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Abstract
Spinal cord injury is a devastating neurological disorder partially 

characterized by a loss of motor function below the lesion. The dramatic 

loss of activity results in muscle atrophy and slow-to-fast transformation 

of contractile elements, producing smaller, weaker and more fatiguable 

muscles. Functional electrical stimulation (FES), has been proposed in or-

der to induce muscular activity and reverse these changes. FES has pri-

marily been applied in the periphery, either at the surface or implanted in 

or around a nerve or muscle. Although this can excite nervous tissue and 

produce muscular contractions, these systems often produce reversed re-

cruitment of motor units leading to inappropriate force generation and in-

creased fatigue. 

We applied intraspinal microstimulation (ISMS) through fine mi-

crowires implanted into the spinal cord of rats. Electrical stimulation 

through these microwires caused contractions of the quadriceps muscles 

in both acute and chronically spinalized animals. We showed that muscle 

recruitment is significantly more gradual with ISMS in intact rats com-

pared to that produced by a standard nerve cuff. Our results further 

showed that this was due to preferential activation of fatigue resistant 

muscle fibers. 

Given this more orderly recruitment of motor units by ISMS, we 

tested the muscle phenotypes produced by ISMS or nerve cuffs after 



chronic stimulation. Surprisingly, over a 30 day stimulation period the 

quadriceps muscles chronically activated by either daily ISMS or nerve 

cuff stimulation underwent similar fast-to-slow transformations in fiber 

type and functional properties. This indicates that the recruitment order of 

motor units does not play the only role in determining the muscle pheno-

type. Other factors such as the total daily time of activity may be critically 

important to the phenotypic outcome of skeletal muscle. 

Finally, we demonstrated that quadriceps force recruitment by 

ISMS was unchanged following the 30 day stimulation period. In addition, 

30 days of chronic ISMS did not cause observable damage in the spinal 

cord beyond that incurred by the implantation of sham microwires. These 

studies advance our understanding of the force recruitment properties, 

neuromuscular plasticity and damage incurred by ISMS and move us 

closer to developing a clinically viable ISMS procedure.
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Chapter 1 

Introduction

1.1 Pathophysiology of SCI

Spinal cord injury (SCI) is a devastating neurological impairment 

with life-threatening implications. A recent survey in the United States in-

dicated that approximately 6 million people live with some form of paraly-

sis and 1.3 million people have undergone SCI (Andresen et al.,2006). In 

addition to the apparent physical trauma, patients undergo severe psycho-

social and socioeconomic disruptions that affect quality of life. Approxi-

mately half of all injuries occur as a result of motor vehicle accidents but 

other significant accident categories include falls, sports injuries and vio-

lence. Given these categories it is not surprising that men are 4 times more 

likely to undergo a spinal cord trauma than women and that the average 

age of patients when they undergo SCI is 26.4 years (Nobunaga et al., 

1999). Persons with SCI must confront a host of neurological sequelae in-

cluding paralysis, sexual dysfunction, sensory loss and loss of bladder and 

bowel function. Since the introduction of a rationalized study of SCI in the 

1940’s the life expectancy of persons with SCI has increased steadily, how-

ever, the final neurological outcome is still predicted by the severity of the 

injury (Ragnarsson, 2008). Currently there is no viable treatment to repair 

the neurological damage in the spinal cord. In the absence of such a treat-

ment, rehabilitative techniques have focused on lessening the impact of 

the injury and facilitating accommodation to a new lifestyle. 
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Current research is focusing on improving existing treatments and 

offering a better understanding of the basic science of the spinal cord and 

its response to damage. A large section of the work is focused on restoring 

the control of movement following SCI (Thuret et al., 2006). This disserta-

tion focuses on the evaluation of a novel, intraspinal method of stimula-

tion designed to reanimate paralyzed or paretic skeletal muscle and re-

store motor function to the lower limbs. The introductory chapter will: 1) 

review the pathology of spinal cord injury; 2) discuss the functional conse-

quences of spinal cord injury with respect to the loss of motor function; 3) 

briefly review the current treatment and rehabilitative options for restor-

ing limb control and motor function; 4) discuss the use of electrical stimu-

lation to restore motor function; 5) introduce an alternative method of 

electrical stimulation delivered through the spinal cord. Key questions will 

be addressed regarding the recruitment properties and chronic outcomes 

of intraspinal stimulation.

1.1.1 Primary Spinal Cord Injury

The primary SCI occurs from blunt traumas that include flexion, 

extension, axial compression, rotation and distraction of the spinal cord. 

The most common etiology is that of impact and persistent compression 

such as in burst fractures, dislocations and disc ruptures (Dumont et al., 

2001). Of these, dislocation injuries are the most commonly observed. 

Further injury can occur due to vertebral segments or fragments of frac-

tured bone that are driven into the spinal cord causing laceration injuries. 

2



According to Bunge et. al. (Bunge et al., 1993) SCIs produce stereotyped 

gross morphologies of the spinal cord that can be classified into four cate-

gories. In a sample database of 180 human patients, most with cervical 

SCIs due to motor vehicle accidents, 49% presented with contusion/cavity 

injuries, 21% had laceration injuries, 20% had massive compression inju-

ries and 10% had solid cord injuries which present as grossly normal but 

display damage when examined histologically (Norenberg et al., 2004). A 

proper understanding of the primary injury is critical as the patient's neu-

rological grade when reaching the hospital is the most important prognos-

ticator of final outcomes. This may be due to the fact that the primary in-

jury tends to be most damaging to grey matter while relatively sparing 

white matter (Dumont et al., 2001). In addition there is evidence that cer-

tain injury types induce damage in specified regions (Choo et al., 2007). 

Proper knowledge of these factors may assist in the advancement and 

specification of future clinical treatments. 

1.1.2 Secondary Spinal Cord Injury

The physical trauma that is primary SCI is the causal agent for fur-

ther damaging events including disruption of axons, hemorrhage, 

ischemia-reperfusion and neural shock. This period, referred to as secon-

dary injury, features these and other pathophysiological events and is 

characterized by a worsening of the injury. The original site of injury ex-

pands during this period first vertically and then horizontally through the 

grey matter extending paralysis to higher levels (Schwab et al., 2006). 
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Damaged axons retract to form stumps while the distal ends undergo Wal-

lerian degeneration. A fluid filled cavity forms surrounded by a scar com-

posed of astrocytes, microglia, fibroblasts and connective tissue. An un-

derstanding of this period is critical as much of the final outcome for each 

patient is determined by the degree to which the original damage is wors-

ened during the secondary phase. Accordingly, this is the first point at 

which therapeutic interventions can be made to limit damage and improve 

the final outcome.

