovered 72 percent of their pre-stroke 

function while the Control group recovered 28 percent of their pre-stroke function for the 

grams of force outcome measure. For the attempted trials per session outcome measure, 

the RT group recovered 63 percent of their pre-stroke function while the Control group 

recovered 18 percent of their pre-stroke function. Lesion volume was not significantly 

different between the two groups. We also found that rehabilitative training significantly 

reduced ipsilesional axon projections to the contralesional striatum. Projections to the 

contralesional cortex and the ipsilesional striatum were not affected. One explanation for 

this finding is that the ipsilesional striatum is too damaged from the MCAo lesion and 

therefore axons are unable to remodel here, however, rehabilitative training might be 

promoting remodeling along other ipsilesional pathways that are involved in motor 

control, in which we did not sample, such as the corticorubral or corticospinal pathways.  

3.2 INTRODUCTION 

After experimental unilateral brain damage, functional improvements in the 

paretic forelimb have been found following practice on skilled reaching tasks (Allred & 

et al., 2005; Nudo et al., 1996). These training-induced improvements do not normalize 

the movement sequences used to accomplish the task (Gharbawie & Whishaw, 2005; 

Whishaw et al., 2002), suggesting functional improvements are linked to the development 

of compensatory ways of moving the impaired forelimb (Alaverdashvili et al., 2008a). 
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Research also suggests that functional improvements are a result of practice on a motor 

skill task and not from activity (Maldonado et al., 2005). Nevertheless, compensatory 

movements developed as a result of practice with the paretic forelimb help the animal 

successful accomplish its goal.  

Skilled reaching is only one facet of motor dysfunction caused by unilateral brain 

damage. Hemiparesis, or weakness on one side of the body, affects roughly 80 to 90 

percent of stroke survivors (Dobkin, 1996). Our previous findings (from chapter 2 of this 

dissertation) show that infarcts caused by middle cerebral artery occlusion also result in 

considerable, long-lasting forelimb weakness, as measured on the Isometric Pull Task. 

Therefore, research involving motor rehabilitative training should investigate how the use 

of tasks that involve multiple facets of dysfunction experienced after unilateral brain 

damage can influence recovery. Currently, one lab is investigating the effects of 

rehabilitative training in combination with vagus nerve stimulation after cortical stroke 

using the Isometric Pull Task (Hays et al., 2016; Khodaparast et al., 2016), but overall 

this area of research is highly unexplored. 

In clinical research, the importance of muscle strength, defined as the ability to 

generate force, in stroke recovery is based on studies that have demonstrated a 

relationship between muscle strength and function in individuals with stroke. Paretic 

muscle strength is related to many important daily functions such as balance (Hamrin et 

al., 1982), the ability to rise from a chair (Cameron et al., 2003), stair climbing (Kim & 

Eng, 2003), and of particular importance for this dissertation research, bringing the hand 

to the mouth (Bohannon et al., 1991). It has been suggested, based off of 



 42 

electrophysiological evaluations of motor unit recruitment, that the underlying cause of 

the inability to generate force after stroke is due to a decrease in the number of 

functioning motor units (Eng, 2004). 

In the clinical setting the most common research method used to assess strength in 

stroke patients is peak or average torque during isometric or isokinetic contractions (Eng, 

2004), and these measures have been shown to be reliable (Eng et al., 2002). Clinical 

studies have provided some evidence that strength training can improve muscle strength, 

however, strength training protocols alone may not be sufficient to transfer strength gains 

to functional tasks without complimentary task-specific practice (Eng, 2004).  

Strokes that involve subcortical damage is another area that is generally 

understudied in research on the efficacy of motor rehabilitative training, despite that 

human strokes often involve large artery occlusions that result in damage to subcortical 

brain regions. Modeling clinically relevant strokes when studying the efficacy of motor 

rehabilitation in animal models should be addressed given that 87 percent of strokes are 

caused obstruction of a blood vessel supplying blood to the brain 

(www.strokeassociation.org/statistic), and that Bogousslavsky et al. (1988) found that 

approximately 70 percent of ischemic stroke patients had occlusion of the MCA in their 

clinical study. 

Despite the common use of rehabilitative methods such as physical therapy, 

transcranial magnetic direct stimulation, robotic therapy, and virtual reality in clinical 

settings, the mechanisms by which they promote recovery are unclear. Strokes disconnect 

cortex from its output to midbrain, brainstem, and spinal cord as a result of damage to 
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motor cortex, subcortical damage to descending fiber tracts, or a combination of the two 

(Jones & Adkins, 2015). As a result, axons carrying motor commands to targets such as 

the spinal cord are lost, and axons from surviving neurons sprout to reinnervate these 

targets in order to carry out motor functions.  

Following stroke, neurons undergo morphological changes to reconstruct the 

remaining neural network. This neural network remodeling is observed as a motor map 

reorganization and is induced by rehabilitative training after stroke (Nudo et al., 1996). 

For example, Nudo et al. (1996) first discovered this phenomenon in pioneering work in a 

study that showed that an area that was originally a non-hand area turned into a hand area 

if the animal received rehabilitative training on skilled reaching task after a focal 

ischemic infarct over the primary motor cortex. Motor map reorganization is believed to 

play a critical role in functional recovery because motor map reorganization and 

functional recovery have been significantly correlated (Johansen-Berg et al., 2002; 

Traversa et al., 1997). The mechanism underlying motor reorganization is unclear, 

however, there is increasing evidence that axonal plasticity may play a critical role 

(Okabe et al., 2017). Where and how new axonal connections grow and what they 

contribute in terms of functional recovery is poorly understood.  

Axonal sprouting occurs following various types of stroke (Carmichael, 2005; 

Lapash-Daniels et al., 2009; Lee et al., 2004; Lui et al., 2007; Lui et al., 2008; 

Papadopoulos et al., 2009; Ramic et al., 2006) and is sensitive to behavioral experiences 

that activate surviving projections to denervated regions. Neurons have a limited capacity 

to regenerate their axons after injury to the CNS, largely due to an inhospitable 
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environment made of astrocytic scarring (Menet et al., 2003). Axonal sprouting, and its 

role in recovery, likely depends on the nature of the stroke (Carmichael et al., 2017). In a 

healthy brain, axon fibers, which carry motor commands, start in the motor cortex. The 

majority of the fibers travel through subcortical structures on the ipsilateral brain side and 

cross over in the brain stem, however, a small percentage of the fibers cross over at the 

corpus callosum. Smaller strokes are often associated with higher levels of behavioral 

recovery and axonal remodeling occurring in the ipsilesional hemisphere, specifically the 

peri-infarct region (Li et al., 2015; Murphey & Corbett, 2009; Overman et al., 2012; 

Starkey et al., 2012). This is likely due to the remaining surviving connections in the 

ipsilesional hemisphere in smaller strokes. Larger strokes are often associated with a 

poorer prognosis for behavioral recovery (Li et al., 2015; Murphey & Corbett, 2009; 

Overman et al., 2012; Starkey et al., 2012) and axonal remodeling has been associated 

with the contralesional hemisphere (Bachmann et al., 2014; Kim & Jones, 2010; Rehme 

et al., 2012; Wahl et al., 2014). This is likely because many connections in the 

ipsilesional hemisphere have been destroyed so it is thought that remodeling in the 

contralesional hemisphere takes over.  

As shown in chapter 2 of this dissertation, MCAo lesions damage cortical and 

striatal brain tissue, therefore affecting cortical function and its input to the striatum. 

Therefore, we chose to investigate axonal sprouting responses in these brain regions. The 

projection from cortex to striatum is normally ipsilateral, with a small crossed 

contralateral projection (McGeorge & Faull, 1987, 1989). Napieralski et al. (1996) have 

shown that ischemic lesions of the sensorimotor cortex induce axonal sprouting from the 
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homotopic cortex in the hemisphere opposite the lesion into the striatum below the lesion 

without behavioral intervention. Carmichael & Chesselet (2002) have also shown that 

without behavioral intervention, axonal sprouting after ischemic cortical lesions occurs in 

intracortical projection systems and in corticostriatal projections. More specifically, they 

found that ischemic lesions, but not aspiration lesions, produced a substantial increase in 

axonal projections to the peri-lesion cortex and into the contralesional striatum, while in 

control rats axonal labeling was seen in the ipsilateral striatum and contralateral cortex 

when BDA was injected into the contralesional cortex. The authors concluded that axonal 

sprouting without any behavioral intervention arises from neurons whose cell bodies lie 

in the hemisphere opposite the infarct, but are connected to the infarct through dense 

callosal connections. It is unclear how rehabilitative training affects axonal corticostriatal 

sprouting after MCAo, particularly projections arising from the cortex of the ipsilesional 

hemisphere, an area of the cortex that is typical spared from damage in the MCAo model.  

The goal of this study was to investigate the effect of rehabilitative training using 

the Isometric Pull Task on corticostriatal axonal plasticity following MCAo. We did this 

by injecting an anterograde tract tracer into layer V motor cortex of the ipsilesional 

(lesioned) hemisphere after either six weeks of rehabilitative training on the Isometric 

Pull Task or control conditions following occlusion of the middle cerebral artery. 

Anterograde tract tracing is used to trace axonal projections from their source (cell body) 

to their point of termination (the synapse). Layer V was selected because it contains 

pyramidal neurons that make synaptic connections with ipsilateral and contralateral 

striatums (Cospito & Kutlas-Ilinkshy, 1981), and also synapse on spinal motor neurons to 
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elicit forelimb movements (Hicks & D’Amato, 1977; Valverde, 1966). The experimental 

design is summarized in Figure 3.1. 

 

   

Figure 3.1 Summary of experimental design. After training to proficiency with the 
preferred forelimb on the Isometric Pull Task, rats underwent MCAo in the 
hemisphere contralateral to this limb. One week after stroke, rats were 
probed for initial impairment level and were then assigned to either RT or 
control conditions. Rats then received six weeks of RT or control conditions. 
The anterograde tract tracer BDA was pressure injected into the lesioned 
hemisphere after the completion of behavior. Rats were sacrificed three 
weeks after the BDA injections and brains were processed for histology. 

 

3.3 METHODS 

3.3.1 Subjects and housing 

Male Long Evan rats were purchased from Envigo at 4 weeks old. All rats were 

housed in pairs on a 12:12 hour light/dark cycle with ad libitum access to water, in cages 

with standardized supplements (PVC and cardboard tubes, wooden objects, and a 

complex food mixture). Rats were handled regularly. At 10-12 weeks old, behavioral 

training began, and rats were maintained on scheduled feeding (17 g chow per day, 

gradually increased to permit normal age-related weight gain). Rats were weighed at least 
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weekly. All experimental procedures were approved by and conducted in accordance 

with the University of Texas Institutional Animal Care and Use Committee.  

