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Motor impairments are one of the most common deficits resulting from strokes in 

humans.  Motor rehabilitation can often either accelerate and/or enhance functional 

recovery.  Clinical data also indicates that motor cortical electrical stimulation may 

reduce motor impairments.  Thus it seemed likely that combining cortical electric 

stimulation with rehabilitative training on a motor task could facilitate greater functional 

recovery.   

The general hypothesis is that cortical electrical stimulation (CS) can improve the 

efficacy of motor rehabilitative training and increase neuronal structural plasticity after 

stroke-like damage in adult animals.  This was tested following ischemic SMC lesions in 

adult male rats using low-levels (below the level of current that elicits movement) of 

electrical current delivered to the surface of intact tissue adjacent to the lesion concurrent 

with motor rehabilitative training on a skilled reaching task.  In separate studies, it was 

demonstrated that 50Hz bipolar or 100Hz monopolar cathodal and anodal electrical CS of 
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peri-infarct tissue augmented forelimb functional recovery on skilled reaching tasks 

compared to rehabilitation alone.  However, CS may be partially limited in effectiveness 

by the severity of post-lesion impairments.  CS did not improve overall reaching 

successes in the single pellet retrieval task in animals with relatively severe impairments 

following SMC lesions, although CS did alleviate specific movement impairments related 

to reaching in both moderately and severely impaired groups. 

It was also hypothesized that cortical stimulation facilitates behavioral 

improvements by inducing neural structural reorganization after brain damage.  It was 

found that CS-induced improvements in behavior coincided with structural plasticity in 

the cortex adjacent to the lesion.  Rehabilitation combined with 50Hz stimulation 

increased the surface density of dendritic processes in layer V of the cortex lateral to the 

lesion compared to groups receiving 250Hz CS or no stimulation during rehabilitation.  

Cathodal 100Hz CS also enhanced neuronal density, but not neuron number, in perilesion 

motor cortex compared to groups receiving no stimulation during rehabilitation.  

Together these studies indicate that cortical electrical stimulation combined with 

skilled reaching can greatly enhance post-lesion behavioral recovery on skilled reaching 

tasks.  Enhanced behavioral recovery is accompanied by neuroplasticity in cortical areas 

adjacent to the lesion.   



 viii

Table of Contents 

List of Tables ......................................................................................................... xi 

List of Figures ....................................................................................................... xii 

 

Chapter 1:  Introduction ...........................................................................................1 
1.1  Behavioral induced changes in intact cortex ..................................3 
1.1.1  Functional and structural cortical alterations following skilled reach 

training ..........................................................................................5 
1.1.2  Behaviorally induced changes following motor cortical brain 

damage in animals.........................................................................6 
1.1.3  Possible mechanism of rehabilitation induced recovery..............7 
1.1.4 Evidence for the behavioral benefit of post-lesion cortical 

stimulation.....................................................................................9 
1.2  Anatomy of somatic sensorimotor cortex in rats ..........................10 
1.2.1 Intra-cortical connections between SI and MI ............................11 
1.2.2 SI and M1 subcortical connections .............................................12 
1.3  References.....................................................................................13 

Chapter 2: Efficacy of improving post-lesion forelimb motor behavioral impairments 
by combining cortical electrical stimulation with rehabilitation ..................23 

2.1 Abstract ..........................................................................................23 
2.2  Introduction...................................................................................23 
2.3 Methods..........................................................................................27 
2.3.1  Animals ......................................................................................27 
2.3.2  Surgical Procedures ...................................................................28 
2.3.3  Stimulation Procedures ..............................................................29 
2.3.4  Motor Skills Training.................................................................30 
2.3.5 Histology.....................................................................................31 



 ix

2.3.6 Statistical Analyses .....................................................................33 
2.3 Results.........................................................................................34 
2.5 Discussion ......................................................................................41 
2.6  References.....................................................................................46 

Chapter 3.  100 Hz cortical stimulation combined with rehabilitative training 
following sensorimotor cortex lesions enhances functional recovery and 
increases perilesional neuronal density.........................................................57 

3.1 Abstract ..........................................................................................57 
3.2 Introduction....................................................................................58 
3.3  Methods.........................................................................................60 
3.3.1  Animals ......................................................................................60 
3.3.2  Surgical Procedures ...................................................................61 
3.3.3  Stimulation Procedures ..............................................................62 
3.3.4  Behavioral methods for CS and rehabilitation...........................63 
3.3.5  Histology ....................................................................................66 
3.3.6  Statistical Analyses ....................................................................72 
3.4 Results............................................................................................73 
3.5  Discussion .....................................................................................85 
3.6  References.....................................................................................91 

Chapter 4. The efficacy of cortical electrical stimulation combined with motor 
rehabilitation after cortical ischemia depends on the magnitude of behavioral 
impairments...................................................................................................95 

4.1  Abstract .........................................................................................95 
4.2  Introduction...................................................................................96 
4.3  Methods.........................................................................................98 
4.3.1  Animals ......................................................................................98 
4.3.2  Surgical Procedures ...................................................................99 
4.3.3  Stimulation Procedures ............................................................100 
4.3.4  Behavioral methods for CS and rehabilitation.........................101 
4.3.5  Behavioral tests........................................................................102 
4.3.6  Histology..................................................................................105 
4.3.7  Statistical analysis....................................................................107 



 x

4.4  Results.........................................................................................107 
4.5  Discussion ...................................................................................118 
4.6 References....................................................................................125 

Chapter 5. General discussion and future directions. ..........................................129 
5.1 CS combined with motor rehabilitation: potential mechanisms. .129 
5.1.2 Potential clinical implications of CS/RT. .................................136 
5.1.3. Implications for transcranial stimulation therapies..................138 
5.1.4 Conclusion. ...............................................................................139 
5.2 References....................................................................................140 

Appendix .............................................................................................................145 

Glossary Abbreviations:.......................................................................................147 

References............................................................................................................148 

Vita …………………………………………………………………………….169 



 xi

List of Tables 

Table 2.1 Volumes (mm3) ipsilateral to the lesion................................................39 

Table 3.1 Cortical and Striatal Volume Measurements (mm3)..............................78 

Table 3.2 Estimated neuronal density and number in remaining motor  

 cortex 104 per mm3............................................................................80 

Table 3.3 Density of BrdU-IR (mm3). ...................................................................81 

Table 4.1 Cortical and Striatal Volume Measurements (mm3)............................109 



 xii

List of Figures 

Figure 2.1   Experimental design overview ...........................................................27 

Figure 2.2    A rat in the Montoya staircase task apparatus ...................................30 

Figure 2.3    Performance on the Montoya staircase test. ......................................36 

Figure 2.4    Daily Movement Thresholds. ............................................................37 

Figure 2.5    Lesion size and placement.................................................................38 

Figure 2.6    Surface density of microtubule-associated protein............................41 

Figure 3.1.   Image of a monopolar electrode used to deliver 100 Hz cortical 

stimulation.........................................................................................62 

Figure 3.2    Rehabilitative training task................................................................64 

Figure 3.3    Cortical stimulation effects on rehabilitative training on the  

 single pellet retrieval task. ................................................................74 

Figure 3.4    Movement Thresholds. ......................................................................75 

Figure 3.5    Impaired forelimb use for postural support. ......................................76 

Figure 3.6    Reconstruction of SMC lesion extent and placement........................77 

Figure 3.7    Neuronal density in cortex medial to the lesion. ...............................79 

Figure 3.8    BrdU labeling in ipsilesional sensorimotor cortex. ...........................81 

Figure 3.9    Proportion of BrdU-IR cells co-labeled with markers of  

 neurons and glia. ...............................................................................82 

Figure 3.10  Density of Fluoro-Jade B stained degenerating neurons...................84 

Figure 4.1    Reconstruction of SMC lesion extent and placement......................108 

Figure 4.2    Peri-lesion cortical stimulation effects on rehabilitative training on the 

single pellet retrieval task. ..............................................................110 



 xiii

Figure 4.3    Representative images of normal and impaired reaching movements in 

the single pellet retrieval task. ........................................................113 

Figure 4.4    Qualitative movement analysis........................................................114 

Figure 4.5    Movement Thresholds. ....................................................................115 

Figure 4.6    Impaired forelimb use for postural support .....................................116 

Figure 4.7    Abnormal pasta eating behaviors. ...................................................118 

Appendix    Figure 1 ............................................................................................146 



 1

 

Chapter 1:  Introduction  

Motor impairments are the most common deficit following strokes in humans 

(Duncan et al., 2000).  Depending on the severity of the impairments, motor 

rehabilitation can significantly enhance motor function (reviewed in: Duncan et al., 

2000).  Transcranial motor cortical electric stimulation in humans has been found to 

acutely reduce stroke-induced motor impairments (Hummel & Cohen, 2005).  Thus it 

seemed possible that combining cortical electric stimulation with rehabilitative training 

on a motor task could facilitate greater post-injury functional recovery.  The basic 

hypothesis underlying the following research is that cortical stimulation (CS) may 

enhance learning-induced behavioral changes and neural structural reorganization after 

brain damage. 

Following brain damage, adult animals adopt compensatory behavioral strategies 

in order to overcome impaired functions (Gazzaniga, 1966; Gentile et al., 1978; Jones & 

Schallert, 1992; Whishaw, 2000).  These compensatory behaviors are linked to cortical 

restructuring and growth of synaptic connections in the remaining tissue (for review see:  

Jones et al., 1998).  However, animals are unlikely to spontaneously adopt behavioral 

strategies that are optimal for improving functional recovery.  Motor training or 

experience can further enhance adaptive plasticity and improve motor performance 

(reviewed in Jones et al., 1998; Sanes & Donoghue, 2000).  For example, following 
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unilateral damage to the sensorimotor cortex (SMC), motor training on skilled reach 

training task promoted greater functional improvements and adaptive plasticity compared 

to animals without training (e.g., Nudo et al., 1996a; Whishaw, 2000; Biernaskie & 

Corbett, 2001).  

Motor cortex stimulation, applied in the treatment of post-stroke neuropathic pain, 

was reported to unintentionally reduce motor impairments in some patients (Katayama et 

al., 1997, 1998, 2001; Garcia-Larrea et al., 1999).  Recent animal studies indicate that, 

following damage to the SMC, cortical electric stimulation enhances motor performance 

in skilled reaching tasks and the behavioral improvements are accompanied by 

enhancement in the function of neural networks in the remaining cortex (Kleim et al., 

Plautz et al., 2003; Teskey et al., 2003).  These studies indicate that cortical stimulation 

of the motor cortex may alleviate some forms of motor impairment following stroke and 

strengthen remaining neural connections.     

The following studies were designed to test the basic hypothesis that following 

unilateral damage to the sensorimotor cortex, practice in skilled reaching with the 

impaired forelimb concurrent with cortical stimulation would facilitate behavioral 

recovery compared to rehabilitation alone.  It was also hypothesized that CS-induced 

behavioral improvements would coincide with structural plasticity in remaining brain 

regions involved in motor control. 

Experiment 1 assessed the behavioral and dendritic structural effects of 

combining motor skills training with subdural cortical electrical stimulation (at 50Hz or 

250Hz) following unilateral sensorimotor cortex lesions in adult male rats.  The second 

experiment examined whether rehabilitative training combined with epidural 100Hz 

cathodal or anodal monopolar stimulation would improve forelimb behavioral recovery 

and alter neuronal plasticity in the remaining motor cortex compared to rehabilitation 
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alone, following unilateral SMC lesions.  The final study evaluated whether the efficacy 

of cortical stimulation depends upon the initial magnitude of behavioral impairment 

following unilateral SMC lesions. 

The remainder of this chapter provides background leading to the current 

hypotheses.  The first sections briefly overview how behavioral experience, and 

specifically skilled reach training, alters neural functional and structural plasticity.  Two 

sections are then dedicated to describing the behavioral consequences of motor cortical 

damage and evidence that motor training can reduce motor deficits and increase neural 

plasticity.  The last section briefly reviews the anatomy of the sensory and motor cortex 

in rats. 

1.1  Behavioral induced changes in intact cortex 

In the following review of behavioral and learning induced changes in the cortex, 

the primary focus will be limited to animal studies.  Numerous studies demonstrate that 

behavioral manipulations can modify the anatomical, biochemical and physiological 

responses of the adult mammalian neocortex (for review: Nudo, 2003; Rioult-Pedotti et 

al., 2000; Kleim et al., 2003; Butefisch, 2004).  For example, rats either raised or placed 

as adults into a complex environment have increased cortical volume (Diamond et al., 

1964), dendritic arborization (Greenough & Volkmar, 1973), dendritic spine density 

(Globus et al., 1973), synapse number per neuron (Turner & Greenough, 1985) and 

multi-synaptic boutons (Jones et al., 1997) in the visual cortex compared to rats housed in 

standard laboratory cages.  Black et al (1990) demonstrated that learning of a task, and 

not simple motor activity, induced dramatic alteration in neural structural plasticity.  

Adult rats trained to traverse a complex obstacle course (“acrobatic task”) have increased 

number of synapses per Purkinje cells in the paramedian lobe of the cerebellum (an area 

associated with forelimb motor control) compared to animals that received simple, 
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repetitive exercise (Black et al., 1990).  Acrobatic training also induced dramatic 

increases in synapse number per neuron in layer II/III (Kleim et al., 1996) and layer V 

(Jones et al., 1999) and increases in multi-synaptic boutons (Jones, 1999) in the motor 

cortex compared to animals that received simple repetitive exercise.  

Low levels of electrical stimulation, via surface or intracortical electrodes, elicit 

discrete body movements in primary motor cortex in humans and animals.  These motor 

representation maps (motor maps) are thought to be an indirect measure of changes in 

intracortical neural activation (reviewed in: Sanes & Donoghue, 2000).  Several studies 

have also demonstrated that motor training can induce changes in motor maps.  For 

example, non-human primates trained on a novel visually guided motor task (Suner et al., 

1993; Sanes & Donoghue 1997) or a precision grasping task (Nudo et al 1996) show 

motor map expansion.  Learning induced motor map expansion is associated with 

saturation of LTP (Monfils & Teskey, 2004) and greater synapses per neuron in the 

motor cortex (Kleim et al., 1998).   

Recent studies are beginning to delineate the neurotransmitter systems involved in 

motor learning.  For example, LTP in the motor cortex is blocked by the administration 

of NMDA receptor (Hess et al., 1996; Werk & Chapman, 2003) and acetylcholine 

receptor (Hess & Donoghue, 1994) antagonists, while GABA receptor antagonists 

facilitate LTP induction (Hess et al., 1994; Hess et al., 1996).  Administration of GABA 

antagonists induces an expansion of movement representations (Jacobs & Donoghue, 

1991) and selective elimination of cholinergic inputs into the motor cortex disrupts 

learning-induced motor map expansion in the rat (Conner et al., 2003; 2005).  

Additionally, repeated seizure activity (kindling) of the motor cortex and limbic system, 

resulted in a doubling of the caudal forelimb motor map area and enhanced evoked 

potentials in layer V of the motor cortex (Teskey et al., 2002).  Kindling has been shown 
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to result in alterations of both glutamatergic and GABAergic activation (Keller, 1993).  

Kindling also recruits previously “silent” or “dormant” NMDA receptors (Mody & 

Heinemann, 1987; Mody et al., 1988). Thus, NMDA and GABA likely play essential 

roles in learning-induced motor map expansion and motor cortical reorganization and 

may do so by unmasking preexisting excitatory connections in adjacent cortical regions 

by decreasing intracortical inhibition (Jacobs & Donoghue, 1991). 

 1.1.1  Functional and structural cortical alterations following skilled reach training 

Skilled reach training was used in the following chapters as a measure of motor 

function and as a motor rehabilitative task.  Skilled reach training is a highly sensitive 

measure of distal forelimb function and skill acquisition and is associated with structural 

and function alterations in the motor cortex opposite the trained limb compared to either 

ipsilateral motor cortex and/or no training controls.  Skilled reach training increases the 

complexity and density of motor cortical dendritic processes (Withers & Greenough, 

1989; Bury & Jones, 2002) and synapses per neuron (Kleim et al., 2002) and enhances 

synaptic efficacy (Rioult-Pedotti et al., 2000; Monfils & Teskey, 2005).  Skilled reach 

training also expands motor cortical map representation of the wrist and digits in rats 

(Kleim et al, 1998) and non-human primates (Nudo et al., 1996).   

Motor map reorganization may reveal the integrity and strength of synaptic 

connectivity required for coordinated activation of intracortical neurons that synapse onto 

cortical spinal neurons (reviewed in: Monolif et al., 2005).  Motor learning has been 

shown to alter movement representations in humans (Cohen et al., 1993; Pearce et al., 

2000), monkeys (Nudo et al., 1996b; Plautz et al., 2000) and rodents (Kleim et al., 1998; 

Remple et al., 2001; for review see: Monfils et al., 2005).  Skilled reach training produces 

expansion of specific motor maps, specifically in the caudal forelimb area, involved in 

the reaching task opposite the trained limb (e.g. Nudo et al., 1996; Kleim et al., 1998; 
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Remple et al., 2001).  In contrast to the effects of skilled motor learning, expansion of 

motor maps are not found following repetition of unskilled movements (Kleim et al., 

1998; Plautz et al., 2000), strength training (Remple et al., 2001) nor exercise training 

(Kleim et al., 2002). 

1.1.2  Behaviorally induced changes following motor cortical brain damage in 
animals 

Motor skill acquisition, or motor learning, and not just repetitive motor movement 

appear to be necessary to drive plasticity in the motor cortex (Plautz et al., 2000).  If 

motor learning in intact animals can drive neural functional and structural changes, it 

follows that similar mechanisms may be involved in adaptive plasticity and behavioral 

recovery following damage to the motor cortex (see Nudo, 2003).   

Damage to the motor cortex can produce deficits in the contralateral limbs, 

including paralysis or weakness, and abnormalities in muscle tone, posture, movement 

synergies, and loss of coordination (e.g., Whishaw et al., 1986; Nakayama et al., 1994; 

Cirstea & Levin, 2000; Schallert et al., 2000).  Depending on the severity of the 

impairments, motor rehabilitation can significantly enhance motor function (reviewed in: 

Duncan et al., 2000).  Motor obstacle course training (the Acrobatic task) after unilateral 

SMC lesions enhances coordinated forelimb use and is accompanied by synaptic 

structural plasticity in the cortex opposite the lesion and reduced tissue loss in peri-lesion 

cortex (Jones et al., 1999; Chu & Jones, 2000).  Reach training of the impaired forelimb 

after unilateral cerebral lesions improves reach and grasp movements (e.g., Biernaski & 

Corbetts, 2001; Whishaw, 2000; Gilmour et al., 2005).  In rats (VandenBerg & Kleim, 

2001) and monkeys (Nudo et al., 1996a) reach training after ischemic infarcts of the 

motor cortex spares the loss of peri-lesional distal forelimb representation areas, as 

assessed with microstimulation motor mapping.  Subsequent lesions to these newly 
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reorganized motor map regions reinstate the initial motor impairments (e.g., Castro-

Alamancos & Borrell, 1995; Conner et al., 2005).  These data suggest that rehabilitative 

therapies may remodel neuronal circuitry within the surrounding tissue and that such 

reorganization contributes to functional recovery (reviewed in Jones et al., 1998; Kolb et 

al., 1998).  Conner et al. (2005) have also demonstrated that basal forebrain cholinergic 

input to the motor cortex is essential for motor learning-induced reorganization of the 

rostral forelimb area following lesions to the motor cortex in rats.  It should be noted that 

in intact rats, lesions to the rostral forelimb area does not disrupt forelimb motor learning 

(Conner et al., 2005).  These data indicate that post-damage motor reorganization may 

occur in novel motor areas. 

Combining rehabilitation with other therapies may further enhance experience-

induced behavioral recovery and neural plasticity.  Exposure to an enriched environment 

without reach training before or after ischemic damage does not affect reaching and 

grasping impairments (Grabowski et al., 1995).  However, when enriched environment 

exposure was combined with daily reach training following unilateral middle cerebral 

artery occlusions (MCAo), rats demonstrated  significant enhancement in reaching ability 

compared to animals without environmental enrichment exposure or motor rehabilitation 

(Biernaski & Corbetts, 2001).  Forelimb training combined with fetal tissue grafts 

(Riolobos et al., 2001) or pharmacological treatments (reviewed in: Feeney & Sutton, 

1987) enhances function in measures of recovery compared to either treatment alone.   

Thus, motor rehabilitation alone may not be optimal for recovery of function and a better 

strategy may be to combine rehabilitation with other therapies (Johansson, 2003).    

1.1.3  Possible mechanism of rehabilitation induced recovery 

Recovery of function is likely not a reinstatement of original movements or 

behaviors, but rather a result of learning new compensatory movement strategies (Nudo, 
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2003; Whishaw, 2000).  Studies indicate that rehabilitative therapies, such as reach 

training, produce behavioral improvements, at least in part, by altering the function and 

structure of neurally connected tissue adjacent and remote from the site of injury (e.g., 

Nudo et al., 1998).  Learning-induced post-injury behavioral modifications may 

capitalize on adaptive plastic responses in denervated brain regions (reviewed in:  Jones 

et al., 1998; Nudo, 2000; see also: Bury & Jones, 2002; 2004; Luke et al., 2004; Allred & 

Jones, 2004).  Rehabilitation may also accelerate or enhance behavioral improvements by 

reducing the effects of diaschisis following cortical injury (see: Nudo, 2000).  Transient 

and chronic diaschisis includes a decline in glucose metabolism (Infeld et al., 1995) and 

abnormal levels of either neural hyperexcitability or depression (for review: Andrews, 

1991).  Studies have demonstrated that after cortical injury in rats (Witte & Stoll, 1997) 

and mice (Qu et al., 1998) there is a down regulation of γ-aminobutyrate (GABA) 

receptors in perilesion cortex.  Cortical injury also increases N-Methyl-D-Aspartate 

(NMDA) receptor density near the lesion (Qu et al., 1998).  Early after somatosensory 

injury, administration of GABA antagonist improves recovery from somatosensory 

deficits (Hernandez & Schallert, 1988), while diazepam or phenobarbital (GABA 

agonists) impairs somatosensory recovery (e.g., Schallert et al., 1986; Hernandez & 

Holling, 1994), potensially because GABA can have excitatory effects after injury (van 

den Pol, 1996; 1997).  However, GABA agonists do not impede recovery of function 

after several weeks post-lesion (Schallert et al., 1986).  Thus, after an early vulnerable 

period, it appears that the post-injury induced down regulation of GABA and up-

regulation of NMDA activity facilitates greater LTP (Hagemann et al., 1998) which may 

facilitate greater recovery from damage.  For example, motor rehabilitation also induces 

modification of horizontal synaptic connections through LTP-like enhancement of neural 

efficacy.  Long-term potentiation is thought to be one of the most likely mechanisms by 
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which learning produces long-lasting physiological and structural changes (for review: 

Sanes & Donoghue, 2000). 