1.1.2.1 Ischemia and reperfusion

Ischemia following SCI is primarily associated with disruption of 

microvasculature and subsequent progression of ischemia rostrally and 

caudally (for reviews see Tator and Fehlings, 1991; Tator, 1992; Tator, 

1995). This expansion of the ischemic area may be attributed to thrombo-

sis and vasospasm as part of the ongoing secondary injury and may pro-

vide an early treatment opportunity. Interestingly, many researchers have 

found that larger blood vessels remain intact following spinal cord trauma. 

Using a clip-induced SCI model Koyanagi et. al. found that crush damage 

to the spinal cord of rats was most disruptive to microvasculature net-

works in the grey matter and posterior columns while larger vessels and 

white matter were relatively spared (Koyanagi et al., 1993). Using the same 

model, Wallace et. al. showed a lack of filling of arterioles, capillaries and 

venules with major arteries still intact (Wallace et al., 1986). Despite the 

sparing of larger vessels numerous investigators have found a major re-
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duction of blood flow in the spinal cord following SCI (Tator and Fehlings, 

1991). 

The ischemic insult is further compounded by the onset of neuro-

genic shock and the associated loss of autoregulation which is the ability to 

maintain constant blood flow in varying pressure conditions (Tator and 

Fehlings, 1991). Following SCI in animal models many authors have de-

scribed a period of neurogenic shock characterized by hypotension and re-

duced cardiac output due to decreased peripheral resistance and brady-

cardia (Tator and Fehlings, 1991). This is thought to be due to depressed 

sympathetic drive which decreases heart rate and affects vasomotor sys-

tems altering the balance between vasodilation and vasoconstriction 

(Guha and Tator, 1988). The result of this is both systemic as demon-

strated by a drop in blood pressure and decreased cardiac output, and lo-

cal due to the effects on arterioles and venules within the spinal cord. Spe-

cifically, systemic lowering of blood pressure produces further ischemia 

while localized increases in blood pressure result in hyperemia in areas ad-

jacent to the injury (Guha et al., 1989). The sum effect of all these proc-

esses is the production of an ischemic environment that can be particularly  

damaging to grey matter due to its high metabolic demands (Senter and 

Venes, 1979).

Following an ischemic period there is often a reperfusion event with 

concomitant production of free-radical species that further secondary in-
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jury (for review see Dumont et al., 2001). This hyperemic event is thought 

to be due to perivascular decreases in pH due to lactate production (along 

with the associated hydrogen ion) during ischemia. The onset of hypere-

mia brings with it the rapidly increased production of reactive oxygen spe-

cies such as superoxides, nitric oxide and hydroxyl radicals. The rise in re-

active oxygen species cannot be buffered by antioxidant molecules and 

thus the oxidation of key proteins, lipids and nucleic acids ensues. Specifi-

cally, reactive oxygen species cause the inactivation of key metabolic en-

zymes such as glyceraldehyde-3-phosphate dehydrogenase and certain 

respiratory chain enzymes as well as membrane channels such as the Na+/

K+ ATPase (Lewen et al., 2000). In addition, the initiation of lipid peroxi-

dation during oxidative stress can lead to the breakdown of membranes 

and the onset of excitotoxicity. Unfortunately the process of lipid peroxi-

dation includes the production of further reactive oxygen species and the 

continuance of the cycle.

1.1.2.2 Excitotoxicity

Disruption of cell membranes due to physical trauma or biochemi-

cal processes allows the release of glutamate, the primary excitatory neu-

rotransmitter of the CNS. Even before disruption the membrane potential 

is lost resulting in the activation of presynaptic voltage-gated Ca2+ chan-

nels triggering a release of excitatory amino acids (Schwab et al., 2006). 

Once released glutamate accumulates in the extracellular space where it 

binds to receptors causing the influx of Na+ and Ca2+ into nearby cells 
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where they initiate a host of processes which contribute to the pathogene-

sis of secondary injury. The term “excitotoxicity” has been used to describe 

the process whereby the release of glutamate can mediate the death of 

CNS neurons (Choi, 1992).

In excitotoxic conditions intracellular Na+ concentrations rise rap-

idly in response to the activation of ionotropic glutamate receptors due to 

the large inward gradient of Na+ across the cell membrane (Kwon et al., 

2004). This inward current of Na+ ions may also lead to the activation of 

voltage gated Na+ channels. Further influx of Na+ may come from the acti-

vation of the Na+/Ca2+ exchanger which imports Na+ in exchange for the 

antiport of Ca2+. Normally the influx of Na+ into the cell during the propa-

gation of an action potential is countered by Na+/K+-ATPase which rees-

tablishes the appropriate gradient for both of these ions. However, oxida-

tive and metabolic stress following SCI can lead to a lack of ATP supplying 

these pumps. In addition, the pumps themselves can be disrupted by reac-

tive oxygen species leading to the accumulation of Na+ and cytotoxic 

edema due to osmotically increased H2O content inside the cell. In addi-

tion, the increased Na+ concentration activates Na+/H+ exchangers which 

produce acidosis and the associated deleterious effects (Dumont et al., 

2001). The damage caused by increased intracellular Na+ can be illustrated 

by the results of experiments blocking Na+ channels. Injections of tetrodo-

toxin have been shown to protect against axonal damage and to enhance 

the recovery of locomotion in animal models if they are administered 
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shortly after SCI (Teng and Wrathall, 1997; Rosenberg and Wrathall, 

2001).

As with Na+ influx, Ca2+ can enter the cell when glutamate binds to 

ionotropic receptors (Kwon et al., 2004). In addition, damage to cell 

membranes can cause intracellular concentrations to rise as Ca2+ flows in 

from extracellular sources or from intracellular compartments that se-

quester Ca2+. Ca2+ is a powerful second messenger that can activate a host 

of proteases and lipases which may damage the cell structure further and 

encourage lipid peroxidation. In addition, Ca2+ interferes with mitochon-

drial function and cellular respiration. The destructive influence of un-

regulated intracellular Ca2+ content has prompted one author to describe 

Ca2+ as the final common pathway of cell death (Schanne et al., 1979).