3.3.2 Isometric Pull Task 

3.3.2.1 Overview 

The Isometric Pull Task (Vulintus) is a fully automated task that incorporates 

reach-to-grasp motion and force generation to assess forelimb function in rodents (Hays 

et al., 2013). Rats were trained to reach outside a chamber, grasp a handle attached to a 

stationary force transducer, and pull the handle with a predetermined amount of force to 

receive a food reward (45 mg dustless precision pellet, BioServ).   

3.3.2.2 Apparatus 

The behavioral chamber consisted of an acrylic box (25.4 cm x 30.5 cm x 12.1 

cm) with a slot located in the front which allowed rats to reach for an aluminum pull 

handle that was connected to a force transducer (Motor Pull Device, Vulintus LLC) 

outside of the chamber. A modified pull handle was designed and used in order to require 

the animals to use both skillful movements and forelimb strength in order to complete the 

task. The pull handle was centered in the slot at a height of 6.35 cm from the chamber 

floor and at lateral distances varying from .5 cm inside to 2 cm outside relative to the 

inner wall surface of the chamber, depending on the training stage (described in detail 

below). Force measurements were calibrated with a force meter monthly. 
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3.3.2.3 Software 

Custom software (MotoTrak, Vulintus LLC) was used to control the task and 

collect data. A motor controller board (Motor Controller, Vulintus LLC) sampled the 

force transducer and relayed information to custom MATLAB software which analyzed, 

displayed, and stored the data. If a trial was successful, the software triggered an 

automated pellet dispenser (Vulintus LLC) to deliver a banana flavored sucrose pellet to 

a receptacle located in the front corner of the chamber.  

3.3.2.4 Pre-operative training  

Training sessions lasted 30 minutes once a day, five days a week. During stage 

one of training, rats were manually shaped by the experimenter dispensing food rewards 

to encourage interaction with the handle (at this stage, rats typically bump into the handle 

or use their mouth to pull it). Rats pulled the handle initially located .5 cm inside the 

chamber to receive a reward pellet. A trial was initiated when the rat generated a force of 

10 g on the handle. After trial initiation, the force was sampled for 4 s. If the force 

threshold was broken within a 2 s window following initial contact, the trial was recorded 

as a success and a reward pellet was delivered. If the force did not exceed the 10 g 

threshold within the 2 s window, the trial was recorded as a failure and no reward pellet 

was delivered. Following the 4 s of data collection, there was a 50 ms pause before a rat 

could initiate another trial. The task was made progressively more challenging as rats met 

the criteria for the number of successful trials within a session and progressed to the next 
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stage. Rats were required to complete 50 attempts for two consecutive days to advance to 

stage two.   

 During stage two, the handle was located .5 cm outside the chamber and the force 

threshold was adaptively increased by the software such that rats were required to exceed 

their 50th percentile force calculated over the previous 20 trials (Sloan et al., 2015). 

Required thresholds were capped at 120 g. Rats were required to complete 50 attempts at 

a 60 percent success rate for two consecutive days in order to be advanced to stage three.  

During stage three, the handle was positioned at 1.25 cm outside the chamber and 

the adaptive force setting was used during this stage. After two consecutive days of at 

least 50 attempts at a 60 percent success rate, an animal was advanced to stage four.   

During stage four, the handle was positioned at 2 cm outside the chamber. A rat 

had to pull with at least 120 g of force to successfully receive a pellet. Limb preference 

was determined on the first day of this stage. Each animal was required to use the same 

limb at least 80 percent of the time. Most animals showed a strong limb preference within 

one 30 min session. On the second day of stage four, an arm barrier that required the rat 

to reach with the designated limb was inserted and remained in place for the remainder of 

the experiment. After four consecutive days of at least 50 attempts at a 60 percent success 

rate with the arm barrier (although the success rate was often much higher), an animal 

was advanced to stage five. 

Stage five was used for pre-stroke baseline data and lasted for three days. The 

handle remained positioned at 2 cm outside the chamber. Rats had to pull with at least 
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120 g of force to successfully receive a pellet. Performance over the three days were 

averaged and used for pre-stroke baseline performance. 

3.3.2.5 Outcome measures 

Two outcome measures were used for the Isometric Pull Task: 1.) average grams 

of force per session, and 2.) total number of trials per session (total number of trials 

indicates all attempted trials, not just successful trials).  

3.3.2.6 Post-operative testing 

All post-stroke sessions lasted 30 minutes. Force thresholds remained adaptive 

after stroke to accommodate for the severity of impairments caused by MCAo and keep 

the rats engaged in the task. The arm barrier remained in place to prevent compensatory 

use of the uninjured limb. Rats were probed for paretic limb performance one week after 

stroke to determine initial impairment level. Rats were then assigned to groups using 

stratified random assignment and were probed with their paretic limb weekly to evaluate 

outcome measures.  

3.3.2.7 Rehabilitative training (RT) conditions 

Rehabilitative training sessions lasted for 30 minutes daily for five consecutive 

days weekly. On the sixth day of every week, rats were probed with their paretic limb to 

evaluate outcome measures. Rats rested on day seven of every week. Rehabilitative 

training lasted six weeks. 
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3.3.2.8 Control conditions 

For non-training control conditions, the pull handle was removed, and pellets 

were automatically dispensed at a predetermined rate, approximating performance of the 

rehabilitative training (RT) group. Control sessions lasted for 30 minutes daily.  

3.3.3 Middle Cerebral Artery occlusion (MCAo) 

Transient focal ischemia was induced by an intraluminal middle cerebral artery 

occlusion (MCAo) suture method. MCAo was induced contralateral to the preferred 

forelimb used in the Isometric Pull Task. Anesthesia was induced with 5% isoflurane and 

maintained with 1-2% isoflurane in 20% oxygen and 80% air mixture via a nose cone. 

Core body temperature was maintained at 36.5±0.5°C with a heating lamp and monitored 

using a rectal probe. Through a midline neck incision, either left or right common, 

internal, and external carotid arteries were exposed, and a 4-0 nylon filament (Doccol) 

with a silicone tip was inserted through the stump of the external carotid artery. The 

diameter of the filament used was determined from the weight of each animal at the time 

of surgery. The common carotid artery was then clipped off, and the filament was 

advanced into the internal carotid artery 19 to 21 mm beyond carotid bifurcation. Mild 

resistance indicated proper placement of the filament in the middle cerebral artery, 

confirmed by laser Doppler flow reduction (measured on the surface of the skull) of the 

MCA perfusion territory >75% from baseline. Focal ischemic time was 60 minutes, and 

reperfusion was accomplished by withdrawing the suture and removing the common 
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carotid artery clip. The external carotid artery was permanently ligated. Reperfusion was 

confirmed using laser Doppler. The neck and scalp incisions were then sutured.  

3.3.3.1 MCAo post-operative care 

Animals were monitored every hour for 3 hours post-op, while recovering on a 

heating pad. Immediately after surgery, animals received a 10 ml injection of Ringers 

solution for hydration. Buprenorphine (0.03 mg/kg), an analgesic, was administered 

subcutaneously when the animal began to arise from anesthesia. After 3 hours post-op, 

animals were moved to recover in a housing room with a temperature of 25°C and were 

monitored at least twice daily until the surgical wounds healed. Softened food was given 

for 4-5 days post-stroke, and animals were weighed at least weekly throughout the study. 

3.3.4 Axonal tract tracer injections 

Biotinylated dextran amine (BDA; 10,000 molecular weight, Invitrogen), an 

anterograde tract tracer, was reconstituted to a 10% solution in sterile saline. Animals 

were anesthetized with a ketamine (90 mg/kg) and xylazine (10 mg/kg) cocktail. 

Craniotomies were made using stereotaxic coordinates over the sensorimotor cortex on 

the lesioned side of the brain. Three injections of BDA were pressure injected through a 

glass micropipette at a flow rate of 1 µl over two minutes. Each rat received three 

injections (1 µl per injection) for a total of 3 µl per rat. The coordinates relative to bregma 

were: 1.2 mm anterior/2.5 mm lateral, 0.5 mm anterior/2.5 mm lateral, and 0.2 mm 

posterior/2.5 mm lateral. Each injection was made at a depth 1.5 mm. The micropipette 
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remained in place for 5 minutes after each injection. The craniotomies were closed, and 

the scalp was sutured.    

3.3.4.1 Axonal tract tracer injections post-operative care 

Animals were monitored for two hours post-op, while recovering on a heating 

pad. Buprenorphine (0.03 mg/kg), an analgesic, was administered subcutaneously when 

the animal began to arise from anesthesia. Animals were monitored at least twice daily 

until the surgical wound was healed.  

3.3.5 Perfusions 

Rats were overdosed with sodium pentobarbital (150 mg/kg) and transcardially 

perfused with heparinized sodium phosphate buffer (0.05 g heparin / L 0.4M buffer), 

followed by a fixative solution (4% paraformaldehyde in the same buffer). Brains were 

extracted and post-fixed in 4% paraformaldehyde. After 48 hours, brains were embedded 

in 4% agarose and vibratome sectioned. Six rostral-caudal sets of 50 µm thick coronal 

sections were taken throughout the cerebrum and then stored in cryoprotectant solution at 

-4 degrees Celsius before use. 

3.3.6 Histology 

One set of sections was Nissl stained with Toluidine blue and used for lesion 

volume measurement and lesion reconstruction. 
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3.3.7 Lesion volume assessment  

Volume measurements of remaining cortex, striatum, and lateral ventricles in 

lesioned brains were used as an indirect measure of lesion size. Area measures in 50 µm 

thick Nissl stained coronal sections were traced, beginning at approximately 2.7 mm 

anterior and ending approximately 4.2 mm posterior to bregma, using Neurolucida 

perimeter tracing software (Microbrightfield Inc.). Nine sections, 600 µm apart, were 

used for each brain. Volume was calculated using the Cavalieri method (Grundersen et 

al., 1988; West, 2012) as the product of the summed areas and distance between section 

planes (600 µm). 

3.3.8 Lesion reconstruction  

Lesion extent and placement were reconstructed onto schematic templates relative 

to cytoarchitectural and macrostructural landmarks of coronal sections. Reconstructions 

were then overlaid onto one template and outer boundaries and shared regions of damage 

were outlined.  

3.3.9 Immunohistochemistry 

Another set of sections was processed for biotinlyated dextran amine (BDA) 

positive fibers using a free-floating immunohistochemistry method. Free-floating sections 

were rinsed two times in phosphate buffer saline (PBS; pH 7.3-7.4), incubated in 0.3% 

H2O2 in PBS, washed with 0.5% Triton-X in PBS, and then rinsed again three times in 

buffer. Sections were then incubated with Vectastain ABC kit (Vector Laboratories) in 
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Tris Buffered Saline (TBS; pH 7.3-7.4) and subsequently rinsed three times in TBS. The 

tissue was then processed for visualization of peroxidase using nickel-intensified 3’3-

diaminobenzidine (DAB; Sigma-Aldrich) for light microscopy examination. The sections 

were then rinsed five times, mounted on gelatin-coated slides, air-dried, counterstained 

with Pyronin Y, dehydrated with alcohol and xylene, and coverslipped with Permount. 