1.1.4 Evidence for the behavioral benefit of post-lesion cortical stimulation  

There is a growing body of evidence suggesting that electrically stimulating the 

motor cortex may facilitate recovery of function.  In humans, transcranial direct cortical 

stimulation (tDCS) has been shown to improve motor function in patients with chronic 

motor impairments when anodal current was delivered over the impaired motor cortex 

(Hummel et al., 2005; Fregni et al., 2005) or cathodal current was delivered over the 

contralesional motor cortex (Fregni et al., 2005).  Clinical reports suggest that epidural 

motor cortex stimulation, used to reduce chronic pain after sub-cortical strokes, may also 

reduce hemiparitic impaiments (Tsubokawa et al., 1993), motor weakness (Katayama et 

al., 2002), motor spasticity (Garcia-Larrea et al., 1999), action tremor (Nguyen et al., 

1998) and dystonia (Franzini et al., 2003).   

Combining cortical stimulation (CS) with rehabilitation has been demonstrated to 

be an efficacious and safe means of enhancing rehabilitation.  Following SMC lesions, in 

rats (Adkins-Muir & Jones, 2003; Kleim et al., 2003; Teskey et al., 2003) and monkeys 

(Plautz et al., 2003) subdural stimulation of motor cortex, via chronically implanted 

electrodes, combined with skilled reaching, enhanced forelimb behavioral recovery 

compared to rehabilitation alone.  [It should be noted that when stimulation current is 

applied to cortical layers, cathodal and anodal currents do not necessarily produce the 

same polarizing effects as seen with transcranial stimulation (Purpura & McMurtry, 

1965)].  
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1.2  Anatomy of somatic sensorimotor cortex in rats 

The primary somatic sensory (SI) and motor (MI) cortex are 

electrophysiologically and cytoarchitectually distinct.  Cutaneous tactile stimulation 

elicits activation of cells in receptive fields for discrete areas of the body in SI (Welker et 

al., 1984; Chapin & Lin, 1984, 1987; Sanderson et al., 1984).  These receptive fields 

correspond to cytoarchitectually distinct clusters of dense granular cells in layer IV 

(Welker et al., 1984; Sanderson et al., 1984).  Interspersed between the densely packed 

clusters of granular cells of layer IV are strips of the less dense and thinner dysgranular 

cortex which does not respond to tactile stimuli (Sanderson et al., 1984).    

Primary motor cortex lies anterior and medial to SI and is characterized by the 

lack of a clearly defined granular layer IV.  Low levels of electrical stimulation, via 

surface or intracortical electrodes, elicit discrete body movements (e.g., Donoghue & 

Wise, 1982).  MI is subdivided into the medial agranular (AGm) and lateral agranular 

(AGl) areas.  Injections of the retrograde tracer, horseradish peroxidase, into the cortical 

spinal tract at the level of the cervical enlargement, label cells in both AGm and AGl.  

The largest number of labeled cells was found in AGl (and SI), and relatively fewer in 

AGm and secondary sensory cortex (SII; Donoghue & Wise, 1982).   

The rat forelimb area is represented in two main motor cortical regions, the caudal 

and rostral forelimb areas.  The rostral and caudal forelimb areas are located in 

cytoarchitectually distinct areas and are suggested to have different functional properties 

(Roullier et al., 1993; Wang & Kurata, 1998).  The rostral forelimb area is located in the 

AGm and the caudal forelimb area is located within the AGl (Wang & Kurata, 1998).  

The caudal forelimb, but not the rostral forelimb receives input from SI (Sieveret & 

Neafsey, 1986).  Forelimb movement elicits activation of the rostral forelimb that 

precedes activation of the caudal forelimb area (Donoghue, 1985).  The main inputs to 
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the rostral forelimb area originate from AGl, namely the caudal forelimb area (Wang & 

Kurata, 1998). The caudal forelimb area receives inputs from AGm, including the rostral 

forelimb area, and caudally adjacent granular cortex (Wang & Kurata, 1998).  MI and SI 

partially overlap in the caudal forelimb area (e.g., Neafsey et al., 1986; Wise & Jones, 

1977; Sanderson et al., 1984).  This overlap zone has properties of both MI and SI, such 

that cortical stimulation elicits discrete forelimb movements and cutaneous stimulation 

activates cells (Donoghue et al., 1979; Sanderson et al., 1984; Chapin & Woodward, 

1986).  Donoghue and Wise (1982) argue that the overlapping somatic sensory and motor 

area may be important for cortical control of movements that are initiated or guided by 

cutaneous inputs from the limbs. 

1.2.1 Intra-cortical connections between SI and MI 

Although some of the anatomical connections of the rat motor cortex are not well 

defined, primate and feline studies have shown that layer II/III primary somatosensory 

cortex afferents primarily project to layer II/III of the primary motor cortex (Jones, 

Coulter & Wise, 1979).  Many axonal collaterals of MI pyramidal cells in layers II/III 

form synaptic connections with layer V pyramidal neurons within the motor cortex of 

cats (Asanuma & Rosen, 1972).   MI sends projections to SI via efferents predominately 

arising from neurons in layer V and to a lesser degree layer III (White & DeAmias, 

1977).  These efferents mainly terminate in the SI dysgranular strips (Chapin et al., 

1987).  The MI/SI overlap area is comprised of intracortical and ipsicortical connections 

from the non-overlapping areas (see Fabri & Burton, 1991; Wang & Kurata, 1998).  Both 

SI and MI receive transcallosal afferents which terminate most densely in layers II and III 

(Chapin et al., 1987).  These connections are primarily excitatory and synapse on both 

apical and basilar dendrites of pyramidal neurons (Lund & Lund, 1970; Cipollini & 

Peters, 1983). 
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1.2.2 SI and M1 subcortical connections 

Primary sensory and motor cortices receive input from the thalamus. The 

ventrobasal complex of the thalamus projects to layer IV and lower layer II in both the 

granular and dysgranular layers of SI (Killakey, 1973; Killakey & Sherman,  2003).  The 

ventrobasal complex primarily projects to MI layers III and I (Killakey, 1973).  The 

ventrolateral nucleus of the thalamus, which receives input from ascending spinal 

pathways, the deep cerebellar nuclei and basal ganglia, heavily terminate within layer II, 

III, and V in the sensorimotor overlap zone (Donoghue & Parham, 1983).   

Sensory cortex sends projections to many subcortical areas involved in motor 

perforce including striatum, superior colliculus and pontine nuclei (Wise & Jones, 1977; 

Wiesendander & Wiesendanger, 1982; Donoghue & Parham, 1983; Mihailoff et al., 

1985; McGeorge & Faull, 1989).  Pyramidal neurons in layer V of MI are the primary 

source of descending projections to the spinal cord, pons, and cranial nerve nuclei (Bates 

& Killacke, 1984; Miller, 1987; Nudo & Masterton, 1990).  Layer V neurons from the 

sensorimotor overlap zone make monosynaptic connection with spinal motor neurons 

(Valverde, 1966; Hicks & D’Amato, 1977).  Layer V pyramidal neurons of the motor 

cortex also project to the striatum, predominately ipsilaterally but also contralaterally 

(e.g., Cospito & Kutlas-Ilinsky, 1981; Donoghue & Kitai, 1981), the basilar pontine 

nucleus (Mihailoff et al., 1981), and the reticular formation (Valverde, 1966; Catsman-

Berrevios & Kuypers, 1981).  Motor neurons from layer III and VI also project to the 

striatum (McGeorge & Faul, 1987).   
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Chapter 2: Efficacy of improving post-lesion forelimb motor behavioral 
impairments by combining cortical electrical stimulation with 

rehabilitation 

2.1 Abstract 

This study assessed the behavioral and dendritic structural effects of combining 

subdural motor cortical electrical stimulation with motor skills training following 

unilateral sensorimotor cortex lesions in adult male rats.  Rats were pre-operatively 

trained on a skilled forelimb reaching task, the Montoya staircase test, and then received 

endothelin-1 induced ischemic lesions of the sensorimotor cortex.  Ten to 14 days later, 

electrodes were implanted over the peri-lesion cortical surface.  Rats subsequently began 

10 days of rehabilitative training on the reaching task in 1 of 3 conditions: 1) 50 Hz 

stimulation during training, 2) 250 Hz stimulation during training or 3) no stimulation.  

No significant difference in performance was found between the 250 Hz and no 

stimulation groups. The 50 Hz stimulation group had significantly greater rates of 

improvement with the impaired forelimb in comparison to 250 Hz and no stimulation 

groups combined.  The 50Hz stimulated group had a significant increase in the surface 

density of dendritic processes immunoreactive for the cytoskeletal protein, microtubule-

associated protein 2, in the peri-lesion cortex compared to the other groups.  These results 

support the efficacy of combining rehabilitative training with cortical electrical 

stimulation to improve functional outcome and cortical neuronal structural plasticity 

following sensorimotor cortical damage. 

2.2  Introduction 

Previous pre-clinical and clinical studies have indicated that electrical stimulation 

of the motor cortex might be useful for improving motor dysfunction.  In studies using 
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extradural stimulation of the motor cortex to relieve chronic pain (stimulation frequencies 

between 50-130 Hz), a subset of patients were reported to have relief of stroke-induced 

motor impairments (reviewed in Canavero et al., 2003; Tsubokawa et al., 1993; Nguyen 

et al., 1998; Katayama et al., 2002; see also Smith et al., 2001).  Transcranial direct 

cortical stimulation via anodal current delivered over the impaired motor cortex (Fregni 

et al., 2005; Hummel et al., 2005) or cathodal current delivered over the contralesional 

motor cortex (Fregni et al., 2005) improved motor impairment in stroke patients.  

Transcranial magnetic stimulation over the motor cortex has also been found to improve 

the symptoms of Parkinson’s disease in some studies (Cantello et al., 2002; Pascual-

Leone et al., 2004). Transcranial magnetic stimulation in humans (Pascual-Leone et al., 

1999), cortical microstimulation mapping in monkeys and rats (Nudo et al., 1990; 

Vandenberg et al., 2002) and high frequency electrical stimulation in rats (Teskey et al., 

2002; Monfils & Teskey, 2004) indicates that cortical stimulation (CS) is likely to 

influence mechanisms of neural plasticity in the motor cortex.  These studies raise the 

possibility that CS may be useful for promoting adaptive neural plasticity and improving 

post-stroke motor impairments.  They also raise the need for animal and human studies 

that are designed to directly assess the post-stroke efficacy of CS.  

Another treatment approach for stroke that is gaining increasing attention in 

animal models is the use of rehabilitative training to drive restorative neural plasticity 

(Johansson, 2000).  Unilateral skilled reach training with the impaired forelimb after 

ischemic lesions of the motor cortical forelimb representation area has been found to 

spare the loss of the undamaged distal forelimb territory adjacent to the lesion, as 

revealed using microstimulation mapping in rats (Vandenberg & Kleim, 2001) and 

monkeys (Nudo et al., 1996).  More complex motor rehabilitative training after unilateral 

sensorimotor cortical lesions or middle cerebral artery occlusions in rats has been found 
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to enhance synaptic and dendritic structural plasticity in the cortex opposite the lesion 

(Jones et al., 1999; Biernaskie & Corbett, 2000) and reduce tissue loss in peri-lesion 

cortex (Chu & Jones, 2002).  Rehabilitative training or related manipulations of 

behavioral experience have also been found to be effective for enhancing the potency of 

other therapeutic approaches, such as fetal tissue grafts and other treatments intended to 

promote restorative plasticity (reviewed in: Johansson, 2000).   

The aim of this study was to test the feasibility and efficacy of combining cortical 

stimulation (CS) and post-stroke rehabilitative training to enhance impaired forelimb 

function.  This is one of the first studies to assess the behavioral consequences of 

combining rehabilitation with cortical stimulation, via subdural chronically implanted 

electrodes, following sensorimotor cortex (SMC) ischemic-like damage. The frequencies 

(50Hz and 250Hz) for the first examination of epidural motor cortical electrical 

stimulation were chosen because clinical studies using motor cortical electrical 

stimulation indicate that high frequency stimulation (i.e., > 50Hz) were safe and, in the 

case of 50Hz motor cortical stimulation, could relieve stroke related motor deficits (e.g., 

see Smith et al., 2001).  Rats were pre-operatively trained on a skilled forelimb reaching 

task, the Montoya staircase test, and then received endothelin-1 induced ischemic lesions 

of the SMC.  Ten to 14 days later, electrodes were implanted over the peri-lesion cortical 

surface.  Rats subsequently began 10 days of rehabilitative training on the reaching task 

in 1 of 3 conditions:  (1) 50 Hz stimulation during training (CS50), (2) 250 Hz 

stimulation during training (CS250) or (3) no stimulation during training (NoCS).   

Motor rehabilitation following cortical injury improves motor function and drives 

restorative neuronal plastic changes in denervated brain areas (e.g., Nudo et al., 1996; 

Jones et al., 1999; Chu & Jones, 2000; Biernaski & Corbetts, 2001).  To assess whether 

stimulation was also associated with changes in neural and glial processes in cortex and 
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striatum ipsilateral and contralateral to the lesion, quantitative measures of 

immunohistochemistry for microtubule-associate protein 2 (MAP2) and glial fibrillary 

acidic protein (GFAP) were used.  MAP2 is a cytoskeletal protein localized in neuronal 

cell bodies and dendrites that mediates microtubule stabilization and dendritic 

cytoskeletal growth (Itoh et al., 1997; Sanchez et al., 2000).  MAP2 alterations 

accompany increased arborization and morphological plasticity of dendrites and appear to 

be a key component of activity-dependent plasticity in developing and adult animals 

(Diez-Guerra & Avila, 1993; Woolf et al., 1994; Diez-Guerra & Avila, 1995; Kaech et 

al., 1996; Quinlan & Halpain, 1996; Martinez et al., 1997; Wilson & Keith, 1998).  

Several studies have found that MAP2 decreases in the cortex bordering a lesion (e.g., 

Bidman et al., 1998; Schwab et al., 1998) and this reduction is believed to be due to 

dendritic regression and neuronal death.  Forelimb reach training in intact animals has 

been found to increase the surface density of MAP2 immunoreactive (IR) dendrites in 

layers II/III and V of the motor cortex opposite the reaching forelimb (Bury & Jones, 

2002).  Thus, the findings in the present study that MAP2 is increased in animals that 

received 50HZ CS and motor rehabilitative training may be related to preservation of 

dendrites that are normally lost in ongoing lesion-induced neurodegeneration or they may 

be related to a greater learning-induced formation of dendritic processes in the peri-lesion 

cortex of the 50Hz stimulated animals.  The preservation or formation of dendritic 

processes may be associated with a greater number of synapses in the peri-lesion cortex.  

GFAP is a protein found in the microfilaments of glial cells which is one 

component of astrocytes cytoskeleton.  GFAP-IR was used to assess growth in astrocytic 

processes.  Although growth of astrocytes is often thought of as a pathological response 

to injury, several studies have found increased GFAP-IR in intact animals in association 

with learning (Matsutani & Leon, 1993; Jones et al., 1996) and with forced-use of one 
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forelimb in adult rats in the motor cortex (Bury et al., 2000).  It seems reasonable to think 

that, if CS enhances the efficacy of rehabilitative therapy, this would be coupled with 

changes in the neurons and astrocytes in areas involved in motor performance.   

2.3 Methods 

2.3.1 Animals 

Forty-one adult (3 to 4 months old) male Long-Evans hooded rats were used.  

Rats were made tame by gentle handling beginning after weaning and were housed on a 

12:12 hour light:dark cycle with water ad libitum.  Rats were moderately food restricted 

and reduced to 95% of their body weight in order to motivate performance on the 

reaching task.  Animals were randomly assigned to the following groups with the 

exception that they were matched as closely as possible for the severity of post-operative 

deficits: (1) 50 Hz stimulation during training (CS50, n = 17), (2) 250Hz stimulation 

during training (CS250, n = 7) and (3) training with no stimulation (NoCS, n = 13).  A 

subset of animals, received 50 Hz stimulation 20 min before training (Pre50CS, n=4).  

See Figure 2.1 for experimental design. 

 

Figure 2.1 Experimental design overview. 
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2.3.2 Surgical Procedures 

Endothelin-1 induced lesions.  Ischemic damage to the sensorimotor cortex 

(SMC) was created using the endothelin-1 (ET-1), vasoconstricting peptide, applied to 

the cortical surface to produce ischemic damage (Macrae et al., 1993; Fuxe et al., 1997).  

Rats were anesthetized with Equithesin (a cocktail of sodium pentobarbital and chloral 

hydrate).  Atropine sulfate was used to counteract respiratory depressive effects of the 

anesthesia and lidocaine was used as a local anesthetic at the suture site.  Rats were 

placed in a stereotaxic apparatus, received an incision at midline of the scalp, and the 

skull was removed between 0.5 mm posterior and 2.5 mm anterior to Bregma and 3 to 5 

mm lateral to midline.  Three equidistant punctures were made in dura using a 28 gauge 

needle and then 3 µl of endothelin-1 (0.2 ug/ul in sterile saline) was applied to the dural 

surface at a rate of 1µl/3min.  This lesion method has previously been found to produce 

focal damage to cortical layers I-VI underlying the craniectomy (Fuxe et al., 1997).  The 

skin was sutured and carefully monitored over subsequent days for proper healing. See 

Figure 5 for examples of ET-1 lesions of the SMC.  

Surface electrode implantation. Ten to 14 days after the lesions, rats underwent an 

additional surgery for placement of the stimulating electrode.  After anesthetization with 

ketamine (200 mg/kg) and xylazine (10 mg/kg), the craniectomy was enlarged by 1 more 

mm each in the lateral and anterior direction and 0.5 mm in the caudal direction and then 

dura was retracted.  This was done to expose remaining regions of the forelimb 

representation area of the motor cortex and adjacent regions.  The electrode consisted of 

1mm wide by 3mm long gold anodal and cathodal strips mounted on a 3mm by 3mm 

silicon plate.  The electrode was laid upon the pial surface and positioned in order to 

optimize the ability to evoke forelimb movements, as determined during the surgery 

using stimulation test pulses (described below).  The gold strips were oriented 



 29

approximately parallel to midline.  An attached electrode anchor (Plastics 1, Inc.) was 

adhered to the skull with the aid of dental cement and anchoring screws.  

2.3.3 Stimulation Procedures 

Assessment of movement thresholds.   Prior to each day of training, the lowest 

current necessary to evoke forelimb movements, movement thresholds, was determined 

for each rat.  Stimulator cables were attached to the electrode anchor and to a swiveling 

commutator. Rats were then placed in a transparent cylinder and observed while 3 sec 

trains of 1 msec pulses at either 50 Hz (CS50, PreCS50 and NoCS rats) or 250 Hz 

(CS250 rats) frequency were delivered using a customized pre-clinical stimulation system 

(Northstar Neuroscience, Inc., Seattle, WA).  Stimulation current was gradually increased 

until forelimb movements were evoked in 50% of 10 pulse trains.  This amplitude of 

stimulation was recorded as the movement threshold.   

Cortical Stimulation with Training.  On each day of training, rats were attached to 

stimulator cables and placed in an outer chamber of the Montoya staircase apparatus for 

20 min and the Pre50CS received stimulation at 50-70% of their movement threshold for 

the day.  At the end of this time period, a door leading to the staircase was opened and all 

rats were permitted to enter and to begin reaching for food pellets, as described in more 

detail below.  The remaining two stimulation groups received 20 min of stimulation at 50 

to 70% of the threshold for elicitation of forelimb movements.  Stimulation at 70% of 

movement threshold in some rats evoked facial grooming and other forelimb and facial 

rubbing (possibly indicating that thresholds for evoking forelimb and/or facial somatic-

sensations were lower than those for evoking movements).  In these animals, stimulation 

amplitudes were lowered until these behaviors ceased.  Rats in the CS50 and CS250 

groups received stimulation after entry into the staircase chamber and ascending the shelf 
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of the Montoya apparatus.  NoCS rats were connected to stimulator cables while 

performing the reaching task, but no stimulation current was delivered. 

 
Figure 2.2 A rat in the Montoya staircase task apparatus. In this task, rats 

reach for food pellets within wells of a descending ‘stair case’. Rats were forced to use 
their impaired limb by the placement of pellets only in wells opposite the side of lesion. 
Rats were placed into the reaching chamber for 20 min during which time CS50 and 
CS250 groups received stimulation at 50%–70% of movement thresholds. 

2.3.4 Motor Skills Training  

The Montoya staircase task requires rats to learn to reach with the forelimbs to 

retrieve food pellets placed at variable distances on a "staircase" (see Figure 2.2).  This 

test is highly sensitive to the impairing effects of unilateral SMC damage and is a 

challenging forelimb motor learning task even for intact rats.  In this task, rats ascend an 

elevated shelf above which a low ceiling enforces a relatively fixed torso position.  On 

either side of the shelf are 6 descending steps with 4 shallow wells on each for the 

placement of appetitive banana-flavored food pellets.  Pellets were made a distinct color 

(using food coloring) for each stair step.  Rats typically retrieved the pellets by reaching 

down and grasping them with the forepaw.  Data collected were the percent of pellets 
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retrieved and eaten out of the 24 available.  Pellets knocked out of the wells but still 

within the reaching chamber were not considered successful retrievals.   

Before lesion-induction, rats received shaping procedures to accustom them to the 

apparatus and to reaching for pellets placed in both (left and right) stairwells.  They were 

then trained to the criteria of successfully retrieving at least 50% of the 24 pellets with at 

least one forelimb per 20 min trial.  Lesions were made in the cortex opposite the best 

performing forelimb.  For post-lesion training, pellets were only placed on the staircase 

on the same side as the the impaired, contralateral to the lesion, forelimb.  Post-lesion, 

pre-implant trials were conducted to ensure that the lesions resulted in impairments that 

were approximately equivalent between groups.  Two to 3 days after implantation, rats 

were given 2 days of training without stimulation, the first disconnected and the second 

connected to the electrode leads.  Animals then received 10 days of group-appropriate 

stimulation during training.  This was followed by 2 days of training without stimulation 

(one connected and the other not connected to electrode leads). 

2.3.5 Histology 

After the end of training, rats were anesthetized with a lethal dose of sodium 

pentobarbital and perfused intracardially with 0.1M phosphate buffer (PB) followed by 

4% paraformaldehyde in the same buffer (pH 7.4-7.5).  Brains were extracted and post-

fixed in 4% paraformaldehyde in PB.  Sets of 50µm coronal sections were produced 

using a vibratome.   

Lesion reconstruction and volume estimates.  The extent of each lesion was 

reconstructed onto schematic coronal sections adapted from Paxinos and Watson (1986) 

and the placement was assessed based on the cytoarchitecture of the remaining cortical 

tissue.  Individual reconstructions where then overlaid onto one template for each of the 
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three stimulation groups and then the outer boundaries and shared regions of damage for 

each group were determined (see Fig. 2.5D).   