1.1.2.3 Necrosis and apoptosis

After SCI the combination of varied traumas such as physical dam-

age, ischemia-reperfusion, oxidative stress and excitotoxicity lead to two 

paradigms of cellular death (Emery et al., 1998). Necrosis is the process 

whereby cellular homeostatic mechanisms are overwhelmed and the cell 

succumbs to its injuries. As such, necrosis is often thought of as a passive 

mechanism where the cell is “murdered” by extrinsic factors. On the other 

hand, apoptosis involves the active participation of the cell in its own 

death including the production of ATP and the alteration of gene expres-

sion to bring about programmed cell death or “suicide”. Active participa-

tion of the cell in its own death can be demonstrated by the fact that the 
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protein synthesis inhibitor cycloheximide can spare cells and improve re-

covery after SCI (Liu et al., 1997). At the sites of greatest trauma necrosis is 

common and obvious while apoptotic cells tend to form around the pe-

riphery of the necrotic cell mass. This suggests that as damage increases, 

the likelihood of necrosis increases (Kwon et al., 2004). Since necrosis in-

volves an overwhelming injury, the death of the cell is relatively quick and 

interventions to rescue the cell from this fate are less apt to succeed. On 

the other hand apoptosis involves a lesser trauma and apoptotic cells can 

be detected for weeks following SCI and at great distances from the origi-

nal injury site suggesting an opportunity for therapeutic intervention 

(Crowe et al., 1997; Liu et al., 1997; Emery et al., 1998).

1.1.2.4 Immune response

Following SCI the inflammatory response undergoes distinct stages 

marked by the activation or recruitment of differing immune cells. In the 

first day there is an invasion of neutrophils into the lesion site which peaks 

on the second day and is gone by the third (Norenberg et al., 2004). The 

main function of neutrophils is to release lytic enzymes which have the ef-

fect of furthering damage. As a result, current neuroprotective strategies 

often involve the suppression of the neutrophil response in order to spare 

undamaged tissues. As early as the first day resident microglia are acti-

vated while blood-borne macrophages are recruited to the site of injury. 

The primary role of both microglia and macrophages is to phagocytose 

damaged tissue. This role aids in the removal of lipids and other debris 
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which may cause the production of free radicals due to lipid peroxidation. 

In the following days astrocytes are activated and undergo hypertrophy, a 

process which peaks two to three weeks following injury. They also send 

out cytoplasmic extensions which form a web of interwoven processes at-

tached via tight junctions and infiltrated with extracellular matrix. This so-

called “astroglial scar” functions to isolate the lesion from viable tissue and 

can be readily visualized by its expression of glial fibrillary acidic protein 

(GFAP).

The role of inflammatory cells is controversial with ongoing argu-

ments regarding the neurotoxic versus neuroprotective effects of their ac-

tions (Lazarov-Spiegler et al., 1998; Bethea, 2000). Most of the immune 

cells which are present following SCI can be shown to play both damaging 

and protective roles at varying time points leading to a controversy as to 

which factors of the immune response should be inhibited and which 

might be profitably enhanced. For instance macrophages and microglia 

produce cytokines such as tumor necrosis factor-alpha (TNF-α) which, like 

many other immune products, has both neurotoxic and neuroprotective 

effects. The deciding factor may be when TNF-α is released. One view is 

that TNF-α has neurotoxic effects during the early stages of inflammation 

and neuroprotective effects at later time points (Kwon et al., 2004). Simi-

larly, the astroglial scar may be the source of molecules such as chon-

droitin sulfate proteoglycans which retard regeneration, but it is also the 

source of molecules which promote the growth of neurites. The ablation of 
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astrocytes in mice following spinal cord damage lead to further invasion of 

neutrophils and monocytes, neuronal degeneration and decreased func-

tion (Bush et al., 1999). The view that the inflammatory response following 

SCI is only a damaging process is clearly simplistic and further research is 

required to inform clinical procedures designed to limit damage following 

SCI.

As healthy tissues are destroyed and phagocytosed they are eventu-

ally replaced with dense bundles of connective tissue and cysts. The former 

are referred to as mesenchymal scars and are distinct from the astroglial 

scars which form to isolate damaged areas and cysts. Both mesenchymal 

scars and fluid-filled cysts form impediments to regrowth of axons as they 

fill large voids in the spinal cord and provide no substrate for axons to 

grow along. Indeed these are areas where growth inhibiting substances are 

found in abundance which cause the retraction and collapse of axon 

growth cones.

1.2 Compromised motor function

Spinal cord injury results in a loss of volitional control of the limbs 

and the associated loss of freedom and general independence. Further-

more, the decrease in activity represented by this condition has secondary 

effects over time. It is readily apparent that SCI creates challenges to regu-

lar physical activity and may contribute to a sedentary lifestyle. The daily 
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activities of most individuals with SCI are considered inadequate to main-

tain fitness and retain bone and muscle mass (Devillard et al., 2007). Car-

diorespiratory, musculoskeletal and metabolic health are all detrimentally 

affected by the dramatic decrease in routine activity and gravitational 

loading. Although very serious social, emotional and economic conse-

quences are also imposed upon those with spinal cord injuries, the pur-

pose of this section is to examine the physiological consequences of the 

chronic loss of motor function. 

1.2.1 Wasting of bone and muscle

Following SCI there is a dramatic but asynchronous wasting of 

muscle and bone tissue below the lesion which affects health and quality of 

life. Muscle mass is significantly reduced in the weeks following SCI in a 

variety of muscles while bone loss proceeds more slowly, reaching a low-

ered steady state 1-3 years following injury (Giangregorio and McCartney, 

2006). Both muscle and bone loss are site specific with the greatest losses 

in the lower limbs and little to no loss in the upper extremities except in 

the case of tetraplegia (Demirel et al., 1998; Spungen et al., 2000). 

Not surprisingly, a decrease in muscular activity and weight bearing 

play a role in the extent of muscle and bone loss. Following SCI, sedentary 

individuals had higher absolute and relative levels of fat mass than those 

with greater daily activity levels indicating a shift in body composition and 

a decrease in fat free mass (Olle et al., 1993). In addition, the loss of mus-

cle and bone mass are correlated with one another suggesting that active 
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muscle may prevent the loss of bone mass (Modlesky et al., 2005). Spastic-

ity, though often deleterious, does represent an increase in muscle activity 

which has been associated with increased muscle mass (Wilmet et al., 

1995) and in some cases with increased bone mass (Jiang et al., 2006). 