3.3.10 Quantitative microscopy  

An estimate of BDA-labeled fiber density was quantitatively assessed using tissue 

sections stained immunohistochemically for BDA. Images of the ipsilesional striatum, 

contralesional motor cortex, contralesional striatum, and corpus callosum (used as a 

control structure) were captured on a Nikon EFD-3 Microscope with a Spot Digital 

Camera System. Image J (NIH imaging software) was used for quantification 

measurements of BDA-positive axonal densities. 

Up to four sections were sampled for each animal, depending on tissue integrity. 

For each section, six images were taken of the ipsilesional striatum, six of the 

contralesional striatum, three of the contralesional motor cortex, and three of the corpus 

callosum (see Figure 3.2 for sampling strategy and Figure 3.3 for axon projection 

schematic). The corpus callosum was used as a control structure and should reflect the 

quantity of tracer taken up. Each region was systematically sampled. The sampling 

regions were divided into equal square subsections. A random number generator was 

used to determine the longitude of the image taken within each subsection. The images 

were overlaid with the filter “Cycloid Grid Arc C” (x=13, y=15), and the intersections 
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between the grid and axons were counted. The reported variable was the mean number of 

intersections in each region divided by the mean number of intersections in the corpus 

callosum. 

 

 

  

Figure 3.2 Axon sampling strategy. The red boxes represent the areas in which each 
image was taken. For each section, six images were taken of the ipsilesional 
striatum, six of the contralesional striatum, three of the contralesional motor 
cortex, and three of the corpus callosum. The section depicted is adapted 
from Paxinos and Watson (2006). 
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Figure 3.3 Schematic of axon projections. BDA was injected into motor cortex of the 
lesioned hemisphere. The schematic shows axons projecting from motor 
cortex of the lesioned hemisphere to the ipsilesional striatum, contralesional 
cortex, and contralesional striatum. 

 

3.3.11 TTC (2,3,5-Triphenyl-2H-Tetrazolium Chloride) reaction 

One animal died from anesthesia during the BDA injection. To confirm stroke in 

this animal and include the behavioral data in the analyses, TTC staining was performed. 

Immediately after death, the brain was removed, cut into 3 mm slices, and incubated in 

TTC at room temperature for 20 minutes.  

3.3.12 Statistical analyses 

Independent samples t-tests were used to assess potential differences in lesion 

volume, axon quantities, and behavioral recovery on the Isometric Pull Tsk as measured 

as a percentage of pre-stroke function. Data were tested for violation of normality 

(Shapiro-Wilk test) and equal variance assumptions (Levene’s test). Nonparametric tests 
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were used when normality was violated. Pearson’s correlation analysis was used to 

explore the relationships between behavioral outcome measures and axon quantities, 

behavioral outcome measures and lesion volume, and axon quantities and lesion volume. 

Descriptive results are reported as mean±SEM. Results were considered significant at p < 

.05.  

The number of animals included in the behavioral analysis was n=8 for the RT 

group and n=6 for the Control group. The number of animals included in the histological 

analysis was n=7 for the RT group and n=6 for the Control group.  Five animals were 

excluded due to unsuccessful occlusion of the MCA; four animals died from MCAo; and 

one animal died during the anesthesia injection for the tract tracer surgery.  

3.4 RESULTS 

3.4.1 Effects of rehabilitative training on recovery of paretic forelimb strength after 
MCAo 

Figure 3.4 shows the percent of pre-stroke function at the initial post-stroke probe 

and final (Week 6) post-stroke probe after rehabilitative training for both outcome 

measures (grams of force and number of attempted trials per session). An independent t-

test revealed there was no significant difference in the percent of pre-stroke function 

between the RT group (43.32±7.45) and the Control group (38.72±7.77) at the initial 

post-stroke probe for the grams of force outcome measure; t(12) = 0.420, p = 0.682. 

There was also no significant difference between the RT group (18.91±7.98) and the 

Control group (14.89±7.49) at the initial post-stroke probe for the number of attempted 

trials per session outcome measure; U = 29.000, p = 0.573. 
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A Mann Whitney test revealed a significant difference in the percent of pre-stroke 

function between the RT group (72.35±11.19) and the Control group (27.63±13.40) at the 

Week 6 probe for the grams of force outcome measure; U = 43.000, p = 0.044. There was 

also a significant difference between the RT group (62.91±10.81) and the Control group 

(18.26±10.17) at the Week 6 probe for the number of attempted trials per session 

outcome measure; U = 42.000, p = 0.023. Figure 3.5 shows weekly performance for the 

groups.  
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Figure 3.4 Rehabilitative training on the Isometric Pull Task improves paretic 
forelimb function after MCAo. Post-stroke function was measured one 
week after MCAo (n=8, RT; n=6, control). Week 6 function was measured 
at the completion of rehabilitative training or control conditions. A) 
Function is measured as the percent of pre-stroke function of the mean 
grams of force exerted during lever pulls per session. There was no 
significant difference between the groups at the Initial Post-Stroke Probe. 
There was a significant difference between the groups at the Week 6 Post-
Stroke Probe (*p<.05). B) Function is measured as the percent of pre-stroke 
function of the mean number of attempted trials per session. There was no 
significant difference between the groups at the Initial Post-Stroke Probe. 
There was a significant difference between the groups at the Week 6 Post-
Stroke Probe (*p<.05). Data are mean±SEM. 
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Figure 3.5 Weekly performance on the Isometric Pull Task. Descriptive results for the 
RT group and the Control group from Pre-stroke to the end of rehabilitative 
training (Week 6). A) Function is measured by mean grams of force exerted 
during lever pulls per session. B) Function is measured by the mean number 
of attempted trials per session. Data are mean±SEM. 
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3.4.2 Rehabilitative training does not affect MCAo lesion volume 

Lesion damage and extent was similar between groups (Figure 3.6). An 

independent samples t-test revealed no significant cortical volume difference between 

groups (mean±SEM volume in mm3: RT = 30.98±10.10, control = 23.11±8.58, t(11) = 

0.583, p = 0.572) and no significant striatal volume difference (mean±SEM volume in 

mm3: RT = 18.35±2.52, control = 17.79±2.33, t(11) = 0.163, p = 0.874). There was also 

no significant ventricle volume difference (mean±SEM volume in mm3: RT = 1.32±0.34, 

control = 1.67±0.43, t(11) = -0.651, p = 0.528). Figure 3.7 shows coronal reconstructions 

of the lesions for both groups. 

 

                  

Figure 3.6 Rehabilitative training does not affect MCAo lesion volume. Lesion 
volume was measured using Neurolucida software (n=7, RT; n=6, control). 
There was no significant difference in cortical or striatal volume between 
the RT group and the Control group. There was also no significant 
difference in ventricle volume between the two groups. Data are 
mean±SEM. 
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Figure 3.7 Reconstructions of the extent and placement of MCAo lesions in RT and 
Control groups. Lesion reconstructions of each individual brain are 
overlaid so that the darkest areas have the greatest extent of lesion overlap 
between subjects. Numbers to the right are approximate coordinates in mm 
relative to bregma.  
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3.4.3 Effects of rehabilitative training on post-MCAo corticostriatal axonal plasticity 

As seen in Figure 3.8, there was a non-significant decrease in contralesional 

cortical axon quantities in the RT group (0.439±0.208) when compared to the Control 

group (1.235±0.481); U = 10.000; p = 0.133. Contralesional striatal axon quantities were 

significantly reduced in the RT group (0.170±0.040) when compared to the Control group 

(0.635±0.275); U = 5.000; p = 0.026, while ipsilesional striatal axon quantities were 

higher in the RT group (0.381±0.116) when compared to the Control group 

(0.255±0.094) but not significantly; U = 30.000; p = 0.234. Figure 3.9 shows a sample 

BDA injection site and a sample image of axon fibers in the ipsilesional striatum from an 

animal in the Control group. 
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Figure 3.8 Rehabilitative training reduces contralesional striatal axon quantities 
after MCAo. Axon quantities were measured using quantitative microscopy 
(n=7, RT; n=6, control). Contralesional striatal axon quantities were 
significantly reduced in the RT group when compared to the Control group 
(*p<.05). No significant differences in axon quantities were found between 
groups in the contralesional cortex or the ipsilesional striatum. Data are 
mean±SEM.  
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Figure 3.9 Sample images of BDA injection site and axon fibers. A) Sample BDA 
injection site at 500 magnification. Scale bar = 500 µm. B) A zoomed in 
image from the box in the bottom right corner of image A. Sample image of 
axon fibers in the ipsilesional striatum at 120 magnification. Scale bar = 50 
µm.   
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3.4.4 Correlations 

Pearson’s correlation analysis showed no significant relationships between 

behavioral outcome measures and axon quantities, behavioral outcome measures and 

lesion volume, or lesion volume and axon quantities (see Tables 3.1-3.3). 

RT Group Contra Cortex Axons Contra Striatal Axons Ipsi Striatal Axons 
% Pre-stroke function 
(grams) 

r=0.16, p=1.00 r=-0.05, p=1.00 r=0.19, p=1.00 

% Pre-stroke function (# 
trials per session) 

r=0.04, p=1.00 r=0.42, p=1.00 r=0.34, p=1.00 

Control Group Contra Cortex Axons Contra Striatal Axons Ipsi Striatal Axons 
% Pre-stroke function 
(grams) 

r=-0.22, p=1.00 r=-0.33, p=1.00 r=-0.20, p=1.00 

% Pre-stroke function (# 
trials per session) 

r=-0.24, p=1.00 r=-0.36, p=1.00 r=-0.01, p=1.00 

Table 3.1: Correlation data for behavioral measures and axon quantities for RT and 
Control groups 

 
RT Group Cortical+striatal lesion volume 
% Pre-stroke function (grams) r=0.15, p=0.75 
% Pre-stroke function (# trials per session) r=0.56, p=0.19 
Control Group Cortical+striatal lesion volume 
% Pre-stroke function (grams) r=-0.64, p=0.17 
% Pre-stroke function (# trials per session) r=-0.61, p=0.20 

Table 3.2: Correlation data for behavioral measures and lesion volume for RT and 
Control groups 

 
 
RT Group Contra Cortex Axons Contra Striatal Axons Ipsi Striatal Axons 
Cortical Volume r=0.43, p=1.00 r=0.74, p=0.70 r=0.55, p=1.00 
Striatal Volume r=-0.21, p=1.00 r=0.64, p=1.00 r=0.50, p=1.00 
Control Group Contra Cortex Axons Contra Striatal Axons Ipsi Striatal Axons 
Cortical Volume r=0.39, p=1.00 r=0.41, p=1.00 r=0.27, p=1.00 
Striatal Volume r=-0.26, p=1.00 r=0.24, p=1.00 r=0.55, p=1.00 

Table 3.3: Correlation data for lesion volume and axon quantities for RT and Control 
groups 
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3.5 DISCUSSION 

This study examined the effects rehabilitative training on corticostriatal axonal 

plasticity after occlusion of the middle cerebral artery in rats. We found that a 

rehabilitative training task that included a skillful movement component and a strength 

training component, given daily for six weeks following MCAo, improved motor 

performance on two outcome measures: grams of force and number of attempted trials 

per session. Four of the six control animals recovered < 25 percent of their pre-stroke 

function on either outcome measure. Five of the eight RT rats recovered 80 percent or 

more of their pre-stroke function on the grams of force outcome measure and six of the 

eight RT rats recovered 70 percent or more of their pre-stroke function on the number of 

attempted trials per session outcome measure.   