Lesion size was inferred from volume measurements of ipsilesional cortex and 

striatium from Toluidne blue (Nissl) stained 50 µm coronal sections. Cortical 

measurements were focused within the SMC region and included the first section caudal 

to the appearance of the forceps minor corpus callosum (~ +2.7mm anterior to Bregma) 

and seven additional caudal sections, each section was 600 µm apart (approximately -1.8 

anterior to Bregma).  Light microscopic images were collected using a high-resolution 

digital camera (final magnification X36).  Images of the cortex and striatum were 

outlined and then superimposed with a grid of test points in AdobePhotoshop™.  Points 

that fell within the cortical or striatal boundaries were counted.  Volumes were estimated 

using the Cavalieri method and systematic point counting (reviewed in: Mayhew, 1992).  

Volume was calculated using the formula:  Volume = ΣP X a(p) X T, where ΣP is the 

total number of points counted, a(P) is the area associated with each point, adjusted for 

magnification (5,091µm2), and T is the distance between section planes (600µm). 

Immunohistochemistry.  For immunohistochemistry processing, a free floating 

section method was used which previous studies have shown to produce good penetration 

of relatively thick sections (50 µm) with evident high specificity and low background for 

immunoreactivity (Hawrylak & Greenough, 1995; Jones et al., 1996; Bury & Jones, 

2002).  Sections were placed in 0.3% H202 in 0.01M phosphate buffered saline (PBS) at 

room temperature for 30 min to exhaust endogenous peroxidase activity.  Sections were 

then rinsed in PBS and placed for 2 h at room temperature in a solution to block non-

specific protein binding.  This blocking solution consisted of 0.4% Triton-X and 0.1% 

bovine serum albumin in PBS with either 2% horse serum (anti-MAP2) or goat serum 

(anti-GFAP).  Following rinses in PBS, adjacent sections were incubated at 4°C for 72 h 
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in either anti-MAP2A&B (1:500, Sigma, St. Louis, MO) or anti-GFAP (1:800; Sigma, St. 

Louis, MO). 

Following incubation, sections were rinsed in PBS and incubated for 2 h in 

secondary antibody (1:200 biotinylated anti-mouse made in horse for MAP2 or anti-

rabbit made in goat for GFAP, Sigma, St. Louis, MO) in blocking solution. Tissue was 

then again rinsed in PBS and incubated 1 h in peroxidase-linked avidinbiotin complex 

(ABC kit, Vector Labs, Burlingame, CA).  Immunoreactivity was visualized using 3-3’ 

diaminobenzidine (DAB) with nickel ammonium sulfate (NAS) intensification.  To 

verify specificity of antibody labeling, each batch of immunohistochemical processing 

included tissue sections processed as described above minus the primary antibody (no-

primary controls). 

MAP2 and GFAP Quantification.  

  Four regions were analyzed for changes in MAP2-IR:  (1) layer V lateral 

to the lesion; (2) the ipsilateral dorsolateral (DL) striatum; (3) layer V contralateral to the 

forelimb representational region of the SMC; (4) the contralateral DL striatum.  GFAP-IR 

was measured only in layer V of peri-lesion cortex, lateral to the lesion.  The cycloid grid 

intersection method (Baddeley et al., 1986) was used for measures of the surface density 

of MAP2- and GFAP-IR processes on tissue that was coded to conceal the experimental 

condition.  MAP2-IR and GFAP-IR somata were excluded from these measurements. 

2.3.6 Statistical Analyses 

Data were analyzed using SASTM statistical analyses software for general linear 

models (GLM).  Behavioral and movement threshold data were analyzed using repeated 

measures analyses of variances (ANOVAs) for the effects of Groups, Days and Group by 

Day interaction.  Post-hoc analyses used SAS GLM procedure for univariate contrasts.  

Volume measurements, MAP2, and GFAP data were analyzed using ANOVAs for the 



 34

effects of Groups.  Relationships between volume data and behavioral data were assessed 

using regression analyses.  

2.3 Results 

Rehabilitative reaching performance. 

As shown in Figure 2.3, endothelin-1 induced ischemic lesions worsened 

performance on the Montoya staircase test relative to pre-lesion performance in all 

groups (“Pre-Implantation” versus “Pre-Lesion”).  In nearly all animals, electrode 

implantation resulted in greater impairment on this task and this effect was similar 

between groups.  (This is discussed more below). 

Rats receiving 250Hz stimulation during training (CS250) clearly had no 

improvement in performance relative to the NoCS group.  Pooled over days of 

stimulation plus training, the mean ± S.E.M. percent successful reach attempts was 19.95 

± 6.24 in the NoCS group and 16.55 ± 2.72 in the CS250 group.  In 2- way ANOVA, the 

effect of Groups (F(1,18) = 0.40, p > 0.05) and Group by Day Interaction (F(15, 265) = 

0.69, p > 0.05) were non-significant.  Thus, these groups were combined into one control 

group for comparison with the CS50 group.  In comparison to the NoCS group alone, rats 

receiving 50Hz stimulation during training tended to perform better on most post-

stimulation onset days of training, but there were no significant Group (F(1,28) = 2.01, p 

> 0.05) or Group by Day interaction (F(15, 415) = 1.33, p > 0.05) effects.  However, the 

CS50 group had greater improvement over days of post-lesion training in comparison to 

the NoCS and CS250 groups combined.  In two-way ANOVA, there was a significant 

Group by Day interaction effect (F(15, 519) = 1.88, p < 0.05), indicative of the different 

rate of improvement over days of training.  There was no significant main effect of 

Groups, although this effect approached significance (F(1,35) = 4.06, p = 0.052).  On 

post-hoc analyses, CS50 rats were significantly better than the NoCS and CS250 groups 
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(combined) on several days of training, including Day 12 (after the cessation of the 

stimulation).  The small group of rats that received pre-training stimulation (PreCS50, n = 

4) did not show as great of efficacy as animals receiving concurrent CS50.  Therefore, 

early into the study this group was discontinued.  However, at the end of the study their 

data was analyzed.  In 2-way ANOVA there was a significant effect of Group (PreCS50 

vs. NoCS; F(1,168) = 4.08, p < 0.05) and a significant Day effect (F(13,168)=2.09, p < 

0.05) but there was no Group by Day interaction (F(13,168) = 0.29, p > 0.05).  There was 

also no significant Group effect (F(13,266) = 0.16, p > 0.05) between CS50 compared to 

PreCS50.   

Performance in the CS50 group did not decline during the 2 days of testing after 

the end of the stimulation (“Post-Stim” in Fig. 2.3).  In fact, reaching performance on the 

last day of training approached pre-operative levels of performance in this group.  
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Figure 2.3  Performance on the Montoya staircase test. Rats that received 50Hz 
stimulation during training (CS50) had a greater rate of improvement on the task over 
days of training than did rats receiving the training with 250Hz stimulation (CS250) or no 
stimulation (NoCS) combined.  Stimulation was delivered between days 1 and 10 of 
training.  *p < 0.05 significantly different from CS250 and NoCS groups combined. 

 

Movement Thresholds 

There was a decline in movement threshold over days of threshold testing in all 

groups, as shown in Figure 2.4.  In 2-way ANOVA for the effects of Groups and Days, 

there was a significant effect for Day (F(9,286) = 6.13, p<0.0001), reflecting the overall 

decline in thresholds over days of testing.  There was no significant main effect of 

Groups or Group by Day interaction (p’s > 0.05).  Note that in this experiment, 

movement thresholds were assessed daily in the NoCS group even though CS was not 

provided during rehabilitative training in this group. 
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Figure 2.4 Daily Movement Thresholds.  Movement thresholds declined  
over days of threshold testing in all groups.  Thresholds were defined as the  
amplitude needed to evoke movements in 50% of 10 pulse trains of 50Hz  
(CS50 and NoCS groups) or 250Hz (CS250 group).  
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Figure 2.5 Lesion size and placement. Photomicrographs of Nissl stained coronal 
sections of a representative, A, large, B, typical and, C, small lesion.  The section in A is 
from a subject of the CS50 group of Experiment 1 and the sections in B and C are from 
the NoCS group of this experiment.  Arrows indicate the dorsal extent of the underlying 
white matter. D, Reconstruction of lesions illustrating the combined outer boundries of 
lesions (maximum), the region common to all lesions (common), and a representative 
lesion from each group. 
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Table 2.1 Volumes (mm3) ipsilateral to the lesion.   
There were no significant differences between groups in the volume of ipsilesional 
cortical or striatal tissue.  Data are means ± S.E.M.   
 
Stimulation Group Cortex  Striatum 

NoCS 587.54 ± 26.96 357.14 ± 14.60 

CS250 

 

615.43 ± 28.80 353.00 ± 10.27 

CS50 561.38 ± 13.01 338.82 ± 10.81 

 

Histology 

Lesion reconstruction and volume estimates.  Figure 2.5 shows representative 

photomicrographs and schematic reconstructions of the lesions.  Unilateral endothelin-1 

lesions resulted in major damage throughout the depth of the somatic-sensorimotor 

cortex.  Reconstruction of the extent of the lesions revealed a range of lesions sizes and 

lesion placement which could be found in all groups.  Quantitative measurements of the 

volume of remaining cortex and of the underlying striatum are shown in Table 2.1.  There 

were no significant group differences in the volumes of the cortex (F’s = 0.21 to 2.92, p’s 

>0.05) or striatum (F’s = 0.02 to 3.01, p’s > 0.05).   

Cortical and striatal volumes were not predictive of reaching performance.  

Regression analysis failed to indicate a significant relationship between reaching 

performance (pooled over days of post-implantation training) and the remaining cortical 

(F(1,35) = 0.43, p > 0.05, R2 =  0.01) and striatal volume (F(1,35) = 0.20, p > 0.05, R2 = 

0.006).  

MAP2 and GFAP immunoreactiviy.  To assess whether the behavioral effects of 

CS corresponded to neural morphological changes, the surface density of processes 
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immunoreactive for the dendritic cytoskeletal protein, microtubule-associated protein 2 

(MAP2), were quantified in layer V of the motor cortex and the dorsal lateral striatum of 

damaged and undamaged hemispheres.  The questions of primary interest were whether 

CS-induced behavioral improvements corresponded to enhanced dendritic structural 

plasticity in brain regions proximal, or connected to, the site of injury.  Five animals from 

the CS50 group were excluded from these MAP2 analyses due to histological processing 

errors. 

As shown in Figure 2.6, rats that received 50 Hz stimulation during training had 

the greatest surface density of MAP2-IR dendrites in layer V of the cortex contiguous to 

the lesions.  This was significantly increased compared to the NoCS group (F (1,23) = 

9.15, p<.01) and in comparison to the CS250 group (F (1,17) = 12.74, p <.005).  There 

was no significant difference between the CS250 and NoCS groups (F(1,18) = 1.29, p > 

0.05).  In contrast to this effect in peri-lesion cortex, MAP2-IR was similar between the 

NoCS and CS50 groups in the contralateral cortex and in the dorsolateral striatum of 

either hemisphere.  The mean ± S.E.M surface density of MAP2 immunoreactive 

dendrites in mm-1 in the NoCS and CS50 groups, respectively, was 492.05 ± 23.09 and 

487.73 ± 19.56 in layer V of the cortex contralateral and homotopic to the lesion, 472.67 

± 35.06 and 435.59 ± 24.75 in the dorsolateral striatum ipsilateral to the lesion and 

493.78± 20.72 and 510.73 ± 15.68 in the dorsolateral striatum contralateral to the lesion. 

There were no significant differences between groups in any of these regions (p’s > 0.05).  
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Figure 2.6 Surface density of microtubule-associated protein. (A-C) Representative 
photomicrographs of MAP2-IR processes in layer V from (A) NoCS, (B) CS250, and 
CS50.  The surface density of MAP2 immunoreactive (IR) dendritic processes was 
increased in the peri-lesion cortex of rats receiving 50Hz stimulation during rehabilitative 
training in comparison to those receiving either no- or 250Hz stimulation. *p < 0.05 

 

 

The morphology of astrocytes immunoreactive for GFAP in the peri-lesion cortex 

was characteristic of that found bordering CNS injuries, but there were no significant 

differences between CS50 and NoCS groups in the surface density of GFAP-IR astrocytic 

processes in this region (p > 0.05; Data not shown).   

2.5 Discussion 

In summary, 50 Hz cortical stimulation during training on the Montoya staircase 

task significantly improved performance compared to animals receiving no stimulation or 

250Hz stimulation combined.  Performance in the CS50 group did not decline during the 

2 days of testing after the end of the stimulation.  Rats that received 50 Hz stimulation 
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had faster and greater improvement over most days of training than did rats receiving the 

training with no stimulation or 250 Hz stimulation despite similarly sized and placed 

lesions.  In the small number of animals that received stimulation that was not contingent 

with the training, pre-training stimulation did not appear to result in the same magnitude 

of improvement that was found with contingent stimulation.  Stimulation during training 

at a higher frequency (250Hz) did not result in a clear improvement in performance 

relative to animals receiving no stimulation.  

All groups in the present study had a reduction in movement thresholds over days 

of testing, consistent with other recent studies of cortical stimulation following SMC 

lesions in rats (Teskey et al., 2003).  However, in our study the no stimulation controls 

also showed a decline in movement thresholds whereas in Teskey et al. (2003) the no 

stimulation controls did not have altered movement thresholds at the end of testing.  This 

difference is mostly a result of daily threshold testing in the no stimulation controls in our 

study as opposed to only evaluating movement thresholds once prior to and at the end of 

rehabilitative training as was done in Teskey et al. (2003).  The difference in evaluation 

of movement thresholds in the no stimulation during training groups indicate that: (1) 

stimulation delivered during repeated threshold testing itself may be sufficient to alter 

movement thresholds and thus possible alter neural activity and (2) movement thresholds 

are not lowered by rehabilitation after SMC lesions, at least in these two studies.   

The decline in threshold is likely to indicate changes in the electrophysiological 

response properties and neural activity patterns of peri-lesion motor cortical neurons.  

Consistent with this possibility, Teskey et al. (2003) found a potentiation of the late 

component of evoked potentials resulted from repeated CS of some frequencies, 

including 50 and 250Hz, but not others 10 and 25 Hz.  Additionally, Kleim et al. (2003) 
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and Plautz et al. (2003) indicate a dramatic reorganization of representational maps as a 

result of repeated CS contingent with rehabilitative training.   

Stimulation delivered at a frequency of 250 Hz clearly failed to result in an 

improvement on the Montoya staircase task in the present study.  In contrast, Teskey et 

al. (2003) found improvements between days 7 to 10 of bilateral training on the pasta 

matrix task in rats receiving 250 Hz stimulation in comparison to non-stimulated animals.  

The difference in results in the present study versus Teskey et al. (2003) study may be 

related to the different task requirements (e.g., unilateral versus bilateral reaching), lesion 

types, time of post-injury onset of the treatment or other methodological difference.  

Despite this difference, Teskey et al. (2003) did find that 250Hz stimulation was 

considerably less effective in improving performance than 50 or 100 Hz stimulation.  

Thus, our studies are in agreement in finding that 250Hz is a non-optimal frequency for 

improving skilled reaching performance after focal cortical lesions.    

Two problems in the experimental design emerged in this test of the efficacy of 

CS combined with rehabilitative training.  The first is that the electrode implantation 

tended to worsen performance in all animals, similar to impairing effects of electrode 

implantation found in studies with monkeys (Plautz et al., 2003).  It may be that the post-

lesion time point chosen for electrode implantation in the present study (10-14 days) is 

one in which peri-lesion tissue is particularly vulnerable to the perturbation required for 

retraction of dura, electrode placement or other aspects of the second surgical procedure.  

The increased behavioral deficits following the electrode implantation surgery was 

avoided in a small pilot study that combined implant and lesion procedures into one 

surgery and implanted the electrodes epidurally rather than subduraly (see Appendix 1).  

The second problem is that performance on the Montoya staircase task was extremely 

variable within groups and this could not be linked to variability in lesion size, as 
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assessed by remaining cortical volume.  In anecdotal behavioral observations, rats varied 

greatly in their pellet retrieval strategies.  Some rats scraped pellets to the lowest stair 

well (the one considered most difficult) prior to attempting retrieval, for example, and 

others persistently attempted to retrieve more than one pellet at a time, which was rarely 

successful.  Thus, a potential source of variability on this task was the adoption of 

inefficient pellet retrieval strategies by many of the rats.  Skilled motor learning tasks that 

require more directed limb movements, such as the single pellet retrieval task, might 

more sensitively detect stimulation-induced improvements in performance.  

Future studies are needed to examine the independent contribution of CS alone 

and rehabilitation alone without cortical implants to motor recovery following motor 

cortex injury.  Although our small number of animals that received CS prior to reach 

training indicated that CS alone may aid in motor recovery even when CS is not coupled 

to motor rehabilitative training, non-concurrent CS was not as effective as CS delivered 

during rehabilitative training.  This suggests that the coupling of rehabilitation with the 

CS is necessary for optimal recovery outcomes.  Further studies are needed before it can 

be determined whether CS alone is sufficient to induce motor recovery.  Also, CS applied 

in lesion and non-lesion animals with and without motor rehabilitative training will aid in 

further understanding the mechanisms of action of CS.   Because of the clinical relevance 

of these studies, it will also be important in future studies to clearly demonstrate that 

implantation of the cortical electrode itself is not more detrimental than the benefits of CS 

and rehabilitation. 

In conclusion, the enhancement of behavioral performance in 50Hz stimulated 

rats coincided with a significant increase in MAP2 immunoreactive dendritic processes 

within layer V of the cortex contiguous to the lesion.  However, stimulation during 

training did not significantly affect MAP2 immunoreactivity in layer V of the 
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sensorimotor cortex contralateral to the lesion, nor in the dorsolateral striatum of either 

hemisphere.  These results may indicate a stimulation-induced and region-specific 

promotion of the growth and/or preservation of dendrites in the 50Hz stimulated group.  

A greater restructuring of neurons in the remaining SMC may contribute to the 

improvements found on the forelimb reaching task.  Although it was expected, there were 

no differences in GFAP immunoreactivity in animals receiving 50HZ stimulation 

compared to non-stimulated rats, it is possible that such effects would be more sensitively 

detected at earlier time points.   
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Chapter 3.  100 Hz cortical stimulation combined with rehabilitative 
training following sensorimotor cortex lesions enhances functional 

recovery and increases perilesional neuronal density 

3.1 Abstract 

Following unilateral sensorimotor cortex lesions (SMC) in rats, bipolar cortical 

electrical stimulation (CS), delivered subdurally, improved the efficacy of rehabilitative 

training in a skilled reaching task and this corresponded to increased density of dendritic 

processes in perilesion cortex compared to rehabilitation alone.  In the present study, we 

examined whether rehabilitative training combined with epidural 100Hz cathodal or 

anodal monopolar stimulation improves forelimb behavioral recovery following 

unilateral SMC lesions compared to rehabilitation alone.  Secondly, we investigated 

whether CS-induced improvements correspond with greater perilesion neuronal density 

and/or greater cell proliferation compared to rehabilitation alone.  Animals were pre-

trained on a skilled reaching task and then received partial unilateral SMC lesions and 

epidural implantation of monopolar electrodes over the remaining motor cortex.  Ten to 

14 days later, rats received reach training concurrent with anodal or cathodal 100Hz CS 

delivered at 50% of movement thresholds or with no stimulation (NoCS).  Injections of 

bromodeoxyuridine (BrdU; 50mg/kg) were given on every 3rd day of training, to label 

newly generated cells.  Both 100Hz anodal and cathodal CS robustly enhanced 

behavioral performance on the reaching task compared to NoCS controls.  Neuronal 

density in the perilesion cortex was increased in animals receiving cathodal stimulation 

compared to the other two groups.  However, there was also a non-significant tendency 

for there to be less remaining motor cortical volume in the group receiving CS cathode 

stimulation.  These data suggest that cathodal CS may be neuroprotective, but are not yet 
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conclusive.  There were no significant differences in the density of BrdU labeled cells in 

the remaining motor cortex between any groups.  Staining with Fluoro-Jade-B indicated 

that neurons continue to degenerate near the infarct 14 days post-lesion, the time when 

cortical stimulation and rehabilitation were initiated.  These data suggest that CS 

combined with rehabilitation greatly improves the efficacy of rehabilitative reach training 

following SMC damage and raise the possibility that cathodal stimulation may influence 

neuronal survival in perilesion cortex. 

3.2 Introduction 

Motor rehabilitation following cortical injury improves motor function and drives 

restorative neuronal plastic changes in denervated brain areas (e.g., Nudo et al., 1996; 

Jones et al., 1999; Chu & Jones, 2000; Biernaski & Corbetts, 2001).  Electrically 

stimulating the motor cortex also may facilitate recovery of function.  In humans, 

transcranial direct current stimulation (tDCS) and transcranial magnetic stimulation 

(TMS) have been shown to acutely improve motor function in patients with chronic 

motor impairments (Pascual-Leone et al., 1996; Cantello et al., 2002; Hummel et al., 

2005; Fregni et al., 2005).  Recent studies have demonstrated that cortical stimulation 

(CS) combined with rehabilitative training (skilled reaching) enhances motor functional 

outcomes compared to rehabilitation alone.  Following SMC lesions in rats (Adkins-Muir 

& Jones, 2003; Kleim et al., 2003; Teskey et al., 2003) and monkeys (Plautz et al., 2003), 

subdural stimulation of the motor cortex, via chronically implanted electrodes, combined 

with skilled reaching enhanced forelimb behavioral recovery compared to rehabilitation 

alone.  Enhanced behavioral function in the CS and rehabilitation groups also coincided 

with increased dendritic plasticity (Adkins-Muir & Jones, 2003), enlarged 

microstimulation evoked motor maps (Kleim et al., 2003; Plautz et al., 2003) and 
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enhancement in the polysynaptic component of evoked potentials (Teskey et al., 2003) in 

ipsilesional motor cortex compared to rehabilitation alone.    

The primary aim of this study is to determine the effectiveness of combining 

epidural cathodal or anodal 100Hz monopolar CS with reach training of the impaired 

forelimb following sensorimotor cortex (SMC) lesions compared to rehabilitation alone.  

We also wanted to determine if any improvements in reaching function would generalize 

to other post-lesional behavioral measures.  Finally, because projected clinical trials will 

use epidurally placed electrodes, it was essential to determine if current delivered through 

the dura would produce similar results as were found with subdural implantation 

procedures.  