Other factors that may play a role in bone and muscle mass include hor-

monal deficiencies and abnormalities in blood circulation (Maimoun et al., 

2006).

Complications due to muscle and bone loss include the increased 

likelihood of fracture, especially low energy fractures which occur during 

everyday activities such as transferring from a wheelchair or being turned 

in bed. Common fractures occur at the knee, distal femur or proximal tibia 

and their prevalence increases with time from 1% in the first 12 months 

after injury to 4.6% after 20 years or more (Maimoun et al., 2006). Secon-

dary complications include misaligned or delayed healing, pressure sores, 

infection or osteomyelitis. There have also been case reports of delays in 

seeking treatment from 1 day to 4 weeks due to loss of pain sensation (Gi-

angregorio and McCartney, 2006). Fractures often require further hospi-

talization and immobilization reducing quality of life for the individual and 

leading to greater atrophy and tissue loss.

Chronic spinal cord injury causes not only muscle atrophy but also 

slow-to-fast transformation of the muscles innervated by nerves originat-

ing below the lesion (Burnham et al., 1997; Gerrits et al., 1999; Talmadge 
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et al., 2002). The observed transformation occurs via the reduced expres-

sion of slower isoforms of contractile proteins such as the myosin heavy 

chains (MHC) (Talmadge, 2000). Slow isoforms of proteins responsible 

for the handling of Ca2+ are also reduced as well as key enzymes of oxida-

tive metabolic pathways. This transformation is complemented by the in-

creased expression of faster contractile isoforms, faster Ca2+-handling pro-

teins and an increase in key enzymes of glycolysis (Shields, 2002). The 

functional nature of the muscle also changes during fast-to-slow transfor-

mation as the expression of key contractile proteins has been tied to the 

functional capacity of the muscle (Gallo et al., 2004). In most cases, slow-

to-fast transformation yields a muscle that is weaker, faster and more fati-

guable as demonstrated by lower evoked forces, a shortening of isometric 

twitch characteristics and increased fatigue during repeated contractions, 

respectively (Talmadge et al., 2002). This may be explained by the fact 

that the transformation appears to be coordinated so that a matching of 

the various contractile and metabolic elements occurs as the muscle be-

comes faster. There are exceptions to this coordinate relationship which 

may explain cases where force-, speed- or fatigue-related properties are 

not altered as would be expected (Bamford et al., 2003); however, the co-

ordinated nature of transformation in muscle has been demonstrated of-

ten enough that some have been led to conclude that the expression of 

these elements are under common control (Hamalainen and Pette, 1997). 

Although there is evidence for the coordinated control of contractile and 
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metabolic elements during transformation the transient expression of 

multiple MHC isoforms in the same muscle fiber is common. Moreover, 

some reports indicate that the number of these hybrid fibers may remain 

chronically elevated indicating a breakdown in the control of contractile 

protein expression (Talmadge et al., 1999). Presumably, the functional 

properties of these fibers would be a blend of the properties of unadulter-

ated fibers expressing only one MHC isoform. Operatively, this may indi-

cate a decreased range of functional properties and a convergence towards 

the blended mean.

1.2.2 Decreased activity and the metabolic syndrome

The dramatically reduced activity level following SCI has metabolic 

consequences in addition to those affecting musculoskeletal health. In re-

cent years the term metabolic syndrome has been used to connote a pro-

gressive series of disorders relating to metabolism, adiposity and cardiac 

function. This syndrome is commonly identified as including the progres-

sion of insulin resistance, increased serum triglycerides, hyperinsulinemia, 

diabetes and cardiac disease. Epidemiological and biochemical links be-

tween these conditions have been established in part due to the common 

and ordered progression from one condition to the next.

The first phase in the metabolic syndrome involves disordered car-

bohydrate metabolism. In all populations the inability to dispose of glu-

cose leads to elevated blood glucose levels (hyperglycemia), a prolonged 

increase of circulating insulin (hyperinsulinemia) and finally full-blown 
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diabetes. However, altered carbohydrate metabolism is more prevalent 

and more severe in those with SCI than in the general population. This is 

most likely related to the degree of sedentary immobilization and the asso-

ciated decrease of fat free tissue following SCI (Bauman et al., 1999). As 

the proportion of fat free mass including muscle mass diminishes, the abil-

ity to dispose of glucose is likewise reduced. Additionally, the modifica-

tions of skeletal muscle following SCI contribute to the problem by conver-

sion to fast-twitch muscle fibers which have been found to be less sensitive 

to insulin than other fiber types (Lillioja et al., 1987). Thus, the founda-

tions of insulin resistance in those with SCI are similar to those for the 

general population in that inactivity, adiposity and muscular factors are all 

involved. However, the degree of inactivity caused by immobilization due 

to SCI is much more severe than found in the typical sedentary population. 

This is illustrated by the results of standardized tests which show a pro-

gressive impairment of glucose tolerance as the severity of spinal cord in-

jury increases. Subjects with tetraplegia had the least effective response to 

oral glucose followed by those with paraplegia and finally by age-matched 

controls (Bauman and Spungen, 1994). In the same work these authors 

found that insulin sensitivity was correlated with increased lean body mass 

and inversely correlated with fat mass. Moreover, the highest correlation 

was with measures of cardiopulmonary fitness. The deficits in carbohy-

drate metabolism in those with SCI are likely due to peripheral insulin re-
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sistance rather than altered hepatic glucose release since glucose output in 

a fasted state is normal in those with SCI (Bauman et al., 1999).

The next phase of the metabolic syndrome is dyslipidemia, a condi-

tion secondary to hyperinsulinemia and coexistent with diabetes which in-

volves the increased circulation of harmful lipids and cholesterols associ-

ated with cardiovascular disease. In those with SCI a lowering of high-

density-lipoprotein cholesterol (HDL) and no change in low-density-

lipoprotein cholesterol (LDL) leads to an increase in the LDL/HDL ratio, a 

key risk factor for cardiovascular disease (Bauman et al., 1999). As with 

carbohydrate metabolism the deterioration of the LDL/HDL ratio is likely 

correlated to activity levels as those with tetraplegia and motor complete 

injuries show the greatest decreases in HDL cholesterol (Bauman et al., 

1998). Fortunately, the same work showed that intervention with exercise 

can increase HDL cholesterol in those with SCI. Indeed, even slight in-

creases in activity can positively affect HDL levels. In addition to the activ-

ity related factors high calorie or high fat intake, excessive alcohol con-

sumption and smoking can negatively affect HDL and serum triglyceride 

levels in those with SCI (Bauman et al., 1999).