Histologically, MCAo caused substantial cortical and striatal damage. Cortical 

and striatal damage and extent was similar between groups. We also found that 

contralesional striatal axon quantities originating from the cortex of the lesioned 

hemisphere were significantly reduced in the rehabilitative training group when 

compared to the control group, while contralesional cortical and ipsilesional striatal axon 

quantities were not significantly different between the groups. No significant correlations 

were found between behavioral measures and axon quantities, behavioral measures and 

lesion volume, or lesion volume and axon quantities. These findings could be due to no 

true relationships or due to small sample size.  

Motor rehabilitation is the primary mode of recovery of lost motor function 

following stroke in both humans and rodents. The majority of research on motor 
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rehabilitation in rodent models has been carried out using cortical models of stroke. One 

reason for this is likely due to the ability to induce ischemia in a desired region of the 

brain, such as the sensorimotor cortex, and subsequently study motor map reorganization 

after behavioral manipulations in these models. These models are also replicable, and the 

lesions produced typically have low variability in lesion size and location. Experimental 

models of stroke that produce subcortical damage, such as MCAo, model some aspects of 

clinical stroke such as artery blockage and reperfusion, but they also have disadvantages. 

The lesions they produce have a high level of variability, as the infarct cannot be 

confined to a desired region and depends on many factors such as the site of the occlusion 

along the MCA and collateral blood flow. 

Rodent models of cortical infarcts are extremely valuable experimental stroke 

models because motor pathways run from motor cortex, through subcortical brain 

structures, and eventually onto the spinal cord in order to execute voluntary movements. 

However, focusing on motor cortex for motor rehabilitation studies presents a problem 

for translational application of current findings, as strokes in clinical populations are not 

limited to cortical damage and mostly involve subcortical brain damage. Different types 

of stroke produce different regions of damage to surrounding sensory cortex and to 

underlying subcortical regions, therefore somewhat different impairments occur in 

different experimental stroke models (Gharbawie et al., 2006; Gharbawie et al., 2005a; 

Gharbawie et al., 2005b). These findings highlight the importance of extending motor 

rehabilitation studies to include subcortical stroke models.  
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The present study examined motor rehabilitative training in an experimental 

stroke model that is regarded as one of the more clinically relevant stroke models. What 

was particularly unique about this study was its use of a rehabilitative training task that 

involved both skilled reaching and strength training. The emphasis on this multi-facet 

approach was based off of motor dysfunction present in both clinical populations and 

animal models of unilateral brain damage. Both humans and rodents commonly 

experience both deficits in skilled reaching and forelimb weakness, however, motor 

rehabilitation paradigms in rodents mostly limit training to skilled reaching tasks. Our 

previous findings (from chapter 2 of this dissertation) show that MCAo strokes, which 

produce large infarcts in somatosensory cortex and striatum, result in both long-lasting 

skilled forelimb impairments and forelimb weakness. Here, we show that after MCAo, 

six weeks of daily rehabilitative training that focuses on both skill and strength 

significantly improved paretic forelimb function. Rats that received rehabilitative training 

were able to recovery 62 and 79 percent of their pre-stroke function on the two 

behavioral outcome measures on the Isometric Pull Task, which is a rather notable 

recovery for such large infarcts and for animals with such poor behavioral performance at 

the early post-stroke time point. One might suspect that rats might not have as much of a 

successful recovery on tasks such as the single pellet retrieval task due to the animal 

being required to complete a coordinated sequence of arm extension, grasping, and 

bringing each pellet inside the chamber to be defined as a success and be rewarded. With 

the Isometric Pull Task, rats were still required to make the skillful movement to pull the 

modified handle, however, the Mototrak software force threshold was adaptive to 
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accommodate for the severity of the strength impairments caused by MCAo in order to 

keep the rat engaged in the task. The reward pellet was dispensed inside the chamber, 

therefore was not considered part of the outcome measure. These findings indicate that 

the Isometric Pull Task may be a useful task for experiments involving motor 

rehabilitative training using experimental stroke models such as MCAo.  

There is strong evidence that axon sprouting from either hemisphere contributes 

to recovery (Lee et al., 2004; Papadopoulos et al., 2009; Starkey et al., 2012; Wahl et al., 

2014), however, there is also evidence that suggests that final behavioral improvements 

are correlated with the contribution of the ipsilesional hemisphere only (Lui et al., 2009). 

There is also research that suggests that when projections from the contralesional 

hemisphere dominate, they contribute to the development of abnormal muscle synergies 

in the paretic limb (McMorland et al., 2015). Determining which hemisphere contributes 

most to recovery could help guide rehabilitation strategies. Therefore, we sought to 

examine axon sprouting responses after rehabilitative training using the Isometric Pull 

Task. We did this by injecting a tract tracer into the ipsilesional hemisphere. We chose to 

inject the tracer into the ipsilesional hemisphere in this study because 1) based off of our 

histological data from chapter 2 of this dissertation, it was clear that most, if not all, of 

the primary motor cortex would be spared from the MCAo infarct and 2) it seems 

reasonable to think that the projections originating from this spared motor cortical region 

have the capacity to mediate the return of movement with behavioral intervention.  

In the present study, six weeks of daily rehabilitative training after MCAo 

reduced contralaterally projecting axons in the contralesional hemisphere, while still 
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improving functional outcome, indicating that axonal remodeling might be occurring 

elsewhere. These findings are somewhat contradictory to previous research that shows 

axonal remodeling typically occurs in the contralesional hemisphere after larger strokes. 

However, previous research has not investigated axonal remodeling after rehabilitative 

strength training following larger strokes involving subcortical damage. We can only 

make assumptions as to where this remodeling could have occurred because for this study 

we did not sample elsewhere.  

One potential explanation for this finding is that maybe the ipsilesional striatum is 

too damaged from the MCAo lesions and remodeling is unable to occur there, however, 

rehabilitative training is promoting remodeling along other ipsilesional pathways that are 

important for motor control, but in which we did not sample for this study, such as the 

corticorubral or corticospinal pathways. This leads to the idea that predicted pathways for 

recovery are predictive, not definitive. The majority of studies that have examined tract 

tracing have injected into the contralesional hemisphere in cortical stroke models. Few 

studies have examined projections from the ipsilesional hemisphere, and even fewer have 

examined strokes involving subcortical damage. While projections from both 

hemispheres likely contribute to remodeling after a stroke, there is research that supports 

the idea that ipsilesional remodeling is responsible for functional recovery (Lui et al., 

2009).  

By including both skillful movements and strength in the rehabilitative training 

paradigm following large strokes that damage much of the cortex and subcortical brain 

structures, the current study revealed rats were able to reach a level of recovery which 
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enabled them to perform at approximately 60 to 80 percent of their pre-stroke behavioral 

function. Rats, despite their large lesions, had a significant reduction in contralesional 

striatal axonal sprouting after rehabilitative training. It is possible that remodeling in the 

ipsilesional hemisphere, which has been associated as being the typical remodeling 

response after smaller strokes, is occurring along another important ipsilesional pathway 

involved in motor control during rehabilitative training.  
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Chapter 4:  Non-paretic forelimb training does not interfere with 
paretic forelimb recovery after MCAo in the rat 

4.1 ABSTRACT 

Humans often compensate with their unimpaired (non-paretic) forelimb after 

surviving a stroke. Research in rats shows that this can be maladaptive after focal motor 

cortical strokes. The middle cerebral artery is the vessel most commonly affected by 

cerebrovascular accident. This type of stroke often causes damage to cortical and 

subcortical brain regions. The present study examined whether behavioral experience 

with the non-paretic limb differentially affects paretic limb recovery after injury 

involving brain damage caused by middle cerebral artery occlusion (MCAo). Because 

behavioral manipulations can influence patterns of neural connectivity post-stroke, the 

present study also examined how training with the non-paretic limb influenced axonal 

plasticity. Rats were trained with their preferred forelimb on the Isometric Pull Task and 

then transient focal ischemia (60 min) was induced in the hemisphere contralateral to the 

preferred limb by the intraluminal MCAo suture method. Rats received either non-paretic 

limb training (NPT) on the Isometric Pull Task or non-training control conditions for 14 

days. All rats then received six weeks of rehabilitative training (RT) with the paretic 

limb. An anterograde tract tracer was pressure injected into layer V motor cortex in the 

ipsilesional hemisphere to trace axonal projections, and brains were harvested 21 days 

later. We found that training with the non-paretic limb following MCAo did not reduce 

the efficacy of rehabilitative training. Lesion volume was not significantly different 

between the two groups. We also found no significant differences in axon quantities 
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between the NPT group and the Control group. Overall, these results indicate that 

compensatory use of the non-paretic forelimb after strokes involving subcortical damage 

or cortical damage primarily in the somatosensory region may not be maladaptive, at 

least for strength. Understanding how behavioral recovery varies with lesion locus could 

influence clinical management of patients. 

4.2 INTRODUCTION 

Many stroke survivors rely on some form of rehabilitative therapy, such as 

physical therapy, to improve motor function. An ongoing issue in the clinical literature is 

how rehabilitative therapy should be managed for optimal recovery. Compensation with 

the non-paretic limb is a natural strategy that occurs in humans and rodents after lost 

motor function on one side of the body. Compensation with the non-paretic limb occurs 

as a self-taught behavior (Allred & Jones, 2008a). Excessive reliance on the non-paretic 

limb may lead to “learned nonuse,” in which the paretic limb may have the potential to 

function, but this potential is not realized due to increased reliance on the non-paretic 

limb (Mark & Taub, 2002). One way to overcome learned nonuse is by using constraint 

induced movement therapy (CIMT), where the non-paretic limb is placed in a sling to 

prevent its use, in combination with a rehabilitative program (reviewed in Mark & Taub, 

2002). CIMT has been shown to be a beneficial means of increasing chronically impaired 

paretic limb function in humans (Miltner et al., 1999; Taub & Morris, 2001; Wolf et al., 

2006). However, in rats, forcing overuse of the paretic forelimb early after damage has 
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been shown to worsen behavioral function (Bland et al., 2000; DeBow et al., 2003; 

Humm et al., 1998; Kozlowski et al., 1996).   