The second primary aim of this study was to evaluate whether CS plays a role in 

cellular proliferation or survival sufficient to affect neuronal density in the remaining 

primary motor cortex.  Electrical stimulation applied to different brain regions can affect 

neuronal survival (Maesawa et al., 2004), reduce infarct volume (Glikstein et al., 2003) 

and enhance cell proliferation (Bengzon et al., 1997; Parent et al., 1998; Scott et al., 

1998; Nakagawa et al., 2000). Brain injury alone has been found to alter cellular 

proliferation in the subventricular zone and hippocampus (for review see Parent, 2003) 

and in some studies these new cells have migrated to the site of injury in striatum and 

cortex (Magavi et al., 2000; Arvidsson et al., 2002; Parent et al., 2002).  These new cells, 

including neurons, may integrate into existing networks and become functionally active 

(e.g., Nakatomi et al., 2002).  Thus, it seemed reasonable to expect that, following 

cortical lesions combined with cortical electrical stimulation there would be an increase 

in the density of neurons in perilesion cortex as a result of greater survival and/or as a 

result of production of new neurons. 
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In this study, adult male rats were pre-trained to proficiency on a skilled reaching 

task, the single pellet retrieval task.  They then received unilateral endothelin-1 (ET-1) 

induced SMC lesions and epidural implantation of monopolar electrodes over remaining 

SMC.  Ten to fourteen days after surgery, animals underwent 18 days of rehabilitative 

training with concurrent delivery of either cathodal or anodal 100Hz stimulation or no 

stimulation.  Animals received injections of bromodeoxyuridine (BrdU; 50mg/kg) every 

3rd day of rehabilitative training.  The density of BrdU+ cells in perilesion cortex and 

striatum were examined using stereological methods and the phenotype of cortical BrdU 

cells was analyzed with immunofluorescence and confocal microscopy.  Neuronal 

density was estimated in Nissl stained sections of the remaining motor cortex adjacent 

and underlying the site of electrical stimulation.   

3.3 Methods 

3.3.1 Animals 

Sixty-three adult (3 to 4 months old) male Long-Evans hooded rats were used.  

Rats were made tame by gentle handling beginning after weaning and were housed on a 

12:12 hour light:dark cycle. Thirty-one rats were used to assess the effects of CS after 

unilateral SMC lesions.  Rats were moderately food restricted (13-15g) to motivate 

performance on the reaching task.  Animals were randomly assigned to the following 

groups with the exception that they were matched as closely as possible for pre -operative 

and pre-rehabilitation period performance: (1) 100 Hz cathodal stimulation during 

training (CSCath, n = 10), (2) 100 Hz anodal stimulation during training (CSAnod, n = 

11) and (3) training with no stimulation (NoCS, n = 10).  An additional 32 rats were used 

for a Fluoro-Jade B (FJB) labeling study.  These rats received SMC lesions or sham 
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operations and were sacrificed 24h (lesion: n= 3), 3d (sham: n = 6, lesion: n = 9) or 14d 

(sham: n= 5, lesion = 9) following surgery.  

3.3.2 Surgical Procedures 

Ischemic damage to the sensorimotor cortex (SMC) was created using endothelin-

1, a vasoconstricting peptide, applied to the cortical surface (Macrae et al., 1993; Fuxe et 

al., 1997).  Rats were anesthetized with a cocktail of ketamine (100mg/kg) and xylazine 

(10-13mg/kg).  Rats were placed in a stereotaxic apparatus, received an incision at 

midline of the scalp, and the skull was removed between 0.5 mm posterior and 2.5 mm 

anterior to Bregma and 3 to 5 mm lateral to midline.  Dura was cut with a scalpel parallel 

to midline from the anterior/posterior extent of the craniectomy.  Then 3 µl of endothelin-

1 (0.2 µg/µl in sterile saline) was applied to the cortical surface at a rate of 1µl/3 min and 

was left undisturbed for 10 min after the last application.  This lesion method has 

previously been found to produce focal damage to cortical layers I-VI underlying the 

craniectomy (Fuxe et al., 1997; Adkins-Muir & Jones, 2003; Adkins et al., 2004; Adkins 

& Jones, 2005).   

Electrode implantation.  Ten minutes after the final endothelin-1 application, the 

craniectomy was enlarged by ~1mm each at the anterior and medial edges to expose 

perilesion motor cortex for epidural electrode implantation.  Each electrode consisted of 

0.4mm wide by 2mm long parallel platinum wire strip contacts mounted on a 3mm by 

3mm supporting plate extending from an electrode connector pedestal (Plastics One Inc., 

Roanoke, VA).  The platinum contacts were placed on dura and were orientated 

approximately parallel to midline.  Extensive preliminary data indicated that this 

electrode placement reliably enables post-operative stimulation-evoked contralesional 

forelimb and/or upper body and face movement.  The electrode was configured so that 

one current polarity was delivered to the contacts on cortex and the other polarity’s 
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current flowed through a small metal disk placed against the skin surface near Lambda to 

ground the current (see Fig. 3.1; Northstar Neuroscience, Inc., Seattle, WA).  The 

craniotomy was covered with gel foam and sealed with SDI Wave dental acrylic (SDI 

Inc., Bensenville, IL).  The electrode was secured to the skull using skull screws and 

cemented with a combination of standard dental cement and 3M Wave UV curing dental 

acrylic.  
 

 

Figure 3.1.  Image of a monopolar electrode used to deliver 100 Hz cortical 
stimulation. 

3.3.3 Stimulation Procedures 

Assessment of movement thresholds.  Movement threshold is defined as the 

minimal current necessary to produce visible movements of the forelimb or face 

contralateral to the lesion.  Prior to training on days 1, 7, 14 and 18,  rats were placed into 

a transparent cylinder and observed while series of 3 sec trains of 1 msec pulses of 

increasing current levels were delivered at a frequency of 100 Hz and with group-

appropriate polarity.  No stimulation controls (NoCS) did not undergo movement 

threshold testing because such testing itself can change movement thresholds (Adkins-

Muir & Jones, 2003; personal communication Cam Teskey) which may indicated 

changes in the electrophysiological response properties and neural activity patterns of 
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perilesion motor cortical neurons.  Daily cortical stimulation levels for rehabilitation were 

delivered at 50% of the movement threshold. 

Cortical Stimulation with Training.  Ten to fourteen days following surgery, 

rehabilitation on the single pellet retreival task was initiated concurrent with cathodal, 

anodal or no cortical stimulation.  On each day of training, rats were attached to 

stimulator cables and placed into the reaching chamber.  Daily stimulation was delivered 

at 50% of that week’s movement threshold.  Stimulation was initiated when animals first 

approached the reaching window and continued for the duration of the training session.  

The NoCS group was connected to stimulator cables during performance of the reaching 

task, but no electric current was delivered. 

3.3.4 Behavioral methods for CS and rehabilitation 

Reach training apparatus.  The single pellet retrieval task was conducted in a 

clear Plexiglas box (26cm long x 28.5 cm high x 16 cm wide) with a 1 cm wide by 20 cm 

long window at the front of the box, extending from the floor towards the top of the box.  

The apparatus design (Fig. 3.2) was adapted from Miklyaeva and Whishaw (1996), 

McKenna and Whishaw (1999), Peterson and Devine (1963), Withers and Greenough 

(1989) and is described in more detail in previous studies (see Bury and Jones, 2002).  

Rats were trained to reach through the window to retrieve a single palatable food piece 

(45 mg banana-flavored pellet, Bioserve, Inc., Frenchtown, NJ) placed on a shelf (11.7 

cm long x 5 cm wide x 3 cm high) in one of two shallow wells aligned 1 cm from each 

edge of the window.  Reaching with the contralesional (impaired) forelimb was 

effectively enforced by the insertion of an inner chamber wall ipsilateral to the reaching 

limb and by placement of the pellet in a well opposite the impaired limb.  A 2 mm 

diameter bar was attached to the shelf to discourage rats from scrapping pellets into the 

chamber.   
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Figure 3.2  Rehabilitative training task.  Photographic series showing a post-lesion 
animal successfully (A) aiming, (B) reaching, (C) grasping and (D) releasing a pellet 
(arrows). 

 

Reach training procedure.  Rats were trained for 60 trials per day or 15 min, 

which ever occurred first.  A reaching trial began with the placement of a pellet in a well 

and ended when the rat grasped the pellet and brought it to its mouth for consumption 

(success), dropped the pellet within the chamber before eating it (drops), or either 

knocked the pellet from the well or  missed it after 5 reach attempts (misses).  After each 

trial, a single food pellet was dropped at the back or to the side of the cage to “reset” the 

rats reaching posture.  Performance was measured as the percent of successes out of the 

total number of reach attempts [(total successes/total reach attempts)*100].     
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Prior to lesion/electrode implantation surgeries, animals were pre-trained to at 

least a 30% success rate averaged over two consecutive days.  Eight to twelve days 

following surgery, all animals received 2 training sessions while attached to electrode 

cables but without stimulation current. Ten to fourteen days post-surgery, animals were 

then trained for 18 consecutive days, while receiving group appropriate stimulation or no 

stimulation.  Rats then had one day of rest followed by two consecutive days of training 

without stimulation.  To simplify the data presentation and analyses, every two 

consecutive days of training data were pooled, within animals. 

BrdU Injection Protocol.  Bromodeoxyuridine (BrdU; Sigma, St. Louis, MO) was 

dissolved in sterile 0.9% NaCl at a concentration of 12.5 mg/ml.  Animals received 

injections of BrdU (50mg/kg) during the period of rehabilitative training every third day 

(days 2, 5, 8, 11, 14, and 17) following completion of that day’s training.  

Forelimb postural-motor asymmetries.  The Schallert Cylinder test was used to 

detect lesion-induced decreases in the proportionate use of the impaired forelimb during 

upright postural support (e.g., Schallert et al., 2000).  Rats were placed into a clear 

Plexiglas cylinder and videotaped for 2 min prior to SMC lesions (Pre-Lesion), the day 

before CS and rehabilitation (Post-Lesion) and following the last day of CS and 

rehabilitation (Post-Rehab).  During slow-motion video play back, the first 30 instances 

of sole use of either forelimb (ipsilateral or contralateral to the lesion) or simultaneous 

use of both forelimbs for upright support against the cylinder wall were recorded.  The % 

of contralateral forelimb use was computed using the formula: %[(contralateral + ½ 

bilateral forelimb support /ipsilateral + contralateral + bilateral forelimb support].   
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3.3.5 HISTOLOGY 

All animals in the study were transcardially perfused with 0.1M sodium 

phosphate buffer followed by 4% paraformaldehyde solution in the same buffer.  Rats in 

the CS experiment were perfused within 24h after the last training day.  Animals used to 

assess neurodegeneration were perfused 24h, 3d or 14d after ET-1 induced SMC lesions 

or sham operations.  For both experiments, six rostral–caudal sets of 50 µm coronal 

sections through the cerebrum were collected in 0.1M PB and stored in cryoprotectant 

solution at -20°C before use.  For the neurodegeneration experiment, one set of sections 

was stained with Fluoro-Jade B.  In the CS study, one set of sections was stained with 

Toluidine blue (a Nissl stain) and used for lesion verification, volume estimates, and 

neuronal density measurements and three sets of adjacent sections were processed for 

immunohistochemistry, as described below.   

All light-microscopy analyses were done with the aid of a high-resolution camera 

(DVC Inc., Austin, TX) and Neurolucida software (Microbrightfield Inc., Williston, VT).  

Excluding volume measurements, all quantitative anatomical data were obtained in serial 

coronal 50µm sections of the remaining sensorimotor cortex (250µm apart) between the 

rostral appearance of the genu of the corpus callosum and the appearance of the 

decussation of the anterior commissure (Paxinos & Watson, 1986; i.e., between 

approximately +1.2 and -0.26 mm anterior/posterior relative to Bregma).  All tissue was 

coded to conceal the experimental conditions.   

Lesion reconstruction and volume estimates.  The extent of each lesion was 

reconstructed onto schematic coronal sections adapted from Paxinos and Watson (1986) 

and the placement was assessed based on the cytoarchitecture of the remaining cortical 

tissue.  Individual reconstructions where then overlaid onto one template for each of the 
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three stimulation groups to determine the outer boundaries of all lesions combined, the 

smallest lesion and largest lesion within each group.   

Lesion size was inferred from volume measurements of ipsilesional cortex and the 

volume difference between ipsi- and contralesional cortices.  The volumes of ipsilateral 

and contralateral striatum were determined in order to assess potential striatal damage or 

shrinkage.  In Nissl stained coronal sections, area measures were obtained using 

Neurolucida area tracing software option at a final magnification of 17X.  Cortical 

measurements were focused within the SMC region and included the first section caudal 

to the appearance of the forceps minor corpus callosum (~ +2.7mm anterior to Bregma) 

and eight additional caudal sections, each section was 600 µm apart (approximately 3.3 

posterior to Bregma).  A sub-region of cortex was considered separately: the region of 

dorsal motor cortex lying medial to the lesion, excluding cingulate cortex.  This analysis 

included the first seven sections used in the overall SMC region cortical volume 

estimations (between ~ +2.7mm and -2.7mm anterior/posterior to Bregma).  Striatal area 

measurements were initiated at the appearance of the head of the caudate putamen and 

included five additional caudal sections 600µm apart.  Volume was calculated using the 

Cavalieri method (Gundersen et al., 1988), as the product of the summed area 

measurements and the distance between section planes.  Data analyzed were the volume 

of ipsi- and contra lesional cortex and striatum, and the volume difference between 

contralesional and ipsilesional structures.  

Immunohistochemical  processing.  Immunohistochemistry for BrdU was 

performed on three adjacent sets of 4-5 50µm free-floating coronal sections including the 

forelimb representation region of the motor cortex.  One set of sections was 

counterstained with Toluidine blue and used for BrdU-immunoreactive cell density 

quantification and the other two sets of sections were processed for immunofluorescent 
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double-labeling with neuron-specific nuclear protein (NeuN) to identify mature neurons 

and with glial fibrillary acidic protein (GFAP) to identify astrocytes.  To verify the 

specificity of antibody labeling, each batch of immunohistochemically processed tissue 

included a section processed as described below minus the primary antibody (no-primary 

controls). One section containing the dentate gyrus was also included as a type of positive 

control for BrdU-immunoreactive (IR) cells.   

Light transmitted BrdU Immunohistochemistry.  Sections were placed in 0.3% 

H202 in 0.01 M phosphate buffered saline (PBS) at room temperature for 30 min to 

exhaust endogenous peroxidase activity.  DNA was denatured by treating sections for 15 

min at 37° C with 2N HCL.  Sections were rinsed for 10 min in 0.1M boric acid (PH 8.5) 

to neutralize the HCL.  Sections were then rinsed in PBS and placed for 2 h at room 

temperature in a solution to block non-specific protein binding.  This blocking solution 

consisted of 0.4% Triton-X and 0.1% bovine serum albumin in PBS with 2% horse 

serum.  Following rinses in PBS, adjacent sections were incubated at 4°C for 48 h in 

mouse anti-BrdU (1:200, Novocastra, Newcastle, UK).  Following incubation, sections 

were again rinsed and incubated for 1 h in peroxidase-linked avidinbiotin complex (ABC 

kit, Vector Labs).  Immunoreactivity was visualized using 3-3’ diaminobenzidine (DAB) 

with nickel ammonium sulfate (NAS) intensification.  Tissue was then lightly 

counterstained with Nissl (Fig. 3.8).  

Immunofluorescent BrdU double-labeling.  To identify the phenotype of new cells 

generated during the rehabilitation period, adjacent sets of 4-5 BrdU immunolabeled 

sections were also processed for NeuN and GFAP.  Primary antibody dilutions used were 

1:200 anti-BrdU (monoclonal mouse; Novocastra, Newcastle, UK); 1:200 anti-BrdU (rat 

monoclonal; Accurate Chemical, Westbury, NY); 1:500 anti-NeuN (mouse monoclonal; 

Chemicon, Temeclua, CA), and 1:800 anti-GFAP (rabbit polyclonal; Sigma, St. Louis, 
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MO).  At a dilution of 1:500, the secondary antibodies used for immunofluorescence 

were goat anti-rat Alexa Fluor® 488, goat anti-rabbit Alexa Fluor® 488, or goat anti-

mouse Alexa Fluor® 568 (Molecular Probes, Eugene, OR).   

Tissue processing for BrdU immunofluorescence was performed as described 

above with the exception that, following 48h incubation in BrdU primary, tissue was 

rinsed several times and then incubated with either anti-NeuN or anti-GFAP in a blocking 

solution consisting of 0.1% bovine serum album (BSA), 0.3% Triton-X, and 2 % goat 

serum in PBS for 2 h at room temperature.  After several rinses in PBS, tissue was 

incubated in appropriate fluorescent secondaries in blocking solution for 1 h in a dark 

container.  Tissue was then rinsed in PBS and mounted onto slides.  

Fluoro-Jade B processing.  Fluoro-Jade B (Chemicon, Temeclua, CA) is a 

polyanionic fluorescein derivative that specifically binds to degenerating neurons 

(Shmued & Hopkins, 2000).  Three coronal 50µm sections including the anterior extent 

and rostral border of the SMC lesions were selected for processing because these areas 

represent the approximate location of the cortical stimulation.  Tissue sections were 

placed onto gelatin subbed slides and dried for 4 days.  The Fluoro-Jade B staining 

protocol was conducted according to the manufactures’ instructions.  Slides were 

immersed in a solution of 1% sodium hydroxide in 80% alcohol for 5 min, and 70% 

alcohol for 2 min, distilled water for 2 min, and 0.06% Potassium permanganate for 30 

min on a shaker table.  Avoiding direct light from this step forward, slides were 

immersed into a solution of 0.0004% Fluoro-Jade B (diluted from a 0.01% stock 

solution) in distilled water for 30 min.  Slides were then rinsed several times in distilled 

water and allowed to dry over night before cover slipping using either Krystalon (EM 

Science Harlaco, Gibbstown, NJ) or VectaShield (Vector, Burlingame, CA).  
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3.3.6 Anatomical Quantification 

Neuronal density and number estimation.  The optical disector method (e.g. 

Sterio, 1984; Korbo et al., 1990; Harding et al., 1994) was used to estimate the density of 

neurons using a 100x oil objective (final magnification 1680X).  Using a total of 24 

unbiased sampling frames per brain, neurons were counted at the medial edge of the 

lesion (within 250µm) and 500µm more medial to the lesion.  Neuronal density (Nv) was 

then calculated with the following equation: Nv = ΣQ-/Σ v(frame), where ΣQ- is the total 

number of neurons counted and Σv(frame) is the total sample volume.  Data are presented 

as the average of neuron densities at the more proximal (250 µm) and distal (500µm) 

locations relative to the lesion boundary and are presented as mean number of neurons 

per mm3.  Estimated neuron number in motor cortex medial to the lesion was calculated 

as the product of volume of this region X neuron density (Gundersen, 1986).  

Transmitted Light Microscopic analysis of BrdU+ Cell Density.   The optical 

disector method, as described above, was used to estimate the density of BrdU-

immunoreactive (IR) cells in three main regions ipsilateral to the lesion: remaining 

sensorimotor cortical tissue, the corpus callosum, and the dorsolateral striatum.  Using a 

40X oil immersion objective (final magnification 880X), BrdU-IR cells were identified as 

having dark brown/black nuclei.  For an estimate of the number of BrdU-IR cells in 

remaining the SMC, cells were counted in a total of 27 unbiased sample frames, at 500-

µm X-Y stepping distances in three coronal sections of the remaining SMC.  More 

localized density measures were conducted to provide a sample in the same location as 

the neuronal density estimates (described above) in a total of 9 unbiased sample frames, 

dorsal to ventral through layers II-VI in three coronal sections within 250µm from the 

medial extent of the lesion.  BrdU-IR cells were also counted in corpus callosum 
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beginning lateral to the dorsal peak of the corpus callosum and continuing laterally at 

500µm stepping distances for a total of 9 sampling frames per brain.  Ipsilesional 

dorsolateral striatal BrdU-IR density measurements included a total of 6 sample frames 

per brain.  Stepping distances were 500 µm, but sometimes had to be adjusted (to a 

minimum of 250µm) because of post-lesion striatal distortion so that 2 sampling frames 

per section could be obtained.  Three subjects were removed from BrdU light microscopy 

analyses due to damaged tissue during processing (NoCS, n= 1 and CSAnod, n = 2).  

Data are presented as the mean density of BrdU-IR cells.     

BrdU+ cell phenotyping.  We investigated the proportion of new neurons and glia 

cells produced during 18 days of rehabilitative training, with or without stimulation, in 

two of the three rehabilitation groups, CSCath and NoCS.  These two groups were chosen 

because significant differences in neuronal density in the medial perilesion cortex were 

found in these groups (see results).  The optical disector method, as described previously, 

was used to estimate the density of BrdU+ cells double-labeled with NeuN or GFAP and 

was conducted from a total of 16 unbiased samples per brain obtained using a confocal 

microscope (Leica SP2 AOBS).  At each sample site, BrdU-IR cells were counted and 

identified as being doubled labeled with either NeuN or GFAP in  4 sample z-series stack 

(total height = 15µm), excluding labeled cells in the first focal plane of the stack (i.e., this 

section served as a "reference section”).  Tissue sections included one section at the level 

of the head of the caudate (the rostral extent of the lesion) and three sections inclusive of 

the remaining motor cortex, as previously described.  For each section, a total of two z-

series were collected each at the medial edge of the lesion and another two z-series were 

collected at an additional 500µm medial to the lesions, inclusive of layers II - V.  

Captured confocal images were visualized using LCS light software (Leica 

Microsystems, Wetzlar, Germany) at a final magnification of 300X.  Data are presented 
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as the mean proportion of BrdU-IR cells counted that were co-labeled with NeuN or 

GFAP.  

Analysis of neuronal degeneration using Fluoro-Jade B.  Fluoro-Jade B positive 

cells were counted in a sample of the SMC, rather than in systematic random fashion, 

because of the relatively scarcity of degenerating neurons in sham-operates and at later 

time points following SMC lesions.  Fluoro-Jade B stained cells were Using a 40X dry 

object (final magnification of 800X). The region of dorsal motor and sensory cortex lying 

medial and lateral (respectively) to the lesion was identified and outlined and with the aid 

of Adobe PhotoShop software (Adobe Systems Inc., San Jose, CA).  Systematic point 

counting (reviewed in: Mayhew, 1992) was then used to estimated the area of tissue 

outlined, i.e. dorsal motor and sensory cortex adjacent to the lesion.  The density of cells 

was calculated as follows: Nv = ΣQ-/ (a(p)x Σ P x T) where ΣQ- is the sum of Fluoro-

Jade B stained cells, a(p) is the linear distance between point adjusted for magnification, 

ΣP is the sum of points falling within the measured area, and T is average section 

thickness.  All sham groups were pooled together for the remaining statistical analyses 

because there were no differences between sham groups perfused at any of the two time 

points (F(1,9) = 0.57, p > 0.05).  Data are presented as the density of Fluoro-Jade B 

positive cells per mm3. 