Individuals with SCI have a high rate of premature coronary heart 

disease. Coronary heart disease is the greatest cause of death in those with 

SCI over 60 years of age or over 30 years after their injury (Whiteneck et 

al., 1992). The accelerated atherosclerosis in those with SCI is likely the 
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result of increased insulin resistance, diabetes, and dyslipidemia. These 

diseases have been well researched in the able-bodied population and have 

been characterized as the metabolic syndrome. It is noteworthy that this 

syndrome occurs with greater prevalence in those with SCI and that the 

severity and prevalence of these disorders are inversely related to the level 

of injury and thus the level of mobility (Bauman et al., 1999). 

1.3 Treatments to restore motor function

Clinical treatment of motor deficits after SCI primarily involves 

compensation for decreased function and the attempt to achieve the great-

est day-to-day improvements in quality of life. Physical therapy practices 

are generally geared at accommodation of the individual and the environ-

ment to the new injury. Accommodation of the individual might include 

fitting with braces or training on the use of a wheelchair while accommo-

dation of the environment might involve installing ramps and handrails to 

aid in mobility and transfers. Although these treatments can improve qual-

ity of life they are unable to repair the damage incurred during the primary  

and secondary injuries. The best predictor of the functional outcome re-

mains the severity of damage to the spinal cord after the injury (Ragnars-

son, 2008). 

1.3.1 Neuroprotection

The first hours following SCI are the first opportunity to intervene 

to protect the spinal cord and prevent the cascade of damaging processes 

that will determine the amount of spared tissue. As such, there is a large 
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body of work examining treatments to protect the spinal cord and perhaps 

even predispose injured neurons to regeneration. Many injuries that result 

in the complete disruption of motor and sensory function are not the re-

sult of a complete transection. A common gross pathology is characterized 

by a fluid-filled cyst bordered by intact tracts of tissue that extend below 

the injury site. This result suggests that early treatments which could at-

tenuate the secondary spinal cord damage might result in improved func-

tion. Indeed, there are reports of extant function in individuals with as lit-

tle as 10% sparing of spinal cord tissue (Kwon et al., 2005). 

Neuroprotective therapies following SCI typically involve surgical 

decompression and the administration of anti-inflammatory drugs. Al-

though commonly performed, surgical decompression of the spinal cord 

has remained controversial for many years due to conflicting evidence 

from research trials (Kwon et al., 2005). However, recent evidence from a 

large, multi-centre trial has shown that 24% of those receiving early de-

compression had an improvement on the American Spinal Injury Associa-

tion scale of 2 grades or more (Fehlings and Arvin, 2009). Likewise, the 

application of anti-inflammatory agents such as methylprednisolone and 

minocycline remains controversial due to promising results in animal 

models but conflicting reports of clinical efficacy in humans (Ramer et al., 

2005). The equivocal results of clinical trials with these substances, in 

combination with the potential for serious side-effects have prompted 

some surgical centers to cease routine usage. For example, the side-effects 
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of methylprednisolone include an increased risk of infection, bleeding and 

pancreatitis (Schwab et al., 2006).

1.3.2 Regeneration

While functional regeneration bridging the injury site does not oc-

cur spontaneously after SCI it has been shown that treatments can be im-

plemented to encourage axonal growth in the CNS, a region which is natu-

rally hostile to regeneration, even after complete SCI in rats (David and 

Aguayo, 1981; Cheng et al., 1996; Ramer et al., 2005). These discoveries 

have led to the development of a field of research investigating the possi-

bility of regenerating neural tissue after traumatic damage such as a spinal 

cord lesion (for reviews see David and Lacroix, 2003; Schwab et al., 2006). 

A number of impediments to regrowth in the spinal cord have been identi-

fied including physical barriers, the presence of growth-inhibiting mole-

cules and the lack of neurotrophic support for growing axons (Fouad and 

Pearson, 2004). To counter these challenges a variety of treatments have 

been attempted. The dissolution of the scar with chondroitinase has pro-

duced promising results including the restoration of some forepaw func-

tion in rats (Bradbury et al., 2002). Researchers have also implanted a va-

riety of cell types in an attempt to improve upon the original results of 

Aguayo and colleagues in providing an environment in which axon regen-

eration might occur. For instance, Schwann cells and olfactory ensheath-

ing glia have been implanted in rats, sometimes in combination, to en-

courage regrowth (Fouad et al., 2005)(Lu et al., 2002). The application of 
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antibodies or other substances to inhibit signaling of the Nogo and myelin-

associated glycoprotein pathways has proven to promote regeneration 

(Hasegawa et al., 2004) (GrandPre et al., 2002). In addition, the admini-

stration of neurotrophic factors has been used to encourage regrowth and 

to guide axons to bridge the gap and create beneficial connections below 

the lesion (Ramer et al., 2000)(Grill et al., 1997). Although these treat-

ments, and others, have proven encouraging the amount of regeneration 

with each treatment is relatively small, displaying only a few regenerating 

axons accompanying modest improvements in function. This has engen-

dered combinatorial approaches in recent years which have attempted to 

gain an additive effect by applying multiple treatments (Fouad et al., 

2005). Although this remains an important avenue of research no signifi-

cant breakthrough has been made to date. 