Research in rats has shown that training with the non-paretic limb interferes with 

paretic limb recovery (Allred et al., 2010; Allred et al., 2005) and limits the efficacy of 

rehabilitative training in a focal stroke model to the forelimb area of the motor cortex 

(Allred & Jones, 2008b). Non-paretic limb training has also been found to interfere with 

paretic forelimb recovery in a stroke model that targeted forelimb motor cortex and the 

dorsolateral striatum (MacLellan et al., 2013). NPT also reduces forelimb motor maps in 

the peri-infarct area (Allred et al., 2009). This finding is significant because spared 

ipsilesional motor cortex is believe to be a strong mediator of functional recovery in the 

paretic forelimb (Gharbawie et al., 2007; Shanina et al., 2006). It indicates that following 

NPT, subsequent rehabilitative training is less effective in improving the paretic limb’s 

function (Allred et al., 2005). All together, these findings indicate that following strokes 

to this area specifically, NPT negatively affects recovery of the paretic forelimb and is 

correlated with brain reorganization in the peri-lesion cortex. It may be that competitive 

bimanual forelimb experience affects functional outcome and brain reorganization.  

Clinical research has shown that experience with the intact body side following 

stroke is not always detrimental to recovery. For example, assisted bilateral training is a 

treatment in which the stroke-affected arm is held by the intact arm and the two arms 

move in synchrony to accomplish tasks (Stoykov & Corcos, 2009). Clinical studies have 

shown beneficial effects of bilateral training, such as bilateral arm training with rhythmic 

auditory cueing (BATRACT). During BATRACT, a stroke patient pushes and pulls T-
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bar handles either in synchrony or in alteration. It has been shown to improve paretic arm 

function (Luft et al., 2004). Bilateral isokinematic training involves reach-to-target tasks 

and has been shown to result in improved paretic limb performance (Mudie & Matyas, 

2000). It has been suggested that the mechanism mediating recovery following training 

with both limbs is a restoration of balance of interhemispheric activity (Stinear et al., 

2008). Moreover, reports of non-paretic limb weakness (Bohannon & Andrews, 1995) 

suggest that muscle strength of both limbs should be considered (Eng, 2004). Stroke 

results in reduced muscle strength predominantly on the paretic body side but also results 

in mild weakness on the non-paretic body side (Eng, 2004). The effects of the non-paretic 

body side weakness are attributed to the small percentage of ipsilaterally descending 

cortical tracts that originate in the lesioned hemisphere (Davidoff, 1995). The effects of 

training with the non-paretic limb have not been investigated in clinical studies or in 

other experimental models of stroke, particularly those that cause damage to subcortical 

areas of the brain, so it is unclear if similar functional outcome will result from lesions of 

different loci. 

Post-stroke motor system reorganization results in changes in behavior but not 

always in improvement (Jones & Adkins, 2015). As neurons die in an ischemic region, 

connected regions undergo axonal degeneration, which triggers a response for remaining 

axons to sprout (Jones & Adkins, 2015). Sprouting leads to new connectivity patterns, 

which are driven by behavioral experience. Liu et al. (2009) showed that axonal 

projections from both hemispheres contribute to spinal cord reinnervation after MCAo, 

but functional recovery was correlated with the contribution of ipsilateral projections to 
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subcortical reinnervation. This finding has important clinical implications because there 

is evidence that the development of abnormal muscle synergies in the paretic limb results 

when contralateral-to-lesion projections dominate reinnervation (McMorland et al., 

2015). It is possible that NPT promotes sprouting from the contralesional hemisphere that 

confiscates potential territory of projections from the ipsilateral hemisphere, e.g., that 

would otherwise occur by training with the paretic forelimb. However, axonal sprouting, 

and its role in functional recovery, likely depends on the nature of the stroke (Carmichael 

et al., 2017).  

The goal of this study was to 1) test whether training with the non-paretic 

forelimb interferes with paretic forelimb recovery using the Isometric Pull Task after 

MCAo, and 2) examine the effect of NPT on corticostriatal axonal plasticity after MCAo. 

We did this by injecting an anterograde tract tracer into layer V motor cortex of the 

ipsilesional (lesioned) hemisphere after six weeks of rehabilitative training, which was 

preceded by 14 days of either non-paretic limb training or non-training control 

conditions, on the Isometric Pull Task following occlusion of the middle cerebral artery. 

Anterograde tract tracing is used to trace axonal projections from their source (cell body) 

to their point of termination (the synapse). Layer V was selected because it contains 

pyramidal neurons that make synaptic connections with ipsilateral and contralateral 

striatums (Cospito & Kutlas-Ilinkshy, 1981), and also synapse on spinal motor neurons to 

elicit forelimb movements (Hicks & D’Amato, 1977; Valverde, 1966). The experimental 

design is summarized in Figure 4.1. 
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Figure 4.1 Summary of experimental design. After training to proficiency with the 
preferred forelimb on the Isometric Pull Task, rats underwent MCAo in the 
hemisphere contralateral to this limb. One week after stroke, rats were 
probed for initial impairment level and then assigned to either NPT or non-
training control conditions for 14 days. Paretic limb performance was 
probed one day later. All rats then received six weeks of RT. The 
anterograde tract tracer BDA was then pressure injected into the lesioned 
hemisphere. Rats were sacrificed three weeks after the injections and brains 
were processed for histology. 

 

4.3 METHODS 

4.3.1 Subjects and housing 

Male Long Evan rats were purchased from Envigo at 4 weeks old. All rats were 

housed in pairs on a 12:12 hour light/dark cycle with ad libitum access to water, in cages 

with standardized supplements (PVC and cardboard tubes, wooden objects, and a 

complex food mixture). Rats were handled regularly. At 10-12 weeks old, behavioral 

training began, and rats were maintained on scheduled feeding (17 g chow per day, 

gradually increased to permit normal age-related weight gain). Rats were weighed at least 

weekly. All experimental procedures were approved by and conducted in accordance 

with the University of Texas Institutional Animal Care and Use Committee.  
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4.3.2 Isometric Pull Task 

4.3.2.1 Overview 

The Isometric Pull Task (Vulintus) is a fully automated task that incorporates 

reach-to-grasp motion and force generation to assess forelimb function in rodents (Hays 

et al., 2013). Rats were trained to reach outside a chamber, grasp a handle attached to a 

stationary force transducer, and pull the handle with a predetermined amount of force to 

receive a food reward (45 mg dustless precision pellet, BioServ).   

4.3.2.2 Apparatus  

The behavioral chamber consisted of an acrylic box (25.4 cm x 30.5 cm x 12.1 

cm) with a slot located in the front which allowed rats to reach for an aluminum pull 

handle that was connected to a force transducer (Motor Pull Device, Vulintus LLC) 

outside of the chamber. A modified pull handle was designed and used in order to require 

the animals to use both skillful movements and forelimb strength in order to complete the 

task. The pull handle was centered in the slot at a height of 6.35 cm from the chamber 

floor and at lateral distances varying from .5 cm inside to 2 cm outside relative to the 

inner wall surface of the chamber, depending on the training stage (described in detail 

below). Force measurements were calibrated with a force meter monthly. 

4.3.2.3 Software 

Custom software (MotoTrak, Vulintus LLC) was used to control the task and 

collect data. A motor controller board (Motor Controller, Vulintus LLC) sampled the 
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force transducer and relayed information to custom MATLAB software which analyzed, 

displayed, and stored the data. If a trial was successful, the software triggered an 

automated pellet dispenser (Vulintus LLC) to deliver a banana flavored sucrose pellet to 

a receptacle located in the front corner of the chamber.  

4.3.2.4 Pre-operative training 

Training sessions lasted 30 minutes once a day, five days a week. During stage 

one of training, rats were manually shaped by the experimenter dispensing food rewards 

to encourage interaction with the handle (at this stage, rats typically bump into the handle 

or use their mouth to pull it). Rats pulled the handle initially located .5 cm inside the 

chamber to receive a reward pellet. A trial was initiated when the rat generated a force of 

10 g on the handle. After trial initiation, the force was sampled for 4 s. If the force 

threshold was broken within a 2 s window following initial contact, the trial was recorded 

as a success and a reward pellet was delivered. If the force did not exceed the 10 g 

threshold within the 2 s window, the trial was recorded as a failure and no reward pellet 

was delivered. Following the 4 s of data collection, there was a 50 ms pause before a rat 

could initiate another trial. The task was made progressively more challenging as rats met 

the criteria for the number of successful trials within a session and progressed to the next 

stage. Rats were required to complete 50 attempts for two consecutive days to advance to 

stage two.   

 During stage two, the handle was located .5 cm outside the chamber and the force 

threshold was adaptively increased by the software such that rats were required to exceed 



 82 

their 50th percentile force calculated over the previous 20 trials (Sloan et al., 2015). 

Required thresholds were capped at 120 g. Rats were required to complete 50 attempts at 

a 60 percent success rate for two consecutive days in order to be advanced to stage three.  

During stage three, the handle was positioned at 1.25 cm outside the chamber and 

the adaptive force setting was used during this stage. After two consecutive days of at 

least 50 attempts at a 60 percent success rate, an animal was advanced to stage four.   

During stage four, the handle was positioned at 2 cm outside the chamber. A rat 

had to pull with at least 120 g of force to successfully receive a pellet. Limb preference 

was determined on the first day of this stage. Each animal was required to use the same 

limb at least 80 percent of the time. Most animals showed a strong limb preference within 

one 30 min session. On the second day of stage four, an arm barrier that required the rat 

to reach with the designated limb was inserted and remained in place for the remainder of 

the experiment. After four consecutive days of at least 50 attempts at a 60 percent success 

rate with the arm barrier (although the success rate was often much higher), an animal 

was advanced to stage five. 

Stage five was used for pre-stroke baseline data and lasted for three days. The 

handle remained positioned at 2 cm outside the chamber. Rats had to pull with at least 

120 g of force to successfully receive a pellet. Performance over the three days were 

averaged and used for pre-stroke baseline performance. 
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4.3.2.5 Outcome measures 

Two outcome measures were used for the Isometric Pull Task: 1.) average grams 

of force per session, and 2.) total number of trials per session (total number of trials 

indicates all attempted trials, not just successful trials).  

4.3.2.6 Post-operative testing 

All post-stroke sessions lasted 30 minutes. Force thresholds remained adaptive 

after stroke to accommodate for the severity of impairments caused by MCAo and keep 

the rats engaged in the task. The arm barrier remained in place to prevent compensatory 

use of the uninjured limb. Rats were probed for paretic limb performance one week after 

stroke to determine initial impairment level. Rats were then assigned to either a non-

paretic limb training group or a control group using stratified random assignment. 

4.3.2.7 Non-paretic training (NPT) conditions 

For non-paretic (uninjured) limb training, animals were required to use their non-

dominant, untrained limb for 14 consecutive days. An arm barrier was inserted to prevent 

use of the paretic limb and require rats to learn to use their non-paretic limb (all rats 

quickly learned to use their non-paretic limb). NPT sessions lasted 30 minutes daily. One 

day after training, rats were probed for performance with their paretic limb (the opposite 

arm barrier was used to once again prevent use of the non-paretic limb). 
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4.3.2.8 Control conditions 

For the non-training control conditions, the pull handle was removed and pellets 

were automatically dispensed at a predetermined rate, approximating performance of the 

NPT group. Control sessions lasted for 30 minutes daily for 14 days. One day after the 14 

day control period, rats were probed for performance with their paretic limb.   