3.3.7 Statistical Analyses 

Behavioral data were analyzed using SPSS (SPSS, Inc) repeated-measures 

analyses of variance (ANOVAs).  Volume and BrdU+ cell and neuronal density 

estimations were analyzed using one-way ANOVAs.  Fisher LSD post hoc analyses were 

used when needed to further analyze group differences and behavioral performance on 

individual days.  Bivariate correlations were used to assess the relationship between the 

immediate post-lesion and the early-training period (reaching success pooled over 
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rehabilitation days 1- 4, before groups separated in reaching performance) and the late-

training period (reaching success pooled over rehabilitative training days 5 the end of 

training) and cortical and striatal volume.  Significance levels were set at α level 0.05. 

3.4 Results 

Behavioral Results 

Rehabilitative reaching performance.  As shown in Figure 3.3, the three groups 

had similar post-lesion declines in performance on the single pellet reaching task (p’s < 

0.05). By the end of training, both CS groups were performing at or above pre-lesion 

levels of performance whereas NoCS rats had more moderate improvements.  Both 

cathodal (CSCath) and anodal (CSAnod) delivery of 100Hz stimulation during training 

dramatically enhanced reaching performance over days of training relative to training 

alone (NoCS).  In two-way ANOVAs, there were significant effects for Day (F(11,308) = 

19.28, p < 0.0000001) and Group by Day interaction (F(22,308) = 2.13, p < 0.01) and a 

non-significant effect of Group (F(2,28) = 2.72, p = 0.08).  Post hoc analysis revealed a 

significant effect of group between CSCath and NoCS (p < 0.05) and a significant 

difference on several days of reach training (p’s < 0.05).  There were significant 

differences on several days of reaching training between CSAnod and NoCS (p’s < 0.05), 

but the overall group differences failed to reach significance (p = 0.08).  There were no 

overall group differences or differences on individual testing days between CSCath and 

CSAnod (p > 0.05).  
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Figure 3.3  Cortical stimulation effects on rehabilitative training on the single pellet 
retrieval task.  Monopolar cortical stimulation with both 100 Hz cathodal (CSCath) and 
anodal (CSAnod) current dramatically enhanced performance relative to no stimulation 
(NoCS) rehabilitation controls.  The rehabilitative reach training and cortical stimulation 
were administered on post-lesion days 14-32 (correspond to training days 1-18).  Data are 
means + S.E.M. * CSCath significantly different from NoCS, p < 0.05; ‡ CSAnod 
significantly different from NoCS, p < 0.05. 

 

Stimulation-Induced Movement Threshold.  The level of electrical current 

necessary to evoke contralateral movements declined over days of testing for both 

CSCath and CSAnod groups (see Fig. 3.4). Repeated measures ANOVA revealed that 

there was a significant main effect of Days of threshold testing (F(3,57) = 7.13, p < 

0.001).  There was no significant differences between CSCath and CSAnod in the rate of 

decline [Group X Day (F(3,57) = 0.52, p > 0.05)] or in the overall movement threshold 

levels [Group effects (F(1,19) = 1.91, p >0.05)].  
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Figure 3.4 Movement Thresholds.  Movement thresholds were defined as the lowest 
current necessary to evoke contralateral to stimulation movements of the impaired 
forelimb.  CSCath and CSAnod had a significant reduction in movement thresholds over 
days.  There were no significant differences between groups.  Data are means + S.E.M. 

 

Lesion- induced forelimb asymmetries.   The Schallert Cylinder test is sensitive to 

motor impairments in the use of the forelimb for postural support created by cortical, 

subcortical and spinal cord injury (e.g., Schallert et al., 2000).  As shown in Figure 3.5, 

all three groups had a moderate but significant reduction in the proportionate use of the 

impaired forelimb 10-14 days after SMC lesions compared to pre-lesion levels (p’s < 

0.00001).  In two-way ANOVAs, there was a significant interaction effect of Group X 

Day (F(4,56) = 3.19, p <0.02) and main effect of Day (F(2,56) = 22.83, p < 0.00001), but 

no significant effects between groups (p > 0.05).    
 



 76

 

Figure 3.5 Impaired forelimb use for postural support.  The use of the impaired 
forelimb for postural support was assessed with the cylinder test.  Following the lesions, 
all groups had a reduction in the proportional use of the impaired forelimb.  The CSAnod 
and NoCS groups significantly improved after 18 days of rehabilitation (Post-Rehab).  
The CSCath continued to have lesion-induced forelimb deficits when tested Post-Rehab 
compared to their Pre-Lesion levels and compared the other two groups.       * CSCath 
significantly different from NoCS and CSAnod, p < 0.05. 
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Figure 3.6 Reconstruction of SMC lesion extent and placement.  The size and 
placement of lesions were similar between groups.  The black lines outline the maximal 
extent of all lesions combined, solid black areas indicate the largest lesion within group, 
and solid grey areas indicate tissue damage common to all subjects within groups. 
Numbers to the right indicate approximate coordinates in mm relative to Bregma. 
 

Histology Results 

Lesion size and volume estimates of cortical and striatal area.   Lesion sizes and 

placement were similar between groups.  Lesions produced damage to the SMC, 

including the forelimb representation area (Fig. 3.6).  As shown in Table 3.1, there were 

no significant differences between groups in the volume of cortical or striatal tissue from 

either hemisphere.  Volume measurements of the cortex ipsilateral to the lesion revealed 

a similar amount of remaining cortex in all three groups (F(2,28) = 0.38, p > 0.05).  

Likewise, groups did not significantly differ in the remaining motor cortex medial to the 

lesion (F = (2, 28) = 1.67, p > 0.05), the volume the contralesional cortex (F(2,28) = 1.14, 

p > 0.05), ipsilesional striatum (F(2,28) = 1.05, p > 0.05), and contralateral striatum 
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(F(2,28) = 0.65, p >0.05).  Although there was no significant difference between groups 

in the volume of motor cortex medial to the lesion, it should be noted that CSCath tended 

to have a lower volume of tissue in this region (p’s < 0.05).  There was, however, a 

significant difference between groups in the volume difference between remaining cortex 

of the infarcted hemisphere and the contralesional cortex (F(2,28) = 4.14, p < 0.05).  

Post-hoc contrasts revealed that CSCath had a significantly greater difference between 

intact and infarcted cortex compared to NoCS (p < 0.05) and CSAnod (p < 0.05).  The 

volume difference was a combined effect of CSCath tending to have the greatest 

contralesional volume and smallest ipsilesional volume.  Bivariate correlation revealed 

that there was no significant relationship between early (days 1-4) or late (days 5-18) 

training days and interhemispheric volume differences between intact and ipsilesional 

cortex or striatium (p’s > 0.05).   

Table 3.1 Cortical and Striatal Volume Measurements (mm3). 

    NoCS   CSAnod   CSCath 
  Ipsilesional 101.42 ± 2.69   100.12 ± 2.88   98.01 ± 1.56 
       
Cortex Contralesional 113.79 ± 1.72  114.10 ± 2.51  117.67 ± 1.48 
       
 Contra-Ipsi 12.37 ± 2.03*  13.98 ± 0.37*  19.66 ± 2.16 
       

  
Medial to 
Lesion 6.01 ± 0.37   5.69 ± 0.44   5.42 ± 0.39 

 Ipsilesional 35.58 ±0.91  33.63 ± 0.97  34.01 ± 1.13 
       
Striatum Contralesional 35.72 ± 1.45  34.29 ± 0.89  34.16 ± 0.77 
       
  Contra-Ipsi 0.15 ± 1.10   0.66  ± 0.90   0.14  ± 0.69 

CSCath had a greater difference in tissue between the two hemispheres compared to the 
other groups. * CSCath significantly different from NoCS and CSAnod.  Data shown are 
mean volume in mm3 ± SEM.   
 

Peri-lesion neuronal density and number measurements.  Figure 3.7, illustrates 

representative photomicrographs of neurons in perilesion cortex, the area underlying the 
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electrode contacts. Neuronal density was significantly different between the three groups 

(F(2,28) = 4.60, p < 0.02).  Post hoc analysis showed that CSCath had a greater density of 

neurons in motor cortex medial to the lesion compared to NoCS (p < 0.01).  Although 

rehabilitation combined with both current polarities improved function compared to 

NoCS, there was a non-significant tendency for CSCath to have a greater neuronal 

density compared to CSAnod (Fisher LSD mean difference = 6.6  ± 3.89 X 10 4 cells, p = 

0.10) and there was no significant differences between CSAnod compared to NoCS (p > 

0.05).  There were no significant differences in the estimated total number of neurons in 

this region between the three groups (F(2,28) = 0.52, p > 0.05).  Although there were no 

significant differences in estimated total neuron number in the remaining motor cortex, 

CSCath did have, on average, a greater number of neurons compared to the other to 

groups (see Table 3.2). 
 

 

Figure 3.7 Neuronal density in cortex medial to the lesion.   
A-C, Photomicrographs of cortical neurons medial to SMC lesions.  Representative 
images are from (A) no stimulation (NoCS), (B) 100Hz Anodal cortical stimulation 
(CSAnod), and (C) 100Hz cathodal cortical stimulation (CSCath) and rehabilitation.  
Scale bar is 25µm. 
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3.2. Estimated neuronal density and number in remaining motor cortex 104 per 
mm3. 

  NoCS   CSAnod CSCath 
Density 59.75 ± 2.83*   65.12 ± 1.83 71.69 ±  3.48 
     
Neuron 
Number 357.10  ±  21.74  367.15 ±  27.01 389.95 ±  35.84 

CSCath had a greater difference neuron density compared to NoCS and tended to have 
greater neuronal density compared to CSAnod. There was no significant difference 
between groups in the total number neurons in remaining motor cortex medial to the 
lesion. *CSCath significantly different from NoCS.  Data shown are mean density and 
number per mm3 ± SEM.   
 

Density of newly proliferated cells.  Starting on the second day of rehabilitation, 

animals received injections of BrdU on this and every subsequent third day to label 

proliferating cells.  BrdU+ cells were seen in the remaining SMC, around the lesion site, 

within the corpus callosum and striatum (see Table 3.3).  Cortical stimulation did not 

increase cellular proliferation as there were no significant differences between groups in 

the density of BrdU-IR cells in any of the structures examined: the ipsilesional SMC 

(F(2,25) = 0.21, p > 0.05), the subregion of SMC medial to the lesion (F(2, 25) = 0.32, p 

> 0.05), the dorsolateral striatum (F(2, 25) = 0.51, p > 0.05) or the corpus callosum 

F(2,25) = 1.17, p > 0.05).  It should be noted that although there were no significant 

differences in BrdU-IR density measures between CSCath and the other groups, this 

group had reduced mean BrdU-IR densities in the corpus callosum and dorsolateral 

striatum compared to the other groups.  The lack of significant effects in these areas 

could be due to relatively high variance within the CSAnod and NoCS groups.  These 

data suggest that increased neuronal density medial to the lesion (in the CSCath group) 

and improved post-rehabilitation reaching performance in the CSCath group does not 

coincide with greater cell proliferation.   
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Figure 3.8  BrdU labeling in ipsilesional sensorimotor cortex.  (A) Photomicrograph 
of a ipsilesional coronal section processed for BrdU immunohistochemistry.  (B) High 
magnification of BrdU labeled cells from cells medial to the lesion (arrows). 
 
 
Table 3.3 Density of BrdU-IR (mm3).  
There were no significant group differences in the density of BrdU-IR cells in the 
ipsilesional sensorimotor cortex, motor cortex medial to the lesion, dorsal lateral striatum 
or corpus callosum.  

  NoCS CSAnod CSCath 
Medial to Lesion 222.05 ± 29.20 251.21 ± 62.52 239.89 ± 24.83 
    
Ipsilesional Cortex 564.90 ± 134.98 671.20 ± 139.73 637.42 ± 75.97 
    
Dorsolateral Striatum 274.01 ± 101.99 326.63 ± 154.70 170.64 ± 32.57 
    
Corpus Callosum 752.20 ± 168.50 694.71 ± 131.08 460.13 ± 57.21 

 

Proportion of BrdU-IR cells double labeled with NeuN and GFAP.  We also 

investigated whether there were differences in the proportion of new mature neurons or 

glia in the CSCath group compared to the NoCS group (Fig. 3.9).  These two groups were 

chosen because CSCath, but not CSAnod, had a significantly greater density of neurons 

in medial-to-lesion cortex compared to NoCS.  The analysis indicated that the proportion 
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of BrdU-IR cells co-labeled with the neuron marker NeuN (F(1,18) = .006, p > 0.05) and 

GFAP (F(1,18) = 0.26, p > 0.05) did not differ between CSCath and NoCS (Fig 3.8).  

These results suggest that the increased neuronal density in the CSCath compared to 

NoCS group is unlikely to be a result of the addition of new neurons.  

 

 

 

Figure 3.9  Proportion of BrdU-IR cells co-labeled with markers of neurons and 
glia.  (A) Confocal images of BrdU positive cells (blue) and either NeuN or GFAP (Red).  
Arrows indicate a BrdU cell co-labeled with NeuN or GFAP. Scale bar is 40µm.  There 
were no differences between the CSCath and NoCS group in the proportion of newly 
proliferated cells co-labeled as neurons or glia. Data are means ± S.E.M.   
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Lesion induced neurodegeneration.  As shown in Figure 3.10, there was a 

significant difference in the density of Fluoro-Jade B stained cells in the neocortex of 

groups examined at 24 hours, 3 days, or 14 days after SMC lesions compared with sham-

operates.  Significant neurodegeneration was evident at each time point following SMC 

lesions compared to sham controls (p’s < 0.05).  As was expected, the density of 

degenerating neurons was greatest at 24h after SMC lesion compared to 3 (p < 0.000001) 

and 14 (p < 0.000001) days after the lesion.  There were no significant changes in the 

density of degenerating neurons between days 3 and 14 post-lesion (p > 0.05).  Although 

we sampled all of dorsal cortex in the SMC region, the majority of the Fluoro-Jade B 

cells were found either in the lesion core (24 hours and 3 days) or in cortex directly 

bordering the tissue (see Fig. 3.10). 
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Figure 3.10 Density of Fluoro-Jade B stained degenerating neurons.  
Photomicrographs of Fluoro-Jade B stained neurons in the sensorimotor cortex (A,D) 
after a sham operation, (B,E) 24 hours or (C,F) 14 days after unilateral lesions.  Arrows 
indicate degenerating neurons. SMC lesions greatly increased the density of dying cells 
in the cortex relative to sham operates (G).  The greatest density of degenerating neurons 
was found 24h after surgery and remained significantly elevated at 3d and 14 post-
surgery compared to shams. Data are means ± S.E.M. *Significantly different from 
Sham, p’s < 0.00001. ‡ Significantly different from 24h, p’s < 0.01.     
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3.5 Discussion 

The main finding of this study is that rehabilitation combined with 100Hz 

cathodal and anodal electrical stimulation applied to the cortical surface adjacent to SMC 

lesions robustly enhances motor recovery on the single pellet retrieval task.  Although not 

directly comparable, the magnitude of behavioral improvement on the single pellet 

retrieval task in the current study was much greater than previous results using 50Hz 

bipolar stimulation on the Montoya staircase task (Adkins-Muir & Jones, 2003).  This 

raises the possibility that 100Hz monopolar CS may a better frequency and/or polarity to 

facilitate behavioral recovery.  This study also demonstrated that epidurally implanted 

electrodes reduced movement thresholds over days, as found in previous studies using 

subdurally implanted 100Hz bipolar electrodes (e.g., Teskey et al., 2003), but not as 

steeply as we found with daily threshold testing using 50Hz bipolar stimulation (Adkins-

Muir & Jones, 2003).   

This study also suggests that cathodal CS may enhance neuronal survival in the 

remaining motor cortex, medial to the lesion, compared to anodal CS and unstimulated 

rehabilitation control (NoCS).  However, increased neuronal density in the CSCath 

group, compared to the CSAnod and NoCS groups, did not coincide with a significant 

increase in the estimated total number of neurons in this region.  This discrepancy 

between neuronal density and neuronal number may be the result of cathodal current 

reducing non-neuronal brain tissue, i.e. dendritic and/or astrocytic processes, medial to 

the lesion and thus the increased density of neurons reflects less volume of tissue 

surrounding the neurons.  However, this is unlikely because in a previous study we found 

that 50Hz bipolar CS increased dendritic plasticity adjacent to the lesion and did not 

significantly alter glia processes (Adkins-Muir & Jones, 2003; Chapter 2).  It is also 

possible that the lack of effect between groups in estimated number of neurons results 
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from the CSCath group having slightly less volume of remaining motor cortical tissue 

and a significantly greater volume differences between intact and ipsilesional cortex 

compared to the other two groups (see Table 3.1).  It is thus possible that the CSCath 

group had either a slightly larger lesion or more medially placed lesions, although this 

was not obvious from lesion reconstructions (see Fig. 3.6).  The possibility that the 

CSCath group had slightly larger lesions is supported by the data indicating that although 

all groups had an initial post-lesion asymmetry and hyper-reliance upon their non-

impaired forelimb for postural support, the CSAnod and NoCS groups, but not the 

CSCath group, returned to pre-lesion levels of symmetry when tested at the end of 

rehabilitation.  (However, it should be noted that it is not clear that the lesion size 

differences accounted for the greater asymmetries since there were no significant 

correlations between postural-support asymmetries at the end of rehabilitation and 

cortical volume differences).  In Chapter 4, we present evidence that post-lesion 

performance level, and not lesion size, is a better predictor of the efficacy of CS-induced 

enhancements of rehabilitative training.  It therefore seems likely that the CSCath group 

initially had larger lesions which would decrease the total number of neurons estimated 

and would account for the lack of significant difference between groups in this measure.   

There were no differences in the proportion of neural or glial proliferation in the 

CSCath compared to the NoCS group, as assessed by double-labeling BrdU positive cells 

with NeuN and GFAP.  Data from a second experiment indicate that neuronal 

degeneration in perilesion cortex is in a temporal position to be impacted by the CS.  

Thus it is possible that the greater density of neurons is a result of a greater survival of 

vulnerable neurons in the CSCath group.   

Previous studies suggested that electrical stimulation might further enhance post-

lesional cell proliferation around the lesion site (Zhang et al., 2005).  However, CS did 
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not increase post-lesion neural proliferation following SMC lesions compared to 

unstimulated controls.  In this study, newly proliferated cells are not likely to be 

responsible for the increased neuronal density in perilesion cortex found following 

cathodal CS.  Alternatively, neuronal density increases might be due to a decrease in the 

number of neurons dying in remaining motor cortex adjacent to the lesion.  We found that 

at 14 days post-SMC lesion (the time when CS and rehabilitative training are initiated) 

there is a population of degenerating neurons in and around the lesion, as shown in 

Fluoro-Jade B stained tissue.   

Although this study was not designed to directly investigate whether 100Hz CS 

was neuroprotective, other studies have indicated that electrical stimulation can protect 

neurons during insult (Maesawa et al., 2004; Glikstein et al., 2003), reduce lesion volume 

and elevate y-aminobutyric acid (GABA) levels in ipsilesional cortex (Gan et al., 2005) 

and facilitate peripheral axonal regrowth (Brushart et al., 2002).  CS following SMC 

lesions may also reduce post-lesional hyperexcitability and thus excitotoxicity (e.g., 

Canavero et al., 2003 and Franzini et al., 2003).  Alternatively, CS may induce cortical 

excitability.  In vitro studies have shown that low-amplitude extracellular electrical 

stimulation of cortical (Nowak & Bullier, 1998) and hippocampal (Bikson et al., 2004) 

neurons depolarizes dendrites and lowers neural firing potentials, suggesting that CS may 

induce more cortical excitability.  If CS increases cortical excitability, then it could be the 

case that greater neuronal density in the CSCath group is the result of CS inducing 

vulnerable neurons to be more functionally activated and effectively connected which, in 

turn, could contribute to neuronal survival.  We have previously found that CS increases 

the surface density of dendrites in peri-lesion cortex (Adkins-Muir & Jones, 2003) and 

others have found that CS enlarges motor representation maps (motor maps; Kleim et al., 

2003; Plautz et al., 2003).  Motor map expansion has been associated with localized 
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synaptogenesis (Kleim et al., 2004).  CS also was found to increase the polysynaptic 

component of evoked motor cortical potentials (Teskey et al., 2003) which has been 

associated with LTP-like changes (Monfils & Teskey, 2004).  Although there is evidence 

that CS enhances neuronal functional connections and dendritic structural plasticity, 

which may lead to neuronal survival, it may not be a requirement to induce behavioral 

improvements.  For example, the CSAnod group performed significantly better than the 

NoCS group but did not also have a greater density of neurons.  At this time, the data 

suggests that cathodal CS may aid in neuronal survival, but further studies are need 

before this issue is clarified. 

We also sought to determine if cathodal or anodal current would be more 

effective at enhancing rehabilitation therapy.  Previous studies comparing 100Hz 

cathodal and anodal CS concurrent with rehabilitation found that, early during training, 

CSCath induced greater reaching success compared to CSAnod, although at the end of 10 

days of training there were no longer significant differences between the two groups 

(Kleim et al., 2003).  In our present study, we did not find differences in performance on 

the reaching task between CSCath and CSAnod at any time-point and both polarities 

effectively enhanced performance compared to NoCS.  However we did find behavioral 

differences between CSCath and CSAnod in the levels of impaired forelimb use for 

postural support.  The discrepancy in the effects of anodal CS found between the present 

study and Kleim et al (2003) may be the result several methodological differences.  For 

example, anodal current in our study was delivered epidurally while Kleim et al. (2003) 

delivered anodal current via subdural electrodes.  It is possible that anodal current 

flowing through dura alters and/or delays cortical responses that induce behavioral 

improvements.  It is also possible that differences in the post-lesion time point at which 

anodal CS and rehabilitation were initiated explain the discrepancy between studies.  
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Kleim et al. (2003) initiated CS and rehabilitation three days after surgery, whereas, in 

the present study, training was initiated at 10-14 days post-lesion, at a time that 

corresponds to anodal CS-induced behavioral improvements in the previous study.  It is 

possible that early after motor cortical damage, anodal current delivered over infracted 

tissue is not as effectual as it is at a later time.  At this point it is not clear why these 

discrepancies exist, but it should be noted that at the end of rehabilitation in both studies, 

100Hz anodal current induced greater motor recovery compared to unstimulated controls.    

  As mentioned above, the CSCath group did not return to pre-lesion levels of 

forelimb asymmetry (as assessed in the cylinder test) whereas, the CSAnod and NoCS 

groups did.  It is possible that these data are result of larger lesion in the CSCath group.  

However, there were no group differences in the ipsilesional volumes or significant 

correlation between differences in interhemispheric volume and reaching success over 

training days.  These results could mean that the CSCath group had greater cortical 

damage compared to the other two groups and thus might have had even greater 

behavioral recovery than the other groups if lesion sizes had been more equivalent.  As 

we show in Chapter 4, the severity of post-lesion impairments and not lesion size are 

related to whether CS combined with rehabilitative training improves behavioral 

recovery.  It is also possible that greater reliance on the ipsilesional forelimb in the 

CSCath group induced slight increases in volume of the contralesional cortex (see Table 

3.1) and thus exaggerated interhemispheric volume differences.  It is also possible that 

the cylinder test is detecting different lesion-induced behavioral changes that are not 

revealed in the single pellet retrieval task. 