One of the reasons for the interest into neuroprotective and regen-

erative therapies is the fact that the spinal circuitry below a lesion is 

largely intact following SCI. The neural networks in the lumbar enlarge-

ment are understood to be responsible for generating the walking gait in 

animals and the same likely holds true for humans (Duysens and Van de 

Crommert, 1998; Dietz, 2003; Fouad and Pearson, 2004). These networks, 

commonly referred to as central pattern generators (CPG), generate 

rhythmic motor patterns in flexors and extensors. Half-center and unit 

burst generator models of the CPG have been proposed and are useful in 

predicting and investigating some aspects of locomotion, however, they do 
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not entirely represent the more complicated networks found in mammal-

ian quadrupeds and bipeds (Grillner, 2003). There is some controversy as 

to whether humans make use of CPGs or whether the generation of loco-

motion relies heavily upon descending control. The fact that rhythmic 

stepping can be generated in humans using electrical stimulation of the 

spinal cord surface suggests that CPGs do exist and that they can be acti-

vated following SCI (Dimitrijevic et al., 1998). It is also possible that 

stimulation at the surface of the spinal cord may activate afferent path-

ways which have been proposed to play a large role in the generation of 

rhythmic locomotion (Edgerton et al., 2006). Although the relative contri-

butions of afferent inputs or putative CPG networks are currently un-

known, the protection or regeneration of descending inputs to the lumbar 

enlargement may restore a significant degree of motor function following 

SCI. 

1.3.3 Locomotor training

Although regenerative therapies hold promise in restoring connec-

tion to the lumbar enlargement, other techniques have focused upon acti-

vating this circuitry using bodyweight supported treadmill locomotor 

training (TLT). This technique is originally based on the observations of 

cats trained to step after spinal cord transection (Lovely et al., 1986; Bar-

beau and Rossignol, 1987). TLT consists of partially supporting the subject 

above a treadmill with manual assistance from therapists who move the 

legs through a walking stride. Over time the amount of support from a 
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harness is reduced and the subject is able to support more of their own 

weight (Harkema, 2001). Data from animal work have suggested that a de-

crease in the inhibition of spinal networks might be responsible for the 

activity-dependent plasticity observed in this training paradigm (de Leon 

et al., 1999; Tillakaratne et al., 2002). This evidence supports the view that 

a CPG can be activated following SCI and that the neural networks that 

make up this CPG are susceptible to activity-induced plasticity (Edgerton 

et al., 2004). Many researchers are now attempting to combine TLT with 

other therapies such as electrical stimulation with the hope of maximizing 

neurological recovery and function (Barbeau et al., 2002).

1.4 Functional electrical stimulation 

Functional electrical stimulation can be defined as the use of elec-

trical current pulses to activate neural tissue in order to restore a func-

tional ability. This can refer to the restoration of either sensory or motor 

function. Electrical stimulation takes advantage of the irritability of neural 

tissue by reactivating the flow of neural excitation found in intact neural 

systems. Classically this has meant the activation of lower motoneurons in 

order to reanimate paralyzed or paretic muscle in a precise sequence and 

magnitude. More recently the excitation of central nervous tissue has been 

proposed to restore auditory and even visual sensation (McCreery, 2008; 

Normann et al., 2009). Although skeletal muscle tissue is also electrically 

irritable, the current required is dramatically higher than that required to 

activate neural tissue, leading most researchers and clinicians to target 
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neural tissue for excitation. A number of recent reviews have summarized 

the technologies available in this emerging field (Peckham and Knutson, 

2005; Mushahwar et al., 2007; Sheffler and Chae, 2007; Hamid and 

Hayek, 2008; Ragnarsson, 2008). The current discussion is focused on 

reviewing the use of FES for the restoration of motor function after a neu-

ral lesion or disease such as spinal cord injury.

1.4.1 Activity benefits of FES

There are a number of FES-type systems in various stages of devel-

opment with the ultimate goal of reanimating paralyzed skeletal muscles. 

Although these systems address the problem of paralysis in differing ways 

there are some generalized physiological benefits of FES devices that ac-

crue from the reactivation of immobilized muscle. In general these bene-

fits are similar to those seen in intact but sedentary populations when an 

increase in exercise and general activity is undertaken. FES exercise has 

been shown to increase peak oxygen consumption, a key indicator of car-

diorespiratory fitness, following rowing, cycling and cycling/arm-crank 

exercise (reviewed in Hettinga and Andrews, 2008). In addition to tar-

geted exercise programs, the regular use of an FES device to assist walking 

improves cardiovascular fitness and muscle bulk (Jacobs et al., 1997; Nash  

et al., 1997). Further work has demonstrated improvements in work capac-

ity, lipid profile and insulin sensitivity following high-intensity voluntary 

exercise in people with SCI (de Groot et al., 2003). It appears that the 

physiological capacity to adapt to increased activity in those with SCI ap-
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pears to be qualitatively similar to those seen in intact sedentary popula-

tions. In fact, the improvements in tetraplegic patients with the greatest 

degree of paralysis have been extremely encouraging, most likely because 

these individuals enter any exercise program with extremely low levels of 

metabolic, muscle and cardiorespiratory fitness and can, therefore, expect 

the greatest improvements (Haisma et al., 2006; Hettinga and Andrews, 

2008).

1.4.2 Fundamentals of electrical excitation of tissue

In order to excite a nerve fiber the applied electrical current must 

be sufficient in amplitude and duration to produce a depolarization in 

voltage across the cell membrane. This depolarization must be sufficient to 

bring the cell to threshold for excitation and produces a self-propagating 

action potential. Given an infinite pulse duration (practically speaking 

anything longer than 10 ms) the minimum electrical current that will pro-

duce an action potential is termed the rheobase current (Millar and Bar-

nett, 1997). At a current level twice the rheobase, the pulse duration re-

quired to excite neural tissue is termed the chronaxie. These two factors, 

rheobase and chronaxie, are used to characterize the extent of a tissue’s 

irritability. For instance, the rheobase and chronaxie of neural tissues are 

considerably less than those of muscle tissue. As already mentioned, this 

makes the muscle an impractical place to apply FES.

Current pulses are delivered in mono or biphasic configurations. 

Although monophasic waveforms can be used to excite tissue they are apt 
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to involve the electrolysis of elements in the tissues surrounding the anode 

and cathode. This leads to the production of free oxygen radicals and acid 

at the anode and the reduction of oxygen and alkali at the cathode. This is 

especially true if large amplitudes or repetitive trains of stimuli are deliv-

ered. These reactions also erode the electrode surface and further perturb 

pO2 and pH near the electrode causing tissue damage (Mortimer, 1981). In  

order to avoid electrolytic reactions biphasic waveforms can be used. 

These are usually balanced in terms of the total charge delivered during 

each phase (charge balanced) thus depositing no net current and lessening 

the possibility of damaging reaction products. If stimulus amplitude is 

high enough it remains possible to produce irreversible electrolytic reac-

tions with biphasic stimulation but the chance of this is greatly reduced 

over monophasic waveforms (Mortimer, 1981).