4.3.2.9 Rehabilitative training (RT) conditions 

After the 14 day NPT or control period, all rats received six weeks of 

rehabilitative training with their paretic limb. Rehabilitative training sessions lasted for 

30 minutes daily for five consecutive days weekly. On the sixth day of every week, rats 

were probed with their paretic limb to evaluate performance. Rats rested on day seven of 

every week.  

4.3.3 Schallert Cylinder Test 

The Schallert Cylinder Test (Schallert, 2006) was used as an assay of lesion-

induced asymmetries in forelimb use for upright postural-support behavior. Rats were 

filmed in a Plexiglas cylinder (19 cm diameter) for two minutes on testing days. From 

slow-motion playback of each session, the first 20 instances of sole use of either forelimb 

(ipsilateral or contralateral to the lesioned hemisphere) or simultaneous bilateral forelimb 

use for upright support against the wall were recorded. The percent of ipsilesional 

forelimb use was calculated using the formula: (total ipsilateral limb use + ½ 

bilateral)/total limb use * 100.  
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4.3.4 Middle Cerebral Artery occlusion (MCAo) 

Transient focal ischemia was induced by an intraluminal middle cerebral artery 

occlusion (MCAo) suture method. MCAo was induced contralateral to the preferred 

forelimb used in the Isometric Pull Task. Anesthesia was induced with 5% isoflurane and 

maintained with 1-2% isoflurane in 20% oxygen and 80% air mixture via a nose cone. 

Core body temperature was maintained at 36.5±0.5°C with a heating lamp and monitored 

using a rectal probe. Through a midline neck incision, either left or right common, 

internal, and external carotid arteries were exposed, and a 4-0 nylon filament (Doccol) 

with a silicone tip was inserted through the stump of the external carotid artery. The 

diameter of the filament used was determined from the weight of each animal at the time 

of surgery. The common carotid artery was then clipped off, and the filament was 

advanced into the internal carotid artery 19 to 21 mm beyond carotid bifurcation. Mild 

resistance indicated proper placement of the filament in the middle cerebral artery, 

confirmed by laser Doppler flow reduction (measured on the surface of the skull) of the 

MCA perfusion territory >75% from baseline. Focal ischemic time was 60 minutes, and 

reperfusion was accomplished by withdrawing the suture and removing the common 

carotid artery clip. The external carotid artery was permanently ligated. Reperfusion was 

confirmed using laser Doppler. The neck and scalp incisions were then sutured.  

4.3.4.1 MCAo post-operative care 

Animals were monitored every hour for 3 hours post-op, while recovering on a 

heating pad. Immediately after surgery, animals received a 10 ml injection of Ringers 
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solution for hydration. Buprenorphine (0.03 mg/kg), an analgesic, was administered 

subcutaneously when the animal began to arise from anesthesia. After 3 hours post-op, 

animals were moved to recover in a housing room with a temperature of 25°C and were 

monitored at least twice daily until the surgical wounds healed. Softened food was given 

for 4-5 days post-stroke, and animals were weighed at least weekly throughout the study. 

4.3.5 Axonal tract tracer injections  

Biotinylated dextran amine (BDA; 10,000 molecular weight, Invitrogen), an 

anterograde tract tracer, was reconstituted to a 10% solution in sterile saline. Animals 

were anesthetized with a ketamine (90 mg/kg) and xylazine (10 mg/kg) cocktail. 

Craniotomies were made using stereotaxic coordinates over the sensorimotor cortex on 

the lesioned side of the brain. Three injections of BDA were pressure injected through a 

glass micropipette at a flow rate of 1 µl over two minutes. Each rat received three 

injections (1 µl per injection) for a total of 3 µl per rat. The coordinates relative to bregma 

were: 1.2 mm anterior/2.5 mm lateral, 0.5 mm anterior/2.5 mm lateral, and 0.2 mm 

posterior/2.5 mm lateral. Each injection was made at a depth 1.5 mm. The micropipette 

remained in place for 5 minutes after each injection. The craniotomies were closed, and 

the scalp was sutured.    

4.3.5.1 Axonal tract tracer injections post-operative care 

Animals were monitored for two hours post-op, while recovering on a heating 

pad. Buprenorphine (0.03 mg/kg), an analgesic, was administered subcutaneously when 
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the animal began to arise from anesthesia. Animals were monitored at least twice daily 

until the surgical wound was healed.  

4.3.6 Perfusions 

Rats were overdosed with sodium pentobarbital (150 mg/kg) and transcardially 

perfused with heparinized sodium phosphate buffer (0.05 g heparin / L 0.4M buffer), 

followed by a fixative solution (4% paraformaldehyde in the same buffer). Brains were 

extracted and post-fixed in 4% paraformaldehyde. After 48 hours, brains were embedded 

in 4% agarose and vibratome sectioned. Six rostral-caudal sets of 50 µm thick coronal 

sections were taken throughout the cerebrum and then stored in cryoprotectant solution at 

-4 degrees Celsius before use.  

4.3.7 Histology 

One set of sections was Nissl stained with Toluidine blue and used for lesion 

volume measurement and lesion reconstruction. 

4.3.8 Lesion volume assessment  

Volume measurements of remaining cortex, striatum, and lateral ventricles in 

lesioned brains were used as an indirect measure of lesion size. Area measures in 50 µm 

thick Nissl stained coronal sections were traced, beginning at approximately 2.7 mm 

anterior and ending approximately 4.2 mm posterior to bregma, using Neurolucida 

perimeter tracing software (Microbrightfield Inc.). Nine sections, 600 µm apart, were 
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used for each brain. Volume was calculated using the Cavalieri method (Grundersen et 

al., 1988; West, 2012) as the product of the summed areas and distance between section 

planes (600 µm). 

4.3.9 Lesion reconstruction 

Lesion extent and placement were reconstructed onto schematic templates relative 

to cytoarchitectural and macrostructural landmarks of coronal sections. Reconstructions 

were then overlaid onto one template and outer boundaries and shared regions of damage 

were outlined. 

4.3.10 Immunohistochemistry  

Another set of sections was processed for biotinlyated dextran amine (BDA) 

positive fibers using a free-floating immunohistochemistry method. Free-floating sections 

were rinsed two times in phosphate buffer saline (PBS; pH 7.3-7.4), incubated in 0.3% 

H2O2 in PBS, washed with 0.5% Triton-X in PBS, and then rinsed again three times in 

buffer. Sections were then incubated with Vectastain ABC kit (Vector Laboratories) in 

Tris Buffered Saline (TBS; pH 7.3-7.4) and subsequently rinsed three times in TBS. The 

tissue was then processed for visualization of peroxidase using nickel-intensified 3’3-

diaminobenzidine (DAB; Sigma-Aldrich) for light microscopy examination. The sections 

were then rinsed five times, mounted on gelatin-coated slides, air-dried, counterstained 

with Pyronin Y, dehydrated with alcohol and xylene, and coverslipped with Permount. 
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4.3.11 Quantitative microscopy  

An estimate of BDA-labeled fiber density was quantitatively assessed using tissue 

sections stained immunohistochemically for BDA. Images of the ipsilesional striatum, 

contralesional motor cortex, contralesional striatum, and corpus callosum (used as a 

control structure) were captured on a Nikon EFD-3 Microscope with a Spot Digital 

Camera System. Image J (NIH imaging software) was used for quantification 

measurements of BDA-positive axonal densities. 

Up to four sections were sampled for each animal, depending on tissue integrity. 

For each section, six images were taken of the ipsilesional striatum, six of the 

contralesional striatum, three of the contralesional motor cortex, and three of the corpus 

callosum (see Figure 4.2 for sampling strategy and Figure 4.3 for axon projection 

schematic). The corpus callosum was used as a control structure and should reflect the 

quantity of tracer taken up. Each region was systematically sampled. The sampling 

regions were divided into equal square subsections. A random number generator was 

used to determine the longitude of the image taken within each subsection. The images 

were overlaid with the filter “Cycloid Grid Arc C” (x=13, y=15), and the intersections 

between the grid and axons were counted. The reported variable was the mean number of 

intersections in each region divided by the mean number of intersections in the corpus 

callosum. 
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Figure 4.2 Axon sampling strategy. The red boxes represent the areas in which each 
image was taken. For each section, six images were taken of the ipsilesional 
striatum, six of the contralesional striatum, three of the contralesional motor 
cortex, and three of the corpus callosum. The section depicted is adapted 
from Paxinos and Watson (2006). 
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Figure 4.3 Schematic of axon projections. BDA was injected into motor cortex of the 
lesioned hemisphere. The schematic shows axons projecting from motor 
cortex of the lesioned hemisphere to the ipsilesional striatum, contralesional 
cortex, and contralesional striatum. 

 
 
 
4.3.12 TTC (2,3,5-Triphenyl-2H-Tetrazolium Chloride) reaction 
 

Two animals died from anesthesia during BDA injections. To confirm stroke in 

these animals and include their behavioral data in the analyses, TTC staining was 

performed. Immediately after death, brains were removed, cut into 3 mm slices, and 

incubated in TTC at room temperature for 20 minutes.  

4.3.13 Statistical analyses 

Independent samples t-tests were used to assess potential differences in lesion 

volume, axon quantities, and behavioral recovery on the Isometric Pull Tsk as measured 

as a percentage of pre-stroke function and on the Schallert Cylinder Test. Data were 
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tested for violation of normality (Shapiro-Wilk test) and equal variance assumptions 

(Levene’s test). Nonparametric tests were used when normality was violated. Pearson’s 

correlation analysis was used to explore the relationships between behavioral outcome 

measures and axon quantities, behavioral outcome measures and lesion volume, and axon 

quantities and lesion volume. Descriptive results are reported as mean±SEM. Results 

were considered significant at p < .05.  

The number of animals included in the behavioral analysis was n=7 for the NPT 

group and n=5 for the Control group. The number of animals included in the histological 

analysis was n=5 for the NPT group and n=5 for the Control group.  Five animals were 

excluded due to unsuccessful occlusion of the MCA; two animals died from MCAo; one 

animal was excluded for never performing the reaching task post-MCAo; and two 

animals died during the anesthesia injection for the tract tracer surgery. 

4.4 RESULTS 

4.4.1 Effects of non-paretic limb use on paretic limb recovery after MCAo 

Figure 4.4 shows the percent of pre-stroke function at the initial post-stroke probe 

and final (Week 6) post-stroke probe after rehabilitative training for both outcome 

measures (grams of force and number of attempted trials per session). An independent t-

test revealed there was no significant difference in the percent of pre-stroke function 

between the NPT group (38.26±6.78) and the Control group (49.19±10.16) at the post-

stroke probe for the grams of force outcome measure; t(10) = 0.933, p = 0.373. There was 

also no significant difference in the percent of pre-stroke force between the NPT group 
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(11.32±4.76) and the Control group (22.10±13.18) at the post-stroke probe for the 

number of attempted trials per session outcome measure; U = 18.000, p = 0.133. 