   In conclusion, this study indicates that epidural 100Hz monopolar cathodal and 

anodal cortical stimulation combined with rehabilitation robustly enhances performance 

in skilled reaching after unilateral ischemic SMC lesions.  Cathodal stimulation  also 
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increases neuronal density in perilesion motor cortex compared to unstimulated animals 

but does not differentially affect the number of neurons, the density of newly proliferated 

neurons or glia cells in ipsilesional cortex.  Future studies are needed to further elucidate 

the mechanism of action and behavioral generalizability of CS combined with 

rehabilitation. 
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Chapter 4. The efficacy of cortical electrical stimulation combined with 
motor rehabilitation after cortical ischemia depends on the magnitude 

of behavioral impairments 

4.1 Abstract 

Previously, we reported that 50 Hz or 100 Hz cortical electrical stimulation (CS) 

improves the efficacy of rehabilitative training on a skilled reaching task following 

unilateral ischemic sensorimotor cortex (SMC) lesions in rats.  The purpose of the present 

study was to determine if the efficacy of CS depends upon the initial magnitude of 

behavioral impairment following unilateral SMC lesions.  Adult male rats were pre-

trained on a skilled reaching task, the single pellet retrieval task, and then received 

subtotal unilateral ischemic SMC lesions and were implanted with monopolar electrodes 

over the remaining SMC.  Based on the magnitude of lesion-induced reaching deficits, 

rats were assigned to 1 of 4 groups: 1) CS + moderate impairment, 2) NoCS + moderate 

impairment, 3) CS + severe impairment, 4) NoCS + severe impairment.  In the 

moderately impaired group (capable of successfully retrieving pellets in ≥ 20% of reach 

attempts), rehabilitation combined with 100 Hz CS significantly enhanced post-lesional 

reaching success and reduced abnormalities in reaching movements compared to 

rehabilitation alone.  In the severely impaired group (having success rates of < 20%), CS 

also significantly reduced abnormal reaching strategies, but did not have significant 

effects on recovery of post-lesion reaching success compared to rehabilitation alone.  The 

CS-induced improvements in reaching did not generalize to other measures of forelimb 

function.  There were no CS effects on asymmetrical use of the forelimbs for upright 

postural support (the cylinder test) or in coordinated distal forepaw use while eating thin 

pieces of pasta (the pasta eating task).  This study provides further support that CS 
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combined with rehabilitative therapy is effective in improving post-lesion performance in 

a skilled reaching task, but also indicates that its effectiveness may be limited by the 

severity of post-lesion deficits and be specific to tasks coupled with the CS. 

4.2 Introduction 

In humans, motor impairments are one of the most common disabilities caused by 

strokes (Kelly-Hayes et al., 1998).  In rat models of stroke, unilateral damage to the 

motor system results in somatosensory and motor impairments of the contralateral 

forelimb, including deficits in reaching and grasping (e.g., Castro, 1977; Montoya et al., 

1991; Whishaw, 2000; Adkins & Jones, 2005), forelimb postural support (e.g., Jones & 

Schallert, 1992; Schallert et al., 2000; Voorhies & Jones, 2002; Adkins et al., 2004) and 

spontaneous food handling (Whishaw & Coles, 1996).  Motor rehabilitation can greatly 

reduce post-injury impairments on skilled reaching (e.g., Biernaskie & Corbett, 2001; 

Whishaw, 2000; Gharbawie et al., 2005; Glimour et al., 2004) compared to animals not 

receiving rehabilitation.  However, rehabilitation alone is often not sufficient to 

completely ameliorate reaching impairments as assessed by either successful pellet 

retrievals or the abnormality of movement strategies used in the reaching task.  

Combining rehabilitation with other therapies may further enhance the effects of 

rehabilitation (e.g., Johansson, 2000; Biernaskie & Corbett, 2001; Adkins & Jones, 

2005).  Recent studies indicate that the efficacy of rehabilitation can be greatly enhanced 

by coupling motor training on a skilled reaching task with cortical electrical stimulation 

(CS) of the remaining sensorimotor cortex (SMC) following SMC lesions (Adkins-Muir 

& Jones, 2003; Kleim et al., 2003; Teskey et al., 2003; Plautz et al. 2003).  Improvements 

in reaching success following CS and rehabilitation coincide with neuroplastic changes in 

the remaining SMC, such as increased surface density of layer V dendritic processes in 

the motor cortex adjacent to the lesion (Adkins-Muir and Jones, 2003), expansion of 
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ipsilesional movement representations (motor maps; in rats: Kleim et al., 2003; in 

monkeys: Plautz et al., 2003) and enlargement of the late (polysynaptic)-component of 

evoked potentials (Teskey et al., 2003) in the motor cortex adjacent to the lesion 

compared to rehabilitation alone.  These studies suggest that CS alters the structural and 

physiological properties of the cortex, and that this may aid in greater recovery and/or 

compensation of the impaired forelimb.  

Several studies have indicated that the severity of initial impairments following 

stroke in humans (i.e., Duncan et al., 2000) and in animal models of brain damage 

(Goldstein, 1990; Whishaw, 2000) influences the effectiveness of rehabilitation.  

Previous CS studies have used infarct models that produce moderate impairments in 

unilateral reaching tasks (e.g., Adkins-Muir & Jones, 2003; Kleim et al., 2003; Teskey et 

al., 2003).  It is thus of interest to investigate whether CS combined with rehabilitation is 

as effective in more severely impaired animals.  In this study, we varied lesion size in an 

attempt to produce more severe impairment levels.  However, we found that post-lesion 

levels of reaching success, and not lesion size, were a better indicator of the animals’ 

impairments.  Therefore, group assignment into either severely impaired or moderately 

impaired groups were based upon post-lesion levels of performance in the single pellet 

retrieval task.     

In this study, we pre-trained adult male rats with their preferred (for reaching) 

forelimb on the single pellet retrieval task to a criterion of at least 40% successful pellet 

retrievals.  Animals then received SMC lesions and implantation of monopolar epidural 

electrodes over the remaining cortical tissue.  Twelve and thirteen days after SMC 

lesions, animals were tested for two consecutive days on the single pellet retrieval task 

and were then matched for pre and post lesion performance before being assigned to 

groups that either received 100Hz sub-threshold cortical stimulation (CS) and 
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rehabilitation or no stimulation (NoCS).  Animals then received eighteen days of 

rehabilitation in the single pellet retrieval task.  Animals were also evaluated for post-

operative and post-rehabilitation qualitative alterations in qualitative reaching movements 

and in the use of the impaired forelimb for eating pasta pieces and for upright postural 

support.   

4.3 Methods 

4.3.1 Animals 

Forty-eight adult (3 to 4 months old) male Long-Evans hooded rats were used.  

Rats were made tame by gentle handling beginning after weaning and were housed on a 

12:12 hour light:dark cycle.  Rats were moderately food restricted (13-15g) to motivate 

performance on the reaching task.  All animal use was in accordance with a protocol 

approved by the Animal Care and Use Committee of the University of Texas at Austin. 

Animals were randomly assigned to the following groups with the exception that 

they were matched as closely as possible for pre- and post-operative performance: (1) 

100 Hz sub-threshold stimulation during rehabilitation (CS) or (2) rehabilitation alone 

(NoCS).  Following completion of rehabilitation, animals were then further divided into 

one of four groups based upon their initial post-lesion performance, prior to onset of 

rehabilitation, in the reaching task: (1) severely impaired + CS, n = 11, (2) severely 

impaired + NoCS, n = 11, (1) moderately impaired + CS n = 10, (2) moderately impaired 

+ NoCS, n = 14.  Post-lesion success rates above 20% were defined as moderately 

impaired while success rates at or below 20% were considered severe deficits this cut-off 

was used because it was most predictive of post-rehabilitation reaching performance.  

Two animals were removed from the study (CS + moderate = 2) because they did not 

demonstrate a post-lesion drop in reaching success 12-13 days after SMC surgery. 
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4.3.2 Surgical Procedures 

Ischemic damage to the sensorimotor cortex (SMC) was created using endothelin-

1, a vasoconstricting peptide, applied to the cortical surface (Macrae et al., 1993; Fuxe et 

al., 1997).  Rats were anesthetized with a cocktail of ketamine (100mg/kg ) and xylazine 

(10-13mg/kg).  Forty-eight rats received stereotaxic surgery with two different sized 

craniectomies and three different concentrations of ET1 in an attempt to modulate post-

lesion deficit levels.  Dura was cut with a scalpel parallel to midline from the 

anterior/posterior extent of the craniectomy in each surgery and endothelin-1 (0.2 µg/µl 

in sterile saline) was applied to the cortical surface at a rate of 1-1.5µl/3 min. Then the 

animal was left undisturbed for 10 min after the last application.  For smaller lesions (n= 

21) and medium lesions (n = 18), the skull was removed between 0.5 mm posterior and 

2.5 mm anterior to Bregma and 3 to 5 mm lateral to midline and 2.2 µl or 3 µl of 

endothelin-1, respectively, was applied.  For larger lesions (n = 9), the craniectomy 

extended from 1.0mm posterior and 3mm anterior to Bregma and 2 to 5 mm lateral to 

midline and 4.5 µl of endothelin-1 was applied.  This lesion method has previously been 

found to produce focal damage to cortical layers I-VI underlying the craniectomy (Fuxe 

et al., 1997; Adkins et al., 2004; Adkins & Jones, 2005; Adkins-Muir & Jones, 2003).  

Electrode implantation.  Ten minutes after the final endothelin-1 application, the 

craniectomy was enlarged by ~1mm each at the anterior and medial edges to expose peri-

lesion SMC cortex for epidural electrode implantation.  Each electrode consisted of 

0.4mm wide by 2mm long parallel platinum wire strip contacts mounted on a 3mm by 

3mm supporting plate extending from an electrode connector pedestal (Plastics One Inc., 

Roanoke, VA).  The platinum contacts were placed on dura and were orientated 

approximately parallel to midline.  Extensive preliminary data indicated that this 

electrode placement reliably enables post-operative stimulation-evoked contralesional 
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forelimb and/or upper body and face movement.  The electrode was configured so that 

cathodal current was delivered to the contacts on cortex and anodal current flowed 

through a small metal disk placed against the skin surface near Lambda to ground the 

current (Northstar Neuroscience, Inc., Seattle, WA).  The craniotomy was covered with 

gel foam and sealed with SDI Wave dental acrylic (SDI Inc., Bensenville, IL).  The 

electrode was secured to the skull using skull screws and cemented with a combination of 

standard dental cement and 3M Wave dental acrylic.  

4.3.3 Stimulation Procedures 

Assessment of movement thresholds.  Movement threshold is defined as the 

minimal current necessary to produce visible movements of the forelimb or face 

contralateral to the lesion.  Prior to training on days 1, 7, and 14  rats were placed into a 

transparent cylinder and observed while series of 3 sec trains of 1 msec pulses of 

increasing current levels were delivered at a frequency of 100 Hz cathodal current.  Daily 

cortical stimulation levels for rehabilitation were delivered at 40-50% of the movement 

threshold. 

Cortical stimulation during reach training.  Fourteen days following surgery, 

rehabilitation on the single pellet task was initiated concurrent with cathodal CS or no 

cortical stimulation.  On each day of training, all rats were attached to stimulator cables 

and placed into the reaching chamber.  For the CS groups, stimulation was turned on at 

40-50% of that week’s movement threshold.  Stimulation was not turned on in the NoCS 

group.  Stimulation was initiated when animals first approached the reaching window and 

continued for the duration of the training session.   
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4.3.4 Behavioral methods for CS and rehabilitation 

Reach training apparatus.  The single pellet retrieval task was conducted in a 

clear Plexiglas box (26cm long x 28.5 cm high x 16 cm wide) with a 1 cm wide by 20 cm 

long window at the front of the box, extending from the floor towards the top of the box.  

The apparatus design was adapted from Miklyaeva and Whishaw (1996), McKenna and 

Whishaw (1999), Peterson and Devine (1963) and Withers and Greenough (1989), and is 

described in more detail in previous studies (see Bury and Jones, 2002).  Rats were 

trained to reach through the window to retrieve a single palatable food piece (45 mg 

banana-flavored pellet, Bioserve, Inc., Frenchtown, NJ) placed on a shelf (11.7 cm long x 

5 cm wide x 3 cm high) in one of two shallow wells aligned 1 cm from each edge of the 

window.  Reaching with the contralesional (impaired) forelimb was effectively enforced 

by the insertion of an inner chamber wall, which extended 2/3 of the length of the 

chamber, ipsilateral to the reaching limb and by placement of the pellet in a well opposite 

the impaired limb.  A 2 mm diameter bar was attached to the shelf to discourage rats from 

scrapping pellets into the chamber or using their tongues to retrieve pellets.   

Reach training procedure.  Rats were trained for 60 trials per day or 15 min, 

which ever occurred first.  A reaching trial began with the placement of a pellet in a well 

and ended when the rat grasped the pellet and brought it to its mouth for consumption 

(success), dropped the pellet before bringing it to its mouth (drops), or either knocked the 

pellet from the well or missed it after 5 reach attempts (misses).  After each trial, a single 

food pellet was dropped at the back or to the side of the cage to “reset” the rats reaching 

posture.  Quantitative reaching performance was measured as the percent of successes out 

of the total number of reach attempts [(total successes/total reach attempts)*100].   
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Prior to lesion/electrode implant surgeries, animals were pre-trained to at least a 

40% success rate averaged over two consecutive days.  Twelve and thirteen days 

following surgery, all animals received 2 training sessions while attached to electrode 

cables but without stimulation current.  Fourteen days following the lesion, animals were 

then trained for 18 consecutive days, while receiving cathodal 100Hz monopolar CS or 

no stimulation.  Rats then had one day of rest followed by two consecutive days of 

training without stimulation (post-rehabilitation training).  To simplify the data 

presentation and analyses, every two consecutive days of training data were pooled, 

within animals for successful pellet retrieval and drops. 

4.3.5 Behavioral tests 

The following forelimb behavioral tests were conducted prior to SMC surgery, 

12-13 days following surgery, and after the completion of rehabilitation training.   

Qualitative reaching analysis.  Successful reaches were further analyzed using an 

adapted version of the qualitative reaching movement rating scale developed by Whishaw 

and colleagues (e.g., Whishaw et al., 1993; Metz & Whishaw, 2000) and is based upon 

Eshkol-Wachman movement notation (Eshkol & Wachman, 1958).  This movement 

analysis is sensitive to compensatory forelimb movements that reveal enduring 

impairments or compensatory strategies in reaching and grasping motor action patterns 

following brain injury (e.g., Whishaw et al., 1993; Metz & Whishaw, 2000; Gharbawie et 

al., 2005).  Use of the inner wall to force the use of the impaired limb invalidates several 

components of the original scale (elbow to midline, digits to midline, and arpeggio: 

pronation of the wrist) and these movements were omitted from the analysis.  Seven 

components were analyzed: (1) Aim:  The elbow is adducted while the digits retain their 

alignment with the midline of the reaching window and are oriented towards the food 

pellet. (2) Digits semi-flexed:  Digits are semi-flexed prior to reaching through the 
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window. (3)  Digits open:  The digits are open and extended towards the pellet, as the 

limb is advanced. (4) Advance:  The limb is advanced directly through the reaching 

window, above and beyond the food pellet; (5) Digits open: The digits are extended and 

opened over the food pellet at the end of the advance. (6) Grasp: The pads of the palm or 

the digits touch the food and the food is grasped by closure of the digits around the pellet. 

(7) Supination 1:  The paw is dorsiflexed and supinated 90° as the limb is withdrawn 

through the reaching window. (6) Supination 2:  The paw is supinated again by 

approximately 45° to bring the pellet to the mouth. (8) Release:  The digits are opened 

and the pellet is released into mouth.  Two additional categories were added: (1) Parallel 

forelimb placement:  Both forelimbs and paws are parallel to each other and flat on the 

reaching chamber’s floor prior to the onset of the reach.  (2) Ipsilesional forelimb aid:  

The non-reaching forelimb is used to help withdraw the impaired reaching limb into the 

reaching chamber.  Each movement was rated with a score of 0 (normal), 0.5 (slightly 

abnormal), and 1 (absent or highly abnormal).   

Forelimb postural-motor asymmetries.  The Schallert Cylinder test was used to 

quantify lesion-induced changes in the proportionate use of the impaired forelimb during 

upright postural support (e.g., Whishaw et al., 1991; Jones & Schallert, 1992; Schallert et 

al., 2000).  Rats were placed into a clear Plexiglas cylinder and videotaped for 2 min 

prior to SMC lesions (Pre-Lesion), the day before CS and rehabilitation (Post-Lesion) 

and following the last day of CS and rehabilitation (Post-Rehab).  During slow-motion 

video play back, the first 30 instances of sole use of either forelimb (ipsilateral or 

contralateral to the lesion) or simultaneous use of both forelimbs (bilateral use) for 

upright support against the cylinder wall were recorded.  The contralateral asymmetry 

score was computed using the formula: %[(contralateral + ½ bilateral forelimb support 

/ipsilateral + contralateral + bilateral forelimb support].   
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Coordinated forelimb and paw use during pasta eating.  To assess whether 

improvements in skilled reaching generalizes to improvements in another measure of 

distal forelimb movement, animals were analyzed while performing a skilled forepaw 

food handling behavior, the Pasta Eating test (extensively adapted from Whishaw and 

Coles, 1996).  As seen in Figure 4.7, intact animals will use the forelimbs in an 

asymmetrical and coordinated fashion to hold and manipulate the piece of pasta.  One 

limb is held close to the mouth and appears to help guide the pasta piece into the mouth 

(the guide limb).  The other limb is held below the guide limb and the paw and digits are 

used to hold and adjust the pasta (the grasping limb).  Adjustments to the pasta pieces are 

made with both limbs, but most noticeably with the grasping limb.  When the pasta 

pieces become shorter, the rats then switch to a symmetrical grasp in which the digits of 

the guiding and grasping paws are held in an interposed position.   

Instances of normal and abnormal pasta eating behaviors were recorded for five 

trials.  Each trial consisted of a rat eating a 7 cm thin (1.2 mm diameter) piece of pasta.  

Ink markings were made to evenly divide the pasta into four segments 1.75 cm apart.  

Pasta eating scores were based upon six abnormal behaviors and two normal behaviors.  

Normal behaviors were scored as 0 and abnormal scores were recorded as a 1.  Abnormal 

behaviors included: (1) Fails to contact with the guide limb:  The guiding limb lost 

contact with the pasta while the rat was eating it. (2) Fails to contact with the grasp limb:  

The grasping limb lost contact with the pasta while the rat was eating it. (3) Drop:  The 

pasta piece is dropped by both grasp and guide limbs. (4) Switches:  The rat turned pasta 

around after beginning to eat it, changing which limb was used to guide and grasp the 

pasta. (5) Symmetrical when long:  The digits were interposed when the pasta pieces were 

long, i.e. over 3.5 cm long. (6) Mouth pull:  The rat used its mouth, instead of its digits, to 

adjust the pasta piece.  Normal behaviors included: (1) Symmetrical when short:  The rat 
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brought paws together, often interposing its digits, when less than 2 segments (3.5 cm) of 

pasta remained. (2) Asymmetrical when long:  The guide and grasp paw were 0.5 cm – 

3.5 (1/4 segment) apart when the pasta was over 3.5 cm long.  The average for each of 

the 8 categories was determined across 5 trials per testing day.  Abnormality scores were 

generated for each test session by summing all 8 averages to create one abnormality score 

that ranged from 0 – 8.   

Data from thirty animals was collected in real-time while eighteen animals’ pasta 

eating tests were analyzed from video recordings.  Data are presented as the sum of the 

mean scores per 5 pasta pieces for each test day.  

4.3.6 Histology 

Within two days after the last training session animals were given an overdose of 

sodium pentobarbital.  Eighteen animals in the study were transcardially perfused with 

0.1M sodium phosphate buffer followed by 4% paraformaldehyde solution in the same 

buffer.  Thirty animals will be processed for electron microscopy quantification and so 

were perfused intracardially with 0.1 M phosphate buffer solution followed by a fixative 

solution (2% paraformaldehyde and 2.5 % glutaraldehyde in 0.1M phosphate buffer).  

Fifty µm thick coronal sections were collected throughout the cerebrum and then stained 

with Toluidine blue (Nissl).  

Lesion reconstruction and volume estimates.  The extent of each lesion was 

reconstructed onto schematic coronal sections adapted from Paxinos and Watson (1986) 

and the placement was assessed based on the cytoarchitecture of the remaining cortical 

tissue.  Individual reconstructions where then overlaid onto one template for each of the 

three stimulation groups to determine the outer boundaries of all lesions combined, the 

smallest lesion and largest lesion within each group (see Fig. 4.1).   



 106

Lesion size was inferred from volume measurements of ipsilesional cortex and the 

volume difference between ipsilesional and contralesional cortices.  The volume of 

ipsilesional and contralesional striatum was determined in order to assess potential 

striatal damage or shrinkage.  The area of remaining cortex in each section was measured 

using Neurolucida (MicroBrightField, Colchester, VT) area tracing software option at a 

final magnification of 17X.  Cortical measurements were focused within the SMC region 

and included the first section caudal to the appearance of the forceps minor corpus 

callosum (~ +2.7mm anterior to Bregma) and six additional caudal sections, each section 

was 800µm (n = 30) or 600µm (n=18) apart (approximately 3.3 posterior to Bregma).  

Volume was calculated using the Cavalieri method (Gundersen et al., 1988), as the 

product of the summed area measurements and the distance between section planes.  Data 

analyzed were the volume of ipsilesional and contralesional cortex and striatum, and the 

interhemispheric volume difference between contralesional and ipsilesional structures.  

Group assignment.  Lesion size and extent can affect the severity of initial and 

chronic motor impairments humans (i.e. Shiemank et al., 2005; Chen, 2000) and in 

animal models of stroke (e.g., Schallert et al., 2000; Whishaw, 2000).  However, studies 

have also found that there is not always a direct correlation between the size of lesion and 

of post-lesion motor performance (Irle, 1987; Goldstein, 1990; Whishaw, 2000; Metz et 

al., 2005).  Initially, we varied lesion sizes in order to produce severely and moderately 

impaired post-lesion performance.  We found that lesion size alone did not predict 

impairment level throughout rehabilitation training.  There was a positive correlation 

between initial post-lesion performance on the single pellet retrieval task and the volume 

of remaining cortical tissue (r= 0.33, p < 0.05).  However, ipsilesional cortical volume 

did not correlate with success rates during the 18 days of rehabilitation training (r= 0.16, 

p > 0.05) or on the two days of no stimulation post-rehabilitation testing (r = 0.15, p > 
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0.05).  In contrast, initial post-lesion success rates in the reaching task significantly 

correlated with post-rehabilitation training success (r=0.64, p < 0.00001).  These data 

further support separating groups by behavioral impairments as opposed to cortical 

volume. 