The excitation threshold for a nerve axon is a function of pulse am-

plitude, pulse duration, distance to the electrode and diameter of the axon. 

If pulse amplitude, duration and distance are held constant, axons of the 

greatest diameter will reach threshold first. Essentially, given a uniform 

electrical field, the largest diameter axons in a nerve bundle have the low-

est input resistance and will, therefore, receive the greatest current flow 

across the cell membrane. As a result, the greatest drop in voltage across 

the cell membrane will occur in axons of the largest diameter. These axons 

will reach threshold first and recruit the motor units which they innervate. 

This is termed “reversed recruitment order” as it is the reverse of the 
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physiologically normal condition where the smallest motoneurons are ac-

tivated first due to the generation of larger excitatory post-synaptic poten-

tials in small cells with higher input resistance (Kernell, 1966). Physiologi-

cally ordered recruitment according to size is also known as Henneman’s 

size principle which states that motor units will be recruited in order from 

smallest to largest (Henneman, 1957; Henneman et al., 1965). 

Reversed recruitment order is a challenge for most FES systems as 

they all involve the flow of current across the membranes of axons of vary-

ing diameter (Popovic, 2004). At the muscle, the reversed recruitment or-

der results in the preferential recruitment of the largest motor units which 

are innervated by the most-easily recruited, large diameter axons (Totosy 

de Zepetnek et al., 1992). These motor units are exclusively made up of 

fast-twitch, fatiguable muscle fibers. Thus any muscle action comprising 

larger motor units will be extremely powerful and suffer from a rapid de-

cline in sustained force. This is unsuitable for movements requiring grace 

or fine motor control, or those which need to be maintained for long peri-

ods such as standing or walking.

1.4.3 Transcutaneous stimulation

Perhaps the most common clinical application of FES has been at 

the skin via the application of large, flexible electrodes adhered to the sur-

face. These electrodes are positioned over the motor point and can excite 

motoneurons transcutaneously. The clinical requirements for surface elec-

trodes are summarized by Popovic as: low impedance, flexibility to main-

27



tain skin contact, easy donning and doffing and producing little skin irrita-

tion in order to be worn chronically (Popovic, 2004). Surface stimulation 

has the advantage of being applied easily and non-invasively. Electrodes 

are inexpensive, relatively simple and may be donned/doffed and adjusted 

by the user. However, muscle selectivity suffers as it is difficult to recruit 

smaller muscles and deeper muscles without first activating superficial 

muscles (Peckham and Knutson, 2005). Compounding the muscle selec-

tivity problem is the fact that surface electrodes can shift during contrac-

tions with respect to the motor point. This may result in variable responses 

in muscle selection and force. Furthermore, the preferential activation of 

large diameter nerve fibers produces a very sharp force recruitment pro-

file. This is the classic reversed recruitment order mentioned above which 

limits the ability to select stable submaximal forces and produces a vari-

able and highly fatiguable muscle response. 

1.4.4 Implanted devices

In an attempt to overcome some of the limitations of surface stimu-

lation researchers have proposed the use of implanted FES devices. Al-

though implantation is a necessarily invasive procedure, implanted devices 

generally offer better selectivity, lower current requirements and more 

stable responses. The electrodes of devices implanted into the peripheral 

nervous system fall into two general categories: those secured to the mus-

cle, targeting the motor point; and those secured to the nerve targeting 

motoneurons in the nerve bundle. Although these devices are implanted in 
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different areas, both types excite the motoneuron axons somewhere be-

tween their exit from the spinal column at the ventral roots and their ter-

mination at the muscle motor point. 

Electrodes secured at the motor point are termed intramuscular or 

epimysial electrodes. Intramuscular or epimysial electrodes produce a 

high degree of selectivity by placing the electrode in or close to the muscle, 

below the level of motor nerve arborization (Mortimer, 1981). Thus the 

motoneurons excited by stimulation are bound to be a selective population 

that innervate only one muscle or one portion of a muscle. This selectivity 

also allows intramuscular electrodes to produce a mixed recruitment order  

(Singh et al., 2000) if they are located near a motor point innervated with 

a high proportion of small diameter axons. However, these stimulation 

paradigms require multiple implants in order to recruit large portions of 

the muscle or multiple muscles. In addition, they are placed in highly mo-

bile muscle tissues leading to increased lead breakage and an increased 

possibility for the electrode to shift position or even be forced to the sur-

face. In one report, intramuscular electrodes suffered a 20% failure rate 

after one year with one third of these failures due to structural failure such 

as lead breakage while the remaining two thirds were due to physiological 

responses such as excess encapsulation and/or physical displacement 

(Popovic, 2004).
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Nerve cuff electrodes wrap around the nerve and can be implanted 

in relatively immobile areas. These, and other electrodes target the periph-

eral nerve have the capability to recruit large amounts of muscle and pro-

duce high force. However, they sometimes lack the ability to selectively re-

cruit individual muscles or motor units if they are implanted on large 

nerve trunks such as the sciatic nerve. Muscle selectivity with nerve cuff 

FES can be improved with multiple implants on smaller branches of the 

main nerve trunks, however, this requires greater surgical intervention 

and a more sophisticated control system.

Although the recruitment properties of peripherally implanted neu-

ral electrodes appear somewhat disappointing at first, recent improve-

ments in electrode design have, to some degree, ameliorated these disad-

vantages. Peripheral neural implants that lie in (intraneural), on (epineu-

ral) or around (perineural) the nerve can benefit from designs which em-

ploy multiple electrode contact points to improve the selectivity of nerve 

fibers. For instance, Yoshida and Horch have employed intrafascicular 

electrodes sown into the nerve in pairs to individually activate nerve fasci-

cles (Yoshida and Horch, 1993a). Normann and colleagues have published 

recent reports highlighting the effectiveness of a penetrating intrafascicu-

lar electrode array in producing multijoint movements such as standing 

after spinal cord injury (Normann, 2007). They have employed multielec-

trode arrays implanted into peripheral nerves able to penetrate individual 

fascicles. The lengths of electrode shafts vary from 1.5 mm to 0.5 mm so 
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that the electrode tips are at varying depths, targeting individual axons or 

small groups of axons with each electrode tip. Using this system they have 

reported the ability to activate individual muscles or agonist muscle 

groups selectively and the ability to recruit force more gradually than with 

conventional nerve cuffs (Branner et al., 2001). 