A Mann Whitney test revealed there was no significant difference in the percent 

of pre-stroke function between the NPT group (81.52±6.27) and the Control group 

(57.67±14.95) at the Week 6 probe for the grams of force outcome measure; U = 8.000, p 

= 0.149. There was also no significant difference in the percent of pre-stroke trials 

between the NPT group (69.29±9.46) and the Control group (54.82±14.33) at the Week 6 

probe for the number of attempted trials per session outcome measure; t(10) = -0.882, p = 

0.399. Figure 4.5 shows weekly performance for the groups.  
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Figure 4.4 Training with the non-paretic limb does not interfere with paretic limb 
recovery on the Isometric Pull Task after MCAo. Post-stroke function 
was measured one week after MCAo (n=7, NPT; n=5, control). Week 6 
function was measured at the completion of rehabilitative training. A) 
Function is measured as the percent of pre-stroke function of the mean 
grams of force exerted during lever pulls per session. There was no 
significant difference between the groups at the Initial Post-Stroke Probe or 
at the Week 6 Post-Stroke Probe. B) Function is measured as the percent of 
pre-stroke function of the mean number of attempted trials per session. 
There was no significant difference between the groups at the Initial Post-
Stroke Probe or at the Week 6 Post-Stroke Probe. Data are mean±SEM.       

 

 

 

 

 

 

 

0	

20	

40	

60	

80	

100	

Ini9al	 Week	6	

Pe
rc
en

t	o
f	P

re
-s
tr
ok

e	
Fo
rc
e	

Post-Stroke	Probe	

NPT	

Control	

0	

20	

40	

60	

80	

100	

Ini9al	 Week	6	

Pe
rc
en

t	o
f	P

re
-s
tr
ok

e	
Tr
ia
ls
	

Post-Stroke	Probe	

NPT	

Control	

A B 



 95 

 

 

 

 

 

Figure 4.5 Weekly performance on the Isometric Pull Task. Descriptive results for the 
NPT group and the Control group from pre-stroke to the end of RT (Week 
6). A) Function is measured by mean grams of force exerted during lever 
pulls per session. B) Function is measured by the mean number of attempted 
trials per session. Data are mean±SEM. 
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As shown in Figure 4.6, prior to MCAo there was no significant difference in 

performance between the NPT group (45.71±4.35) and the Control group (57.00±7.39) 

on the Schallert Cylinder Test; t(6.719) = 1.316, p = 0.231. Animals in both the NPT 

group (71.43±7.71) and the Control group (82.50±8.02) had increased asymmetrical 

forelimb use following MCAo, resulting from an increased reliance on the unimpaired 

forelimb and decreased use of the impaired forelimb, however, there was no significant 

difference between the groups; t(9.436) = 0.995, p = 0.345. At the Week 6 time point, 

there were no significant difference between the groups (NPT = 57.14±3.72, Control = 

65.00±6.75; t(6.399) = 1.019, p = 0.345). 

 

 

 



 97 

 

Figure 4.6 Training the non-paretic forelimb after MCAo does not increase reliance 
on this forelimb in a test of postural support at the Week 6 time point. 
Descriptive weekly results for the NPT group and the Control group from 
Pre-Op to the end of RT (Week 6). Forelimb asymmetries in postural 
support behavior as measured in the Schallert Cylinder Test (n=7, NPT; 
n=5, control). Data are mean±SEM.  
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4.4.2 Training with the intact forelimb does not affect MCAo lesion volume 

Lesion damage and extent was similar between groups (Figure 4.7). An 

independent samples t-test revealed no significant cortical volume difference between 

groups (mean±SEM volume in mm3: NPT = 19.48±13.93, control = 27.36±16.64; t(8) = -

0.363, p = 0.726) and no significant striatal volume difference (mean±SEM volume in 

mm3: NPT = 29.47±6.85, control = 28.59±6.70; t(8) = 0.091, p = 0.930). There was also 

no significant ventricle volume difference (mean±SEM volume in mm3: NPT = 

0.32±1.24, control = 3.70±2.21; t(8) = -1.332, p = 0.219). Figure 4.8 shows coronal 

reconstructions of the lesions for both groups. 

 

 

Figure 4.7 Training with the intact forelimb does not affect MCAo lesion volume. 
Lesion volume was measured using Neurolucida software (n=5, NPT; n=5, 
control). There was no significant difference in cortical or striatal volume 
between the NPT group and the Control group. There was also no 
significant difference in ventricle volume between the two groups. Data are 
mean±SEM 
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Figure 4.8 Reconstructions of the extent and placement of MCAo lesions in NPT and 
Control groups. Lesion reconstructions of each individual brain are 
overlaid so that the darkest areas have the greatest extent of lesion overlap 
between subjects. Numbers to the right are approximate coordinates in mm 
relative to bregma. 
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4.4.3 Effects of non-paretic limb training on post-MCAo corticostriatal axonal 
plasticity 

As seen in Figure 4.9, contralesional cortical axon quantities were non-

significantly increased in the NPT group (2.350±0.349) when compared to the Control 

group (1.716±0.336); t(8) = 1.308, p= 0.227. No significant differences were found in 

contralesional striatal axon quantities between the NPT group (1.284±0.279) when 

compared to the Control group (1.422±0.208); t(8) = -0.396, p= 0.702. Furthermore, no 

significant differences were found in ipsilesional striatal axon quantities between the 

NPT group (0.788±0.269) and the Control group (0.720±0.154); U= 12.500, p= 1.000.  

 

                
 

Figure 4.9 Non-paretic limb training does not influence corticostriatal axon 
quantities after MCAo. Axon quantities were measured using quantitative 
microscopy (n=5, NPT; n=5, control). No significant differences in axon 
quantities were found between groups in the contralesional cortex, 
contralesional striatum, or ipsilesional striatum. Data are mean±SEM. 
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4.4.4 Correlations 

Pearson’s correlation analysis showed no significant relationships between 

behavioral outcome measures and axon quantities, behavioral outcome measures and 

lesion volume, or lesion volume and axon quantities (see Tables 4.1-4.3). 

 

NPT Group Contra Cortex Axons Contra Striatal Axons Ipsi Striatal Axons 
% Pre-stroke function (grams) r=-0.36, p=1.00 r=-0.27, p=1.00 r=-0.40, p=1.00 
% Pre-stroke function (# trials 
per session) 

r=-0.82, p=0.38 r=-0.84, p=0.38 r=-0.47, p=0.42 

Control Group Contra Cortex Axons Contra Striatal Axons Ipsi Striatal Axons 
% Pre-stroke function (grams) r=-0.53, p=1.00 r=0.13, p=1.00 r=0.42, p=1.00 
% Pre-stroke function (# trials 
per session) 

r=-0.15, p=1.00 r=0.32, p=1.00 r=0.47, p=1.00 

Table 4.1: Correlation data for behavioral measures and axon quantities for NPT and 
Control groups 

 
 
NPT Group Cortical+striatal lesion volume 
% Pre-stroke function (grams) r=0.26, p=0.67 
% Pre-stroke function (# trials per session) r=-0.57, p=0.32 
Control Group Cortical+striatal lesion volume 
% Pre-stroke function (grams) r=0.37, p=0.54 
% Pre-stroke function (# trials per session) r=0.37, p=0.54 

Table 4.2: Correlation data for behavioral measures and lesion volume for NPT and 
Control groups 

 
 
NPT Group Contra Cortex Axons Contra Striatal Axons Ipsi Striatal Axons 
Cortical Volume r=0.11, p=1.00 r=0.15, p=1.00 r=-0.28, p=1.00 
Striatal Volume r=-0.08, p=1.00 r=0.10, p=1.00 r=-0.57, p=1.00 
Control Group Contra Cortex Axons Contra Striatal Axons Ipsi Striatal Axons 
Cortical Volume r=0.11, p=1.00 r=0.66, p=1.00 r=-0.40, p=1.00 
Striatal Volume r=-0.09, p=1.00 r=0.16, p=1.00 r=-0.65, p=1.00 

Table 4.3: Correlation data for lesion volume and axon quantities for NPT and Control 
groups 
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4.5 DISCUSSION 

The purpose of this study was to determine whether training with the non-paretic 

forelimb interferes with paretic forelimb recovery after occlusion of the middle cerebral 

artery, and how NPT might influence corticostriatal axonal plasticity. We found that 14 

days of training with the non-paretic forelimb did not reduce the efficacy of rehabilitative 

training on a task that included a skillful movement component and a strength training 

component after MCAo.  

Histologically, MCAo caused substantial cortical and striatal damage. Cortical 

and striatal damage and extent was similar between groups. We also found that 

corticostriatal axonal plasticity was not significantly affected by training with the non-

paretic forelimb, which is consistent with the non-significant findings from the behavioral 

results. No significant correlations were found between behavioral measures and axon 

quantities, behavioral measures and lesion volume, or lesion volume and axon quantities. 

These findings could be due to no true relationships or due to small sample size. 

It is common for stroke survivors to develop compensatory behaviors after stroke 

such as relying on their intact body side to perform tasks. Reliance on the non-paretic 

limb sometimes leads to learned nonuse, which results in disuse of the paretic limb. A 

few animal studies have examined the effects of intact forelimb use on paretic forelimb 

recovery. For example, studies have shown that when using the single pellet retrieval 

task, training with the non-paretic forelimb interferes with paretic forelimb recovery 

(Allred et al., 2010; Allred et al., 2005) and limits the efficacy of rehabilitative training in 

a focal stroke model to the forelimb area of the motor cortex (Allred & Jones, 2008b). 
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Another study showed that non-paretic limb training interferes with paretic limb recovery 

in a stroke model that targeted forelimb motor cortex and the dorsolateral striatum 

(MacLellan et al., 2013). Lastly, unpublished pilot data from our lab shows that after 

rostral motor cortex (RMC) lesions, NPT significantly improves subsequent paretic 

forelimb function, whereas following lesions to the caudal motor cortex (CMC), prior 

intact forelimb training was shown to worsen paretic forelimb function.  This preliminary 

data needs further investigation but indicates certain regions of the motor cortex may be 

more vulnerable to compensatory limb use following stroke. Research has shown that 

different types of strokes produce different regions of damage to surrounding sensory 

cortex and to underlying subcortical regions, therefore somewhat different impairments 

occur in different experimental stroke models (Gharbawie et al., 2006; Gharbawie et al., 

2005a; Gharbawie et al., 2005b). Therefore, it is reasonable to think that different types 

of stroke also result in different patterns of behavioral recovery. Because only a few 

studies have examined the effects of NPT on motor recovery after stroke, we sought to 

test the effects of NPT on paretic forelimb recovery after MCAo.  