4.3.7 Statistical analysis 

SPSS (SPSS, Inc.) repeated-measures analyses of variance (ANOVAs) were used 

to examine the effect of Group, Days, and Group X Day interaction for behavioral tests 

(skilled reaching, cylinder test, and pasta eating data).  Fisher LSD post hoc analyses 

were used when needed to further analyze group differences and behavioral performance 

on individual days.  Volume estimations were analyzed using one-way ANOVA’s to 

compare groups. Bivariate correlations were used to assess the relationship between 

volume measurement and performance on rehabilitation reaching days (days 1-18) and 

impaired forelimb asymmetry scores in the cylinder test.  Significant levels were set at α 

level 0.05. 

4.4 Results 
Behavioral Results 

Based upon reconstruction of lesion extent and placement, all lesions produced 

damage to the SMC and there were no major differences in extent or placement between 

groups (Fig. 4.1).  There were no significant differences between the moderately 

impaired and the severely impaired animals in any volume measurement (p’s > 0.05).  As 

shown in Table 4.1, there were also no significant differences between groups in any 

volume measures: ipsilesional cortex (F(3,42) = 1.01, p > 0.05); contralesional cortex 

(F(3,42) = 0.74, p > 0.05); interhemispheric cortex differences (3,42) = 1.43, p > 0.05); 

ipsilateral striatum (3,42) = 0.14, p > 0.05); contralateral striatum (F(3,42) = 0.56, p > 
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0.05); interhemispheric striatum differences (F(3,42) = 0.23, p > 0.05).  The two different 

perfusion methods and tissue collection processes did not produce significant differences 

in volume (p < 0.05).  

There were no significant correlations between any volume measurements and 

qualitative measures of reaching or asymmetrical forelimb use (cylinder test).  

 

 

 
 
Figure 4.1 Reconstruction of SMC lesion extent and placement.   
The black outlines the largest extent of all lesions combined, grey coloring indicates the 
largest lesion, and black is the smallest lesion within groups. Numbers to the right 
indicate approximate coordinates in mm relative to Bregma. 
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             Moderate             Severe 
   NoCS CS NoCS CS 
 Ipsilesional 104.41 ± 2.31 102.00 ± 1.85 99.62 ± 2.05 100.51 ± 2.25
      
Cortex Contralesional 115.93 ± 1.67 115.05 ± 1.04 116.48 ± 1.91 113.31 ± 1.40
      
 Contra-Ipsi 11.52 ± .371 13.04 ± 2.27 16.85 ± 2.32 12.80 ± 1.96 
      
 Ipsilesional 47.63 ± 1.67 47.61 ± 1.10 48.82 ± 1.89 47.92 ± 0.84 
      
Striatum Contralesional 46.58 ± 1.43 46.14 ± 0.88 48.40 ± 1.71 47.64 ± 0.97 
      
  Contra-Ipsi -1.05 ± 0.58 -1.39 ± 1.42 -0.42 ± 1.38 -0.29 ± 0.85 
Table 4.1 Cortical and Striatal Volume Measurements (mm3).  
There were no significant differences between groups in the volume of cortex or striatum 
of either hemisphere or their interhemispheric differences (“Contra-Ipsi”).  Data shown 
are mean volume in mm3  ± SEM.   
 
 
Behavioral Results 

Quantitative rehabilitative reaching performance.  Figure 4.2 shows the 

percentage of successful reaches for all groups in the single pellet retrieval task.  All 

groups had significant impairment after unilateral SMC lesions (“Post-Lesion”) 

compared to pre-lesion success levels.  All groups improved on success rates over days of 

testing [Day effect: (F(11,462) = 34.72, p < 0.0000001)].  There was also a significant 

interaction effect of Group X Day (F(11,462) = 2.30, p < 0.00001) and Group effect 

(F(3,42) = 4.89, p <  0.005).  Post hoc analysis revealed that all groups were similar in 

reaching success rates prior to induction of the lesion (p’s > 0.05).  Following SMC 

lesions, the moderately impaired groups were significantly different from the severely 

impaired groups (p’s < 0.05). The CS and NoCS within the same impairment group did 

not differ on the first post-lesion training day (p > 0.05).   
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In the moderately impaired group, CS combined with rehabilitation greatly 

enhanced reaching performance with the impaired forelimb compared to NoCS on 

several later training days (p’s < 0.05) and continued to show improved performance after 

the termination of stimulation (“Post-Rehab”; p < 0.05).  In the severely impaired groups, 

CS did not enhance successful pellet retrieval in the reaching task compared to 

unstimulated controls on any training day (p> 0.05). 

 

 

Figure 4.2 Peri-lesion cortical stimulation effects on rehabilitative training on the 
single pellet retrieval task.  All animals showed a decline in reaching performance 
following SMC lesions (“Post-Lesion”) and increased success rates over the 18 days of 
rehabilitation training.  In the moderately impaired group (“Moderate”), CS significantly 
enhanced reaching success over days of testing compared Moderate NoCS.  CS did not 
produce performance enhancements in the severely impaired group (“Severe”) compared 
to Severe NoCS. Data are means ± S.E.M.  Moderate CS significantly different from 
Moderate NoCS, * p<0.05, ** p<0.01. 
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Qualitative movement analysis.  Following unilateral SMC lesions (“Post-

Lesion”), all groups had movement abnormalities while performing the single pellet 

reaching task (Fig. 4.3).  Abnormal reaching behaviors persisted after 18 days of 

rehabilitative training (“Post-Rehab”).  Repeated-measures ANOVAs revealed that there 

were significant Day effects in all the movement categories qualitatively assessed (p’s < 

0.05), except for the “digits open” category which had a Day effect of p = 0.06.  Release 

of the pellet was the only movement category that resulted in a significant interaction 

effect of Group X Day (F(6,84) = 2.21, p < 0.05) and a significant effect of Group 

(F(3,44) = 2.87, p < 0.05).  Post-hoc analysis revealed that both the moderately and 

severely impaired CS groups were significantly different from the NoCS group of the 

same behavioral impairment (p’s > 0.05). 

Data were then analyzed by pooling reaching movements prior to pellet contact 

(digits closed, aim, advance and digits open) and including grasp of the pellet (grasp, 

supination I and II, and release).  This was done because the latter sets of movements 

were more severely affected by the lesion.  As seen in Figure 4.4A, pooling pre-grasping 

movements together (“Pre-Grasp”), revealed that there was a significant effect of Day 

(F(2,84) = 26.09, p < 0.0000001) but there was no Group (F(3,42) = 0.09, p > 0.05) or 

Group X Day interaction effect (F(6,84) = 0.83, p > 0.05).  Impairments in pre-grasping 

movements increased after SMC lesions (“Post-Lesion; p < 0.05) and remained 

significantly different from pre-lesion levels after 18 days of rehabilitation training 

(“Post-Rehab”; p’s < 0.01).   

As seen in Figure 4.4B, pooling movements involved in grasping and releasing of 

the pellet (“Grasp-Release”), revealed that there was also a significant lesion-induced 

increase in these combined movement categories.  There was a significant effect of Day 

(F(2,84) = 105.06, p < 0.0000001), Group X Day interaction (F(6,84) = 3.16, p < 0.01), 
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but no significant effect of Group (F(3,42) = 1.20, p > 0.05).  Further analysis 

demonstrated that CS significantly reduced impairments on these pooled categories in 

animals with moderate and severe reaching impairments compared with the NoCS group 

of the same impairment level following 18 days of rehabilitative training (“Post-Rehab”; 

p’s < 0.05).   



 113

 

 
Figure 4.3 Representative images of normal and impaired reaching movements in 
the single pellet retrieval task.  Representative images of a normal advance (A) and (B) a 
normal grasp and supination I (Sup I) performed in the single pellet reaching task.  Following 
SMC lesions, rats were impaired in grasping the pellet, supinating their forelimb (C) and 
releasing the pellet into their mouths (D).  (F)  Following SMC lesions, all groups were more 
impaired in all reaching movements compared to pre-lesion performance (“Pre-Lesion”), with the 
exception that impairments in extending the digits (“Open”) did not reach a significance for Day 
(p=0.06).  CS significantly reduced impairments in release of the pellet following 18 days of 
rehabilitation (“Post-Rehab”) in the moderately and severely impaired groups compared to NoCS 
animals of the same severity levels.  Data are means ± SEM.  *CS significantly different from 
NoCS of the same impairment group, *p < 0.05.   
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Figure 4.4 Qualitative movement analysis.  Impairment scores of pooled reaching 
movement categories prior to pellet contact (“Pre-Grasp”) and subsequent movements 
(“Grasp-Release”) in the single pellet reaching task. Movements were scored as normal 
(0), slightly impaired (0.5), or highly impaired (1).  (A) After SMC lesions (“Post-
Lesion”), all animals had a significant, but moderate, increases in movement impairments 
prior to grasping the pellet with their impaired forelimb compared to pre-lesion levels 
(“Pre-Lesion”).  There were no significant differences between any groups in level 
movement impairments prior to grasping. (B)  All groups had significantly increased 
impairments in reaching movements involving grasp through the release of the pellet 
after SMC surgery compared to pre-lesion impairments.  CS reduced movement 
impairments involved in grasping through releasing the pellet in groups with moderate 
and severe initial post-lesion impairments after 18 days of rehabilitation training (Post-
Rehab).  Data are means ± S.E.M.  * p<0.01. 
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 Stimulation-Induced Movement Threshold.  As seen in Figure 4.5, all rats 

required less current to evoke impaired forelimb movements over testing days (F(2,84) = 

4.19, p < 0.05).  There was no difference between groups (F(3,42) = 0.32, p > 0.05) or 

Group X Day interaction (F(6,84) = 1.45, p > 0.05).  Although there was a significant 

effect of days and there were no group differences in movement threshold, the Severe + 

NoCS group did not have an obvious reduction in movement thresholds.  Movement 

thresholds declined on Training Day 7 and 14 compared to Training Day 1 (p < 0.05), but 

did not further decline from Training Day 7 to 14 (p > 0.05).   

 

Figure 4.5 Movement Thresholds.  Movement thresholds were defined as the lowest 
current necessary to evoke movements of the impaired forelimb.  There was a significant 
reduction in movement thresholds over days and this effect did not significantly depend 
on group, there was no obvious reduction in movement threshold in the Severe NoCS.  
Data are means ± S.E.M. 
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Lesion induced forelimb asymmetries.  As shown in Figure 4.6, all three groups 

had a moderate but significant reduction in the proportionate use of the impaired forelimb 

10-14 days after SMC lesions compared to pre-lesion levels.  There was a significant 

effect of Day (F(2,84) = 7.22, p < 0.001) but no Group (F(3,42) = 0.89, p > 0.05) or 

Group X Day interaction (F(6,84) = 0.89, p > 0.05) in the proportionate use of the 

impaired forelimb for postural support.  All groups declined in the proportionate use of 

the impaired forelimb following the SMC lesions (“Post-Lesion” vs “Pre-Lesion”; p < 

0.001) and remained impaired following 18 days of rehabilitation training (“Post-Rehab” 

vs “Pre-Lesion”; p < 0.01).   

 
Figure 4.6 Impaired forelimb use for postural support.  The proportionate use of the 
impaired forelimb for postural support was assessed with the cylinder test.  Following the 
lesions, all groups had a moderate reduction in the proportional use of the impaired 
forelimb.  There were no significant differences between groups on any day tested. Data 
are means ± S.E.M. 
 

Pasta eating task.  Figure 4.7 shows representative examples of abnormalities in 

pasta eating behaviors in rats following SMC lesions and the average abnormality score 

for each test day.  There was a significant effect of Day (F(2,84) = 14.46, p < 0.00001) in 

repeated-measure ANOVA for all four groups.  There were no differences between 
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groups the pasta eating measure [effect of Group: (F(3,42) = 1.73, p > 0.05); interaction 

Group X Day: (F(6,84) = 1.52, p > 0.05). However, it should be noted that the Severe CS 

group did not have obvious increased in abnormal pasta eating behaviors following SMC 

(see Fig. 4.7; “Post-Lesion”).  Also, the overall mean abnormal behaviors for all groups 

were below 2 on scale that ranged from 0-8 (see Fig. 4.8E). Despite the low scores, there 

was a significant lesion induced increase in abnormal pasta eating scores compared to the 

pre-lesion test day.    

Although abnormality scores on the pasta eating task were not significantly 

different between groups, bivariate correlations revealed that there was a significant 

correlation between pasta abnormality scores after SMC lesions and the volume of 

ipsilesional cortex (r = -0.31, p < 0.05).  Following 18 days of rehabilitation, performance 

on the pasta eating task did not significantly correlate with ipsilesional cortical volume (r 

= -0.05, p > 0.05).  One animal from the severely impaired NoCS group was removed 

from the statistical analysis because it’s post-lesion abnormality score (4.4) was over two 

standard deviations (SD) from the severely impaired + NoCS mean (mean = 2.11, SD = 

0.79) and over 4 SD from the overall mean (mean = 1.77, SD = 0.54; Data is normally 

distributed).  With this outlier included, ipsilesional cortical volume and post-lesion 

abnormality score were not significantly correlated (r = -0.14, p = 0.10).   
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Figure 4.7 Abnormal pasta eating behaviors.  Representative images show a rat eating 
pasta using normal (A&B) and abnormal (C&D) distal forepaw behaviors.  Intact rats 
normally will (A) hold long pasta pieces with their paws held apart (asymmetric hold) 
and (B) hold their paws together (symmetrical) when the pasta piece is short.  Following 
SMC lesion, rats will hold long pasta pieces with their paws held symmetrically (C) or 
lose contact with the pasta piece with one of their paws (D).  (E), There was a significant 
increase in abnormal pasta eating behaviors over days and this effect did not significantly 
depend on group, there was no obvious increase in abnormalitys scores in the Severe 
NoCS. 

4.5 Discussion 

In the present study, all animals improved in reaching success levels over days of 

rehabilitation training compared to their initial post-lesion performance.  In moderately 

impaired animals, improved reaching success in the single pellet retrieval task and 
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reduced lesion-induced abnormalities in reaching movements compared to NoCS, as 

measured by pooling score for movements involved in grasping through releasing the 

pellet.  In the severely impaired animals, CS also had reduced reaching movement 

impairments in grasping through pellet release, but failed to enhance reaching success 

compared to the NoCS group with the same initial impairments.  CS did not improve the 

coordinated distal forelimb use involved in pasta eating nor the proportionate use of the 

impaired forelimb for postural support, in either the moderate or severe impairment 

groups 

Cortical stimulation effects in moderately impaired animals. 

Following lesions to the SMC, CS combined with rehabilitation enhanced 

performance in successfully retrieving pellets in the single pellet retrieval task.  This 

finding is in agreement with our previous findings that, after SMC lesions, 100Hz anodal 

and cathodal monopolar and 50Hz bipolar CS concurrent with motor rehabilitation 

greatly improved reaching performance (Adkins-Muir and Jones, 2003; see chapters 2 

and 3).  The present findings also extend the previous findings with results indicating that 

CS also improves some aspects of lesion-induced abnormal compensatory reaching 

strategies involving grasping the pellet, supinating the wrist, and releasing the pellet.  

Previously, CS combined with post-lesion rehabilitative training was found to induce 

neural plastic responses including increased peri-lesional dendritic plasticity (Adkins-

Muir & Jones, 2003) and greater neuronal density (see chapter 3).  CS also induced 

functional alterations in the motor cortex as revealed by expanded forelimb movement 

representations (motor maps; Kleim et al., 2003; Plautz et al., 2003) and greater 

polysynaptic potentiation, measured as an increase in the late-component of motor 

evoked potentials (Teskey et al., 2003) compared to unstimulated rehabilitation controls.  

These finding suggest that, following damage to the motor cortex, CS induces functional 



 120

and structural alterations that may be related to enhanced synaptic efficacy within the 

remaining motor cortex (see Teskey et al., 2003; Monfils et al., 2005).         

CS in the moderately impaired group did not further enhance behavioral recovery 

in the proportionate use of the impaired forelimb for upright postural support compared 

to the moderately impaired NoCS group.  Previously, we found that monopolar cathodal 

or anodal stimulation improved the efficacy of reach training compared to unstimulated 

controls (Chapter 3).  In this previous study, animals receiving the cathodal stimulation 

had significantly greater asymmetries compared to the animals that received anodal CS or 

no stimulation.  This dissociation between reaching performance and forelimb use for 

postural support may be due the difference in muscle synergies required for each task, i.e. 

reaching and grasping food pellets may depend more on wrist and digit movements (i.e., 

Whishaw et al., 1992; Whishaw & Coles, 1996), while forelimb postural support may 

depend upon more proximal muscles and these tasks undoubtedly vary in movement 

sequence.  Other studies have suggested that post-injury improvements following 

rehabilitation may be task-specific.  For example, amphetamine administration after brain 

injury has been shown to accelerate recovery (reviewed in: Martinsson & Eksborg, 2004; 

Feeney, 1998).  However, if rats with motor cortex damage are immobilized during 

amphetamine administration, they do not show improved motor function compared to rats 

permitted to freely move in their home-cages following amphetamine treatment 

(Schmake et al., 1996).  Likewise, following bilateral visual cortex damage, 

dexamphetamine administration can reduce visual deficits, but cats kept in a dark room 

during drug treatment do not improve compared to animals kept in a lit room (Fenney & 

Hovda, 1985).  It is not surprising, then, to find that cortical stimulation did not further 

enhance use of the impaired forelimb during upright exploratory behaviors, given that CS 

was never intentionally coupled with practice in these behaviors.  
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 CS also did not further reduce impairments in coordinated forepaw use during the 

pasta eating task.   It seemed reasonable to expect that improved success in the single 

pellet retrieval task would extend to improvements in the pasta eating task, because both 

tasks require distal forelimb use.  However, the complex movements involved in reaching 

for a pellet or manipulating pasta pieces likely engage different muscle combinations and 

movement sequences.  It could also be the case that impairments in the pasta eating task 

(and asymmetric forelimb use) are not amenable to rehabilitation and/or CS.  It is likely 

that CS enhances learning-like mechanisms that are engaged during rehabilitative reach 

training.  For example, skilled reach training increased motor map representation (Kleim 

et al., 1998) and synaptogenesis (Kleim et al., 2004) in the intact motor cortex of rats, but 

practice of an unskilled forelimb task did not.  It is also possible that our rating scale for 

the pasta eating task was not sensitive enough to pick-up differences between CS and 

NoCS.  However, our analysis did reveal impairments following SMC lesions and 

indicated that the volume of remaining ipsilesional cortical volume was negatively 

correlated with abnormalities in pasta eating.  It is likely that the complexity of distal 

forelimb movements involved in pasta eating and pellet reaching are different enough to 

require separate forms of rehabilitation. 
 

Cortical stimulation effects in severely impaired animals. 

As measured by reaching success rates, animals that began rehabilitation 

following SMC lesions with lower than a 20% success rate did not benefit further from 

the addition of cortical stimulation during rehabilitation compared to the unstimulated 

severely impaired group.  Since initial post-lesion performance on the reaching task was 

correlated with the volume of remaining cortical tissue, it is possible that there was less 

remaining SMC tissue for the cortical stimulation to activate.  However, other data in this 
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study suggests that this is unlikely.  First, cortical volumes between groups were not 

significantly different.  Secondly, initial movement thresholds were not significantly 

different between groups.  This data indicates that the same level of current could evoke 

impaired forelimb movements, presumably through direct and indirect cortical spinal 

neurons, across these groups, with the possible exception of the Severe NoCS group that 

did not have obvious reductions in movement thresholds.  Finally, CS in the severely 

impaired animals reduced qualitative abnormalities in the qualitative reaching 

movements involved in grasping through release of the pellet, compared to the 

unstimulated severely impaired group.  These data may indicate that CS in the severely 

impaired animals facilitated more distal wrist and digit dexterity, while not affecting 

more proximal movements as those seen in aiming and advancing over the pellet.  It is 

also possible that the severely impaired group had greater and/or a different pattern of 

denervation of the sensorimotor cortex, not detectable with volume measurements alone, 

which produced more severe reaching impairments and limited the effects of CS. 

Other studies have found that lesion size or extent is not always correlated with 

levels of post-injury impairments (Goldstein & Davis, 1999; Whishaw, 2000; Irele, 

1987).  Whishaw (2000) found that, following motor cortex lesions, there is considerable 

variation within and between animals in performance on a skilled reaching task, 

especially during early post-surgical test days, but that after 15 days of rehabilitation 

training, these initial differences were no longer apparent.  It has been suggested that 

variation in post-lesion performance that cannot be attributed to lesion size and extent 

may be related to several pre- and post-surgical factors, including innate anatomical 

differences or differences in the way animals perform the tasks (see Whishaw, 2000; 

Goldstein & Davis, 1999).   
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Differences in performance that cannot be fully explained by lesion size or 

location may be related to alterations in the cortex adjacent to the lesion.  It is possible 

that the severely impaired animals had greater post-lesion alterations in the function and 

structure of adjacent SMC compared to the moderately impaired animals and that this 

greater disturbance of the SMC limited the effectiveness of CS.  Areas adjacent to 

cortical damage undergo alterations in metabolism (Dietrich et al., 1986), show increased 

hyperexcitability (Neumann-Haefelin et al., 1986) and reduced y-aminobutyric acid 

(GABA) inhibition (Neumann-Haefelin et al., 1995).  There may also be group 

differences in the integrity of neuronal function and loss of synaptic connections which 

may not be apparent from gross measurements of volume.  For example, focal motor 

cortical lesions in non-human primates can reduce motor maps in adjacent, but intact 

tissue and produce impairments in skilled reaching (Nudo & Milleken, 1996).  In rats, 

chronic injection of protein synthesis inhibitors within the motor cortex cause motor 

maps to disappear and reaching behavior to become impaired.  Within these cortical areas 

that have lost their motor maps, there is a reduction in the number of synapses, but not la 

oss of neurons (Kleim et al, 2003B).  These studies suggest that disruption of cortical 

circuitry and neuronal function may play a role in cases in which lesion size and extent 

do not correlate with the level of impairments.  Cortical stimulation, in turn, would be 

less likely to activate existing neural networks used during successful reaching and thus 

would not induce greater recovery.  However, CS possibly would still alter movement 

thresholds through separate neural pathways, i.e. direct corticospinal (see Brown et al., 

2003).  CS effects may rely upon some level of cortical integrity in order to enhance 

rehabilitative training.  Since the severely impaired group did show improvements in 

some reaching movements and did improve in reaching success during rehabilitation 



 124

compared to their initial post-lesion performance, it may be more severe impairments 

require more intensive and/or longer periods of CS combined with rehabilitative therapy. 