The results from the present study support the idea that the behavioral effects of 

NPT may be dependent upon lesion locus. One notable difference about the infarcts 

produced in the MCAo model when compared to infarcts produced in the other studies on 

NPT is the lack of motor cortex damage involved in the MCAo model. The MCAo model 

produces large lesions spanning primarily the somatosensory cortex and striatum. It is 

possible that MCAo strokes do not result in maladaptive paretic forelimb function 

because motor cortex is spared in these strokes. Previous research has indicated that 
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ipsilesional motor cortex is a strong mediator of functional recovery in the paretic 

forelimb (Gharbawie et al., 2007; Shanina et al., 2006), and that NPT reduces forelimb 

motor maps in the peri-infarct area (Allred et al., 2009). The results from our study, in 

which MCAo infarcts that spare motor cortex and do not reduce the efficacy of recovery 

after training with the intact forelimb, support the literature that suggests ipsilesional 

motor cortex plays an important role in recovery of the paretic forelimb. Because NPT 

did not reduce the efficacy of rehabilitative training following MCAo, it is not surprising 

that there were no differences observed in axonal plasticity. 

Our findings suggest that after strokes induced by the MCAo, which primarily 

affect somatosensory cortex and subcortical brain regions, behavioral experience with the 

intact forelimb is not maladaptive, at least if rehabilitative training on a strength plus skill 

task is given for six weeks after a 14 day period of intact forelimb use. It appears that 

animals improved on the Isometric Pull Task regardless if rehabilitative training was 

initiated one or three weeks after MCAo. It should be noted that after 14 days of NPT or 

control conditions, NPT rats had a paretic forelimb strength of 104 g whereas control rats 

had a paretic forelimb strength of 58 g. Similarly, NPT rats performed at an average of 68 

trials per session after 14 days of NPT whereas control rats performed at 29 trials per 

session. These data points suggest that short-term training of the intact forelimb, as 

opposed to no training with either forelimb, is beneficial for paretic limb function after 

MCAo. If no rehabilitative training with the paretic forelimb is given, training with the 

intact forelimb may still have the potential to improve recovery of the paretic forelimb, at 

least compared to no training with either limb. One important area of future research is to 
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examine the effects of bimanual training on functional recovery following strokes with 

different lesion loci. These findings can potentially help guide rehabilitation strategies in 

clinical settings. 
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Chapter 5:  Conclusions 

 

5.1 TESTING IMPORTANT ASPECTS OF HUMAN STROKES THAT ARE UNDERSTUDIED IN 
ANIMAL RESEARCH  

The consequences of stroke are devastating. Understanding basic mechanisms of 

experience-dependent brain reorganization can ultimately guide clinicians when 

implementing rehabilitation programs for chronic upper limb impairments that are often 

seen in stroke survivors. Strokes that involve subcortical damage are generally 

understudied in research on the efficacy of motor rehabilitative training despite that 

several large-scale prospective studies have shown that the majority of ischemic strokes 

involved subcortical damage, and that cortical lesions account for only 15 percent of the 

total number of strokes (Bogousslavsky et al., 1988; Kang et al., 2003; Wessels et al., 

2006). Because patterns of motor recovery may depend on the type of stroke and 

neuronal circuit damaged, the emphasis given to cortical strokes thus far creates a 

problem for translational research. 

 In the first study of this dissertation we used automated reaching chambers to 

characterize forelimb weakness, another understudied area of motor rehabilitative 

training, after middle cerebral artery occlusion. We chose the MCAo model because it 

has been recognized as a model that most closely simulates human ischemic stroke 

(Durukan & Tatlisumak, 2007; Fluri et al., 2015) and produces infarcts that damage 

subcortical brain structures, in addition to the somatosensory cortex. Once we established 

the Isometric Pull Task with a modified pull handle as a robust test for detecting 
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impairments in skilled reaching and forelimb strength, we used it for two rehabilitative 

training studies. In the first rehabilitation study, we found that daily rehabilitative 

strength training for six weeks ameliorated forelimb weakness after MCAo. In the second 

rehabilitation study, we found that following MCAo, 14 days of training with the intact 

forelimb did not reduce the efficacy of rehabilitative training. These are the first set 

studies, as far as we are aware, to measure and test forelimb weakness in a rodent model 

of stroke involving subcortical brain damage. Given the prevalence of limb weakness in 

the majority of stroke patients, this important facet of post-stroke motor dysfunction 

should be given more emphasis in preclinical research.  

5.2 ADVANTAGES OF USING AUTOMATED REACHING CHAMBERS FOR ASSESSING 
FORELIMB FUNCTION 

A variety of methodologies are used to assess forelimb movements following 

brain injury in rodents. These measures are used to evaluate therapies designed to 

improve motor recovery. These tasks can provide valuable data on forelimb movement, 

however, quantitation is typically restricted to success rate, with a few other measures of 

performance (Hays et al., 2013). These tasks can also be labor intensive and can involve a 

degree of subjectivity when scoring or rating an animal’s behavior.  

Automating behavior for motor recovery research presents some advantages over 

current reach-to-grasp tasks. Although not all measured in this set of dissertation 

experiments, the Isometric Pull Task specifically can be used to simultaneously measure 

multiple parameters with a high degree of accuracy: force, success rate, pull attempts, and 

latency to force (Hays et al., 2013). The automation of this task allows a single 
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experimenter to test multiple animals simultaneously, therefore providing more statistical 

power than most other forelimb tasks (Hays et al., 2013). If an automated version of a 

behavioral task can display similarities to the manual version of the behavioral task, it 

may provide an experimenter with many practical benefits in the laboratory.   

5.3 REHABILITATIVE TRAINING ALTERS CORTICOSTRIATAL PLASTICITY AFTER MCAO  

Neural remodeling responses to stroke are sensitive to behavioral manipulations. 

Axonal sprouting patterns are influenced by post-injury manipulation of forelimb use 

(Carmichael et al., 2017; Ishida et al., 2016; Overman et al., 2012). Research has 

supported the idea that following a small stroke the peri-infarct area mediates recovery, 

whereas following a larger stroke the contralesional hemisphere mediates recovery (Li et 

al., 2015; Murphey & Corbett, 2009; Overman et al., 2012; Starkey et al., 2012). 

However, the role of each hemisphere is certainly is not definitive. For example, there 

has been much recent debate about the role of the contralesional hemisphere in functional 

outcome after stroke (Jones, 2017). Specifically, some studies suggest that, given a 

sufficient capacity for ipsilesional projections to contribute to reinnervation, the 

contralesional cortex may be the less relevant source of these projections for paretic 

forelimb function (Liu et al., 2009; Starkey et al., 2012). In chapter 3, we examined how 

six weeks of daily rehabilitative strength training influences axonal remodeling from the 

ipsilesional motor cortex, which was spared from damage following middle cerebral 

artery occlusion. We found that rehabilitative training reduced axon projections to the 

contralesional striatum while still resulting in functional improvement of the paretic 
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forelimb. It is possible that the ipsilesional striatum was too damaged from MCAo for 

remodeling to occur, however, rehabilitative training may have promoted remodeling 

along other ipsilesional pathways, in which we did not sample, that are involved in motor 

control, such as the corticorubral or corticospinal pathways. It is unclear how the strength 

training component of the rehabilitative training task influenced plasticity given its 

novelty in chronic stroke rodent models. 

5.4 INFARCT LOCUS MIGHT DETERMINE WHETHER COMPENSATION WITH THE INTACT 
FORELIMB IS MALADAPTIVE 

In Chapter 4, we conducted an experiment wherein rats were trained with their 

non-paretic forelimb for 14 consecutive days, starting one week following MCAo, before 

beginning a six week rehabilitative training program on the Isometric Pull Task. We 

found that training with the non-paretic forelimb did not interfere with recovery on a 

reaching task that included both a skilled reaching component and a strength component. 

The few previous studies that have tested the effects of training the intact limb have 

found that it is maladaptive for paretic forelimb recovery (Allred et al., 2010; Allred et 

al., 2005; MacLellan et al., 2013). These studies used stroke models that involved 

damage to the motor cortex. In our study, MCAo strokes spared motor cortex. These 

findings indicate that compensating with the intact forelimb in order to resume normal 

life activities might be a good strategy depending on the location of the lesion. Previous 

studies also used reach-to-grasp tasks that did not involve a strength component, whereas 

the current study used the Isometric Pull Task. Although different reaching tasks were 
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used, it is reasonable to think that the results would be translational between reaching 

tasks.   

5.5 LIMITATIONS 

The findings, and therefore conclusions, from this set of dissertation experiments 

were limited by the small sample size for each study. A study design that requires 

training animals pre- and post-operatively on a reaching task, carrying out long-term 

behavioral studies, and performing multiple surgeries presented several complications for 

us. The time and labor required to carry out these studies, even with automated reaching 

chambers, are obvious barriers. Rats were removed from the study during behavior and 

surgeries for various reasons. Although the numbers were relatively small, not all animals 

learned the reaching task, and some animals did not perform the task after stroke. It is 

likely that the very few animals that did not perform the reaching task after MCAo were 

unable to perform the task because of damage due to stroke, however, it cannot be ruled 

out that they forgot how to perform the task due to the brain injury. Several rats were 

excluded from the studies because the occlusion of the MCA was not successful, as 

proper size and placement of the filament is necessary to obtain the stroke. There is also 

mortality associated with the MCAo model, as the strokes are sometimes very large and 

cause substantial brain swelling and damage that the animal cannot survive. During our 

tract tracer studies, a few animals died due to anesthesia injections for tract tracer 

surgeries, further reducing our sample sizes from the behavioral studies to the 

histological studies. These many factors added up to limit our sample sizes.   
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5.6 FUTURE DIRECTIONS 

The work described in this dissertation focuses on recovery of forelimb strength 

on a skilled reaching task following strokes that involve subcortical damage to the brain. 

These important, yet understudied, aspects of human strokes should be investigated in 

animal stroke models. The focus of motor rehabilitation research in animal stroke models 

has been limited to mostly cortical stroke models despite the presence of subcortical 

strokes in humans, presenting a major problem for translational research.  

An important question that remains to be answered from this set of dissertation 

experiments is what part of the brain is responsible for axonal remodeling that occurs 

from rehabilitative training after MCAo. It is possible that rehabilitative training is 

promoting plasticity along ipsilesional pathways such as the corticorubral or corticospinal 

pathways that are important for motor control. We did not sample these areas for this 

experiment, however, future studies should investigate these ipsilesional pathways and 

their involvement in paretic forelimb recovery after stroke. Another important area of 

research that could expand on the findings from the current non-paretic limb experiment 

is investigating the effects of bimanual training on paretic forelimb recovery.   

In summary, the work presented in this dissertation features a rehabilitative 

training model with multi-faceted forelimb functions, similar to those present in clinical 

stroke populations. The work presented here lays a foundation for future work for those 

who would like to expand the research on motor rehabilitation and neural plasticity in 

subcortical strokes. 
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