Summary 

In conclusion, 100Hz epidural cortical electrical stimulation combined with 

rehabilitation is effective at enhancing post-lesion functional recovery and/or 

compensation in skilled reaching but these effects are limited by early post-lesion levels 

of impairment.  Lesion size alone is not sufficient to explain differences between 

moderately impaired and severely impaired post-lesion performance.  This study also 

suggests that cortical stimulation combined with skilled reach training may produce task 

specific improvements that do not generalize to improvements in other assessments of 

post-lesion deficits. 
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Chapter 5. General discussion and future directions. 

 

Together, this set of studies support that CS concurrent with motor rehabilitation 

facilitates functional recovery of the impaired forelimb in a rat model of ischemic 

sensorimotor cortex damage.  Bipolar 50Hz and 100Hz CS combined with rehabilitative 

training in skilled reaching resulted in a robust enhancement of reaching performance 

compared to rehabilitative training without CS.  Cathodal CS, delivered at 100Hz, also 

reduced abnormalities in specific digit and wrist movements involved in grasping and 

releasing a pellet in the single pellet reaching task, compared to rehabilitation alone.  CS 

combined with rehabilitation following SMC lesions also altered neuronal structural 

responses by increasing the surface density of dendritic processes and possibly increasing 

neuronal density in the cortex adjacent to the lesion.  However, CS-induced 

improvements in reaching success did not coincide with a greater reduction in deficits on 

other behavioral measures that are sensitive to motor cortex injury, suggesting a lack of 

generalization to tasks that were not practiced concurrent with CS.  Additionally, bipolar 

CS delivered at 250Hz did not enhance reaching success compared to rehabilitation 

alone, suggesting that some stimulation parameters are more effective than others at 

improving function.  Together these results indicate that cortical electrical stimulation 

applied to the sensorimotor cortex after cortical damage can be an effective tool for 

improving functional recovery when coupled with appropriate rehabilitative therapy.   

5.1 CS combined with motor rehabilitation: potential mechanisms. 

While the specific mechanisms of action are unknown, it is possible that CS 

amplifies behaviorally-induced functional and structural plasticity in the remaining motor 

and sensory cortices.  For example, CS concurrent with rehabilitative training in skilled 
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reaching coincided with increased surface density of dendrites (Adkins-Muir & Jones, 

2003; Chapter 2) in remaining cortex.  CS combined with motor rehabilitation induced 

motor map expansion (Kleim et al., 2003; Plautz et al., 2003) and an enlargement of the 

late (polysynaptic) component of evoked potentials (Teskey et al., 2003) in the remaining 

motor cortex of the infarcted hemisphere.  In intact animals, acquisition of a skilled motor 

task induces LTP-like changes in motor cortex (Rioult-Pedotti et al 2000), increases the 

number of synapses (Kleim et al., 1998), increases motor maps (Kleim et al., 1998) and 

enlarges the late component of evoked potentials (Monfils & Teskey, 2004).  Following 

brain damage, motor training can facilitate learning of a novel task compared to sham 

animals and induce neural plasticity in denervated regions both remote (e.g., Jones et al., 

1998; Bury & Jones, 2002; Bury & Jones, 2004; Luke et al., 2004) and proximal to the 

damage (e.g., Nudo et al., 1996).  However, long-term diaschisis may limit the 

effectiveness of post-injury rehabilitation, especially in more proximally denervated 

tissue (for review: Nudo, 2003).  CS, when combined with repeated practice of a motor 

task, may overcome the effects of diaschisis and/or engage undamaged tissue to take over 

functions previously under control of the lesion area. 

CS may facilitate behaviorally-driven adaptive neural plasticity by increasing 

neural excitability, e.g. such as inducing greater evoked potentials (Teskey et al., 2003).  

In vitro studies demonstrated that low-amplitude extracellular electrical stimulation of 

cortical (Nowak & Bullier, 1998) and hippocampal (Bikson et al., 2004) neurons resulted 

in depolarization of dendrites and lowered neural firing thresholds.  Anodal and cathodal 

field stimulation that was placed perpendicular to hippocampal apical dendrites induced 

general neural excitability in the surrounding neurons (Bikson et al., 2004).  It is thus 

possible that the surface cortical electrical stimulation used in our studies produced 

general cortical excitability that, when coupled with specific motor behaviors, induced 
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long-term activation and strengthening of specific synaptic assemblies.  For example, CS 

may shift membrane thresholds in partially denervated neurons and thus increased the 

likelihood that behaviorally-driven neural activation will form long-lasting and 

appropriate neural assemblies involved in the re-learning of motor skills.    

This cortical reorganization likely is due to alterations in several neurotransmitter 

systems.  Motor learning in intact animals is thought to be the result of enhancing 

synaptic connections via LTP-like mechanisms (e.g., Rioult-Pedotti et al 2000; Monfils & 

Teskey, 2004) and LTP is dependent upon glutamatergic (e.g., Hess et al., 1996; Werk & 

Chapman, 2003) and cholinergic (Hess & Donoghue, 1994) activation and a reduction in 

GABAnergic activation (Hess et al., 1994; Hess et al., 1996).  Additionally, GABA 

antagonist administration induces an expansion of movement representations (Jacobs & 

Donoghue, 1991) and selective elimination of cholinergic inputs into the motor cortex 

disrupts learning-induced motor map expansion (Conner et al., 2003; 2005).  Thus, it is 

likely that CS and rehabilitative training-induced neural plasticity and improved motor 

performance are associated with alterations in the number and/or efficacy of 

glutamatergic, GABAergic, and cholinergic receptors.      

The specific cortical and subcortical areas that are responsible for enhanced 

behavioral performance following CS combined with rehabilitation have not been fully 

delineated.  However, data indicates that remaining ipsilesional primary motor cortex is 

one of the areas that demonstrates enhanced plasticity following the combination of CS 

and rehabilitation, as indicated by CS induced increases in layer V evoked potentials 

(Teskey et al., 2003), motor map expansion (Kleim et al., 2003), and possibly induced 

greater neuronal density (Chapter 3).  CS may also recruit cortical areas that are not 

normally engaged in post-injury adaptive plasticity.  Plautz et al (2003) reported, that 

following lesion of the wrist and digit area in the primary cortex of non-human primates, 
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CS combined with motor training induced the expansion of digit and wrist motor 

representation in areas further from the lesion site than has been previously identified 

using similar lesion and rehabilitation techniques (Plautz et al., 2003).  These map 

expansions described by Plautz et al. (2003) suggest that CS may recruit or strengthen 

neural input from a larger range of cortical tissue than rehabilitation alone.  

Secondary motor cortical areas may also be involved in CS induced post-lesion 

enhanced motor performance.  Damage to the primary motor cortex has been shown to 

induce motor map expansion in the premotor cortex of monkeys (Liu & Rouiller, 1999) 

and rostral forelimb area in rats (Conner et al., 2005), areas that have not been found to 

be altered by motor learning in intact animals (Conner et al., 2004).  For example, 

following damage to the hand area of primary motor cortex in monkeys and subsequent 

recovery, muscimol (a GABA agonist) was injected into various intact motor regions to 

induce transient inactivation.  Inactivation of the ipsilesional premotor cortex reinstated 

hand deficits (Liu & Rouiller, 1999).  In the rat, skilled reach training induces expansion 

of the wrist and digit representation in the caudal forelimb area but does not induce map 

expansion in the rostral forelimb area compared to unskilled training controls (Kleim et 

al., 1998).  However, Conner et al. (2005) demonstrated that motor rehabilitation, which 

enhanced motor performance following lesions to the caudal forelimb area, induced 

motor map expansion in the rostral forelimb area compared to sham operated animals.  

Subsequent lesions to the rostral forelimb region reinstated forelimb deficits in animals 

with prior caudal forelimb lesions but did not affect animals that had previously received 

sham operations and motor training (Conner et al., 2005).  These studies indicate that 

motor regions in non-injured brains that may participate in different motor functions are 

recruited to take over some of the function of the lost tissue.  It is thus possible that CS, 
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when combined with motor rehabilitation, activates adjacent and distal motor regions to a 

greater degree than motor rehabilitation alone.  

The remaining somatosensory cortex is also likely to be involved in motor 

recovery.  For example, we found that CS combined with rehabilitation induced a greater 

surface density in dendritic processes in the sensory cortex compared to unstimulated 

rehabilitative training (Adkins-Muir & Jones, 2003).  It is also possible that homotopic 

motor cortex contralateral to the lesion may also contribute to motor recovery.  Following 

unilateral lesions to the forelimb region of the sensorimotor cortex in rats, the 

contralateral homotopic cortex undergoes lesion and behavioral induced plasticity (e.g., 

Jones & Schallert, 1997; Jones et al., 1999).  However, our current data indicates that CS-

induced forelimb recovery did not increase the surface density of dendritic processes in 

layer V of the contralateral motor cortex (Adkins-Muir & Jones, 2003; Chapter 2).  Liu & 

Rouiller (1999) also found that following unilateral damage to the primary motor cortex 

and subsequent recovery, injection of muscimol into the homotopic, intact motor cortex 

did not reinstate the motor deficit (Liu & Rouiller, 1999).   Thus, it is unlikely that the 

intact contralateral motor cortex is essential for the CS-induced motor recovery of 

reaching success seen in our present studies.  Further investigation is needed to better 

determine which cortical area(s) may be involved in motor recovery following CS and 

rehabilitation.   

It is also possible that CS enhances the rewarding aspects or salience of motor 

training, thus when motor rehabilitation is combined with reach training the animal is 

more likely to engage and (re)learn the task.  Castro-Alamancos and Borrel (1995) 

demonstrated that after bilateral ablation of the forelimb area of the motor cortex in rats, 

combined electrical stimulation of the ventral tegmental area (part of the reward circuit in 

the brain) enhanced recovery of reaching performance.  Although there is no evidence at 
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this time, it is possible that CS engages the brains reward system and thus encourages rats 

to reach more successfully or be more willing to reach.  This in turn, may increase 

adaptive neural restructuring in remaining brain regions. Experiences that are more 

salient are demonstrated to enhance learning performance and to produce cortical 

plasticity.  For example, animals trained in a classical conditioning experiment had 

enhanced representation in the auditory cortex associated with tones that signaled food 

reward, whereas auditory tones that were not paired with reward did not induce cortical 

reorganization (Weinberger, 2004).  Studies have indicated that basal forebrain 

cholinergic activation may be essential for encoding the “salience” of an experience and 

for learning-induced plasticity in the barrel cortex after whisker pairing (Baskerville et 

al., 1997; Sachdev et al., 1998; Zhu & Waite, 1998; Maalouf et al., 1998), auditory map 

reorganization (Bakin & Weinberger, 1996; Bjordahl et al., 1998; Dimyan& Weinberger, 

1999; Kilgard & Merzenich, 1998), and odor discrimination tasks (Linster et al., 2001).  

In the motor cortex, the basal forebrain cholinergic system is important for motor 

learning in intact animals (Conner et al., 2004) and motor recovery in rats with motor 

cortex lesions (Conner et al., 2005).  

It is also possible that CS may act in a generalized manner to help sites distal and 

remote from the lesion to overcome post-injury metabolic depression.  Several 

pharmacological studies have indicated that drugs that upregulate norepinephrine 

accelerate motor recovery after sensorimotor damage (reviewed in Feeney, 1997; 

Goldstein, 1998).  It has been suggested that administration of drugs such as 

amphetamine alleviate metabolic depression in cortical and subcortical areas often remote 

to cortical injury (reviewed in Feeney & Sutton, 1988).  For example, administration of 

d-amphetamine coupled with skilled reach training following SMC lesions enhances 

reaching success compared to saline treated animals (Adkins & Jones, 2005).  Similar to 



 135

findings in the present set of studies (Chapter 2, 3, 4), d-amphetamine’s positive 

enhancement of motor performance may be limited to the task practiced during drug 

activation (Feeney et al., 1982) or may aid in motor recovery while not affecting 

somatosensory recovery (see Schmanke et al., 1996).     

If CS is working by enhancing the synaptic plasticity underlying specific motor 

assemblies activated during repeated practice and enhances the salience/rewarding 

aspects of the reaching task, this may help explain why CS only effectively enhanced 

performance on the motor tasks that were practiced concurrent with CS.  Alternatively, it 

is also possible that the effects of CS outlast the stimulation period and can influence 

behavioral experience that does not occur concurrently with the stimulation.  Previous 

studies indirectly support that CS is most effective when coupled with specific behavioral 

practice: (1) cortical stimulation not coupled with rehabilitative reach training failed to 

promote enhanced recovery of function (Adkins-Muir & Jones, 2003; Chapter 2) and (2) 

enhancement in reaching success following CS  did not generalize to other post-lesion 

motor behaviors (Chapters 2-4).  

Studies have shown that some frequencies are more optimal than others at 

enhancing post-lesion motor performance than others (Adkins-Muir & Jones, 2003, 

Teskey et al., 2003; see Chapter 2).  For example, bipolar 50 Hz but not 250 Hz CS 

enhanced post-lesion reaching success when combined with rehabilitative training 

compared to unstimulated rehabilitation controls (also see Adkins-Muir & Jones, 2003).  

Teskey et al (2003) also demonstrated that frequencies between 50-250 Hz, but not 10 

Hz, were effective in enhancing the efficacy of post-lesion rehabilitative training but 100 

Hz CS produced the most robust effects.  Several studies using motor cortical stimulation 

to reduce neuropathic pain (see Smith et al., 2001) or deep brain stimulation to elevate 

movement disorders (e.g., Moro et al., 2002) have also indicated that some frequencies 
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are more effective than others.  At this time, the reason for the frequency dependent 

efficacy of CS or deep brain stimulation is not well understood.  It is possible that 

different frequencies of CS may more effectively activate neuronal firing.  For example, 

CS delivered in the present studies corresponds to trains of pulses with interpulse 

intervals of 20 milliseconds for 50 Hz CS and 4 milliseconds for the 250 Hz CS.  It is 

possible that the longer interpulse interval of the 50 Hz CS more closely aligns in time 

and or/intensity with behavioral-induced motor cortical excitatory post-synaptic 

potentials.  CS delivered at 50 Hz then may enhance the summation of these post-

synaptic potentials, making the generation of action potentials more likely.  Greater 

synchronized action potential firing could then facilitate LTP-like learning mechanisms 

leading to the reported enhancement in reaching performance.  More studies are 

necessary to determine why there are frequency dependent differences in the effects of 

CS.     

Further studies are necessary to elucidate the mechanisms involved in CS-induced 

behavioral and neuroplastic changes.  Techniques to directly measure the functional 

changes of neurons during CS concurrent with rehabilitative training are limited.  

However, voltage sensitive dyes may offer one means of examining changes in neural 

excitability.  Quantification of changes in synaptic connectivity and/or number and in the 

expression of receptors and trophic factors could provide insight into potential 

mechanisms driving the behavioral improvements resulting from CS and motor 

rehabilitative training. 

5.1.2 Potential clinical implications of CS/RT. 

The preceding studies and other animal studies suggest that CS is a promising 

means of augmenting motor rehabilitation after stroke (Adkins-Muir & Jones, 2003; 

Kleim et al., 2003; Plautz et al., 2003; Teskey et al., 2003).  A preliminary clinical case 
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study has demonstrated that CS combined with occupational training in patients with 

chronic neurological impairments is safe and potentially efficacious (Brown et al., 2003).   

However, the lack of generalization to non-trained tasks, in the present studies, indicates 

that CS may need to be delivered concurrent with a broader range of motor tasks relevant 

to patient needs and disabilities.  Further animal studies would permit investigation of 

this issue.  For example, CS could be coupled with housing in a complex environment or 

training on the “acrobatic task”, both of which could activate a larger range of adaptive 

behaviors and, thus, potentially reduce a broader range of motor impairments.  If CS 

coupled with these comprehensive motor tasks do produce more generalized 

improvement in motor function, it would suggest that stroke patients would benefit from 

CS during activities of daily living either by continued stimulation through-out the day or 

during a broad-based motor rehabilitation regime.  

Because CS therapy requires an invasive surgery, this therapy seems most 

appropriate for patients suffering from impairments that did not recover with time or that 

are resistant to non-invasive therapeutic treatment.  Our data suggest that CS combined 

with rehabilitation may not be as efficacious in animals with comparatively severe 

impairments (Chapter 4).  Although, it is unknown how the severity of impairments in 

rats compares to human impairment levels, these data suggest that the effectiveness of CS 

is limited by behavioral impairments.  However, clinical data suggest that CS combined 

with occupational therapy can be effective in ameliorating relatively severe motor 

deficits.  For example, the first patient treated with CS was limited in the voluntary use of 

his fingers.  During stimulation, via an epidural cortical electrode, both finger (and wrist) 

movements were evoked, suggesting that the corticospinal connection for finger 

movements were intact.  Following occupational therapy concurrent with CS, the patient 

was then able to make voluntary finger movements required by these tasks and these 
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effects lasted for at least one month after the completion of therapy.  As suggested by 

Brown (2003), these results indicate that if the appropriate corticospinal projections are 

intact, CS therapy may increase cortical (and subcortical) synaptic connections to these 

spinal projections and thus enhance or permit voluntary execution of previously severely 

impaired movements.  This particular topic deserves much more experimental attention.  

It could be that if corticospinal connections are absent or insufficient, CS may not be 

capable of enhancing behavioral function.  However, it may also be the case that, while 

some behavioral deficits will not be reduced by CS and rehabilitation, other impairments 

may require more intensive and/or longer therapy.   

Although the preceding studies have focused on rehabilitation of forelimb motor 

skills, it is possible that CS could be applied to other pathologies and systems affected by 

brain damage or disease.  Treatment of aphasia may be amenable to facilitation of 

recovery with CS therapy.  For example, aphasic patients have been effectively treated by 

combining amphetamine and speech therapy (Walker-Batson et al, 2001).  It is possible 

that CS combined with speech therapy may also facilitate recovery, specifically in 

patients suffering from motor aphasia.  CS may also be beneficial for other motor 

disorders such as Parkinsonism but different stimulation parameters may be required to 

treat subcortical damage. 

5.1.3. Implications for transcranial stimulation therapies. 

Transcranial magnetic stimulation (TMS) and transcranial direct current 

stimulation (tDCS) over the motor cortex have been used to non-invasively facilitate 

motor learning in humans (Pascual-Leone et al., 1999a, 1999b; Hummel & Cohen, 2005).  

Transcranial motor stimulation likely enhances motor learning by increasing motor cortex 

excitability (Nitsche & Paulus, 2000; Lee et al., 2003; Hummel & Cohen, 2005) as 

inferred by either reduced motor evoked potential thresholds or increased amplitudes of 
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motor evoked potentials.  Depending on the protocol used, TMS and tDCS can either be 

used to inhibit or enhance cortical activity.  Inhibitory stimulation of one hemisphere is 

thought to reduce inhibitory inputs into the non-stimulated hemisphere, resulting in 

greater activity of the non-stimulated hemisphere (reviewed in: Liepert, 2005).  Repeated 

TMS over the motor cortex expands motor maps (Lee et al., 2003) suggesting that, 

similar to cortical surface or intracranial electric stimulation, transcranial motor 

stimulation is capable of inducing neural functional plasticity. 

Recent clinical studies have resulted in improved motor function in stroke patients 

following either repeated (presumably disruptive or inhibitory) TMS over the unaffected 

(Mansur et al., 2005) or tDCS over the affected (Hummel & Cohen, 2005; Hummel et al., 

2005) motor cortex.  These results indicate that transcranial stimulation techniques and 

cortical surface stimulation may have overlapping mechanisms of action and functional 

outcomes.  If so, our studies indicate that transcranial stimulation may need to be coupled 

with appropriate rehabilitative training to further enhance behavioral recovery.  

5.1.4 Conclusion. 

In conclusion, these studies have provided some of the first evidence that CS 

delivered concurrent with motor rehabilitative training can enhance motor recovery 

following sensorimotor cortex damage.  The mechanisms by which CS induces 

behavioral improvements are unknown; however, it is likely that CS aids in the 

strengthening and/or restructuring of synaptic connections in motor pathways involved in 

functional recovery.  CS combined with rehabilitative training holds great promise as a 

clinical therapeutic tool, but the limitations on its effectiveness require further 

investigation. 
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Appendix   

In Chapter 2, we report that subdural electrode implantation 10-14 days after 

SMC lesions tended to worsen post-lesion induced reaching deficits.  It was unknown 

whether this effect was inherent to the electrode implantation procedure or was an effect 

of perturbation of remaining tissue during the second surgery.  In subsequent studies, we 

attempted to lessen this confound by implanting electrodes epidurally and combining 

lesion induction and electrode implantation into one surgery.  However, the issue still 

remains that electrode implantation itself may further impair animals compared to SMC 

lesions alone.  A small pilot study indicates that implantation of epidural electrodes 

during SMC lesion surgeries does not produce significantly greater reaching impairments 

compared to animals with SMC lesions that did not receive electrode implants.   

In conjunction with a study examining the influence of d-amphetamine combined 

with rehabilitative training on a skilled reaching task (Adkins & Jones, 2005), we also 

tested three animals that received epidural monopolar electrode implants during SMC 

lesion induction and 21 days of rehabilitative reach training.  As figure 1 illustrates, there 

was a minor tendency for electrode implantation decreased reaching performance 

compared to animals without electrodes by approximately 5% during the first couple of 

days of post-lesion testing.  However, over twenty-one days of rehabilitative training on 

the single pellet reaching task, there were no clear differences between the three animals 

that received electrode implants compared to animals that received SMC lesions and 

saline injections (n = 8).  There were no significant differences between the two groups 

[effect of Group: (F(1, 9) = 0.01, p > 0.05)] over days of testing [effect of Group X Day 
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(F(22,198) = 68.98, p > 0.05)].  Both groups improved over days of testing (F(22, 198) = 

2.40, p < 0.001).  These data indicate that epidural electrode implantation does not 

produce greater reaching deficits compared to animals that received similar lesions 

without electrode implantation.  

 

Appendix Figure 1.  Epidural electrode implantation during SMC lesion surgeries does 
not produce significantly greater reaching deficits compared to SMC lesions without 
electrode implantation. 
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Glossary Abbreviations: 

bromodeoxyuridine (BrdU)  

cortical stimulation (CS)  

dentate gyrus (DG) 

endothelin-1 (ET-1)  

Fluoro-Jade B (FJB) 

γ-aminobutyrate (GABA) 

glial fibrillary acidic protein (GFAP)  

immunoreactive (IR)  

intracortical microstimulation (ICMS) 

microtubule-associate protein 2 (MAP2)  

middle cerebral artery occlusions (MCAo) 

N-Methyl-D-Aspartate (NMDA) 

primary motor cortex (MI) 

primary somatosensory cortex (SI) 

secondary somatosensory cortex (SII) 

sensorimotor cortex (SMC)  

subgranular zone (SGZ) 

subventricular zone (SVZ) 

transcranial direct current stimulation (tDCS) 

transcranial magnetic stimulation (TMS) 
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