A conceptually similar strategy has been employed by other groups 

using perineural implants. Increasing the number of electrode contact 

points can improve the selectivity and force recruitment properties of 

nerve cuff electrodes (Veraart et al., 1993; Grill and Mortimer, 1996). Oth-

ers have employed nerve cuffs with multiple electrode contacts after re-

shaping the geometry of peripheral nerves in order to expose a greater 

number of axons (Tyler and Durand, 2002). The reshaped geometry forces 

axons buried within the centre of the nerve bundle to the surface, and im-

proves muscle selectivity while maintaining the ability to recruit large 

amounts of muscle.

Any FES system with the ability to select independent populations 

of motor units innervating the target muscle can deploy interleaved stimu-

lation strategies which produce smooth, fatigue-resistant force (Yoshida 

and Horch, 1993b; McDonnall et al., 2004a; McDonnall et al., 2004b). In-

terleaving involves the presentation of stimulus pulses from multiple elec-

trodes at evenly spaced intervals. For example, if two electrodes were used 

the pulses from the second electrode would be introduced midway be-
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tween pulses from the first electrode. As a result, two electrodes stimulat-

ing at 20 pulses per second (pps) would produce an aggregate 40 twitches 

of the muscle per second. In many muscles this would summate to pro-

duce a fused tetanus even though the pulse rate from a single electrode 

would not. Implantation into multiple sites on the sciatic and femoral 

nerves has allowed sufficient control of the hip, knee and ankle to produce 

a standing synergy (Mushahwar et al., 2007). The success of this system 

lies in its ability to expose motor axons to numerous electrode sites and 

thus improve the selectivity of neural excitation.

1.5 Intraspinal microstimulation

Although the implantation of electrodes into the peripheral nervous 

system has received more attention, it has been known for many years that 

central nervous tissue can be excited in a similar manner (Penfield and 

Rasmussen, 1950). Stimulation in the CNS is fundamentally similar to that  

in the PNS. The flow of electrical current can depolarize membranes and 

establish self-propagating action potentials. However, the CNS contains a 

more complicated arrangement of projections and cell bodies from differ-

ent neurons lying in close proximity to one another. It is understood that 

the excitability of large, myelinated axons is greater than that of cell bodies 

(Ranck, 1975; Tehovnik, 1996; Nowak and Bullier, 1998), however, given 

the decay of the stimulus pulse the selection of neurites or cell bodies will 

be determined by the interaction between their latent excitability and their  

distance to the current source. As a result, there exists both the possibility 
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of direct excitation of cell bodies if the current source is close and 

transsynaptic excitation if the source is farther away (Gustafsson and Jan-

kowska, 1976). The latter phenomenon illustrates how a larger network of 

neurons can be activated in the CNS.

Stimulation of the spinal cord surface has been applied for the 

treatment of intractable pain (Shealy et al., 1970) and spasticity 

(Dimitrijevic, 1998). The application of epidural stimulation at the lumbar 

enlargement has also produced rhythmic stepping movements in humans 

with complete SCI (Dimitrijevic et al., 1998) and in spinalized animals 

(Iwahara et al., 1992; Gerasimenko et al., 2003). In combination with TLT, 

epidural stimulation generated an immediate improvement in walking gait  

and an increase in speed (Herman et al., 2002). The ability of epidural 

stimulation to produce complex movements such as stepping has been at-

tributed to the activation of a larger network of neurons, although the ex-

act mechanism remains uncertain (Edgerton et al., 2006). A proposed ex-

planation is that the activation of afferent projections in a tonic manner 

can organize motoneuron pools and may be interpreted as a descending 

command to initiate the movement program (Minassian et al., 2004). 

However this result is achieved, it is an example of how stimulation in a 

discrete area of the CNS can spread due to the activation of a larger net-

work.
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Perhaps the most common clinical application of central nervous 

system stimulation has been the implantation of electrodes targeting the 

subthalamic nucleus in order to reduce tremor, dyskinesia, akinesia and 

rigidity in those with Parkinson’s disease (Benabid et al., 2009). Deep 

brain stimulation (DBS) procedures have been performed in tens of thou-

sands of patients worldwide despite both the invasive nature of the proce-

dure and an incomplete understanding of the treatment’s mechanism of 

action (Birdno and Grill, 2008). Unfortunately, despite the promising re-

sults of DBS a number of physical and cognitive side-effects occur com-

monly as a result of stimulation (Benabid et al., 2009). These complica-

tions can occur even when electrodes are placed accurately and at voltage 

levels required to achieve the positive benefits of treatment. This is likely 

due to the fact that DBS stimulation is known to activate a larger network 

of fibers in passage (Dostrovsky and Lozano, 2002). The activation of a 

larger network of fibers creates uncertainty as to what downstream ele-

ments are being excited. This illustrates the opportunity and the challenge 

of CNS stimulation. The ability to tap into the extant network of circuitry 

below a transmission blockage such as a lesion to the auditory nerve, optic 

nerve or corticospinal tract also comes with the possibility of activating 

undesired elements that could produce deleterious side-effects.

1.5.1 Intraspinal microstimulation

In a manner conceptually similar to DBS, a number of research 

groups have attempted to stimulate neurons in the spinal cord. Termed 
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intraspinal microstimulation (ISMS), this novel FES method uses pene-

trating microelectrodes with exposed tips inserted into the spinal cord to 

reactivate networks below a spinal cord lesion. Attempts have been made 

to reestablish functional voiding of the bladder (Grill et al., 1999; 

McCreery et al., 2004), penile erection (Tai et al., 1998) and reanimation 

of paralyzed muscle (Tai et al., 1999). As with other forms of central stimu-

lation both axons and cell bodies can be excited depending upon the latent 

excitability of the tissue and the proximity to the microwire tip. To pro-

duce movement of the lower limbs, implants can be targeted at the lumbar 

enlargement which is ideally suited for implantation as it contains all of 

the motoneurons that innervate the lower limbs as well as the networks 

responsible for generating locomotion (Jankowska, 1992; Dietz, 2003). 

Other advantages include the fact that spinal cord tissue is relatively im-

mobile and the vertebral column provides a degree of protection for the 

implant. As with DBS, the procedure is necessarily invasive yet with the 

appropriate caution ISMS implants have proven to be mechanically stable, 

to cause only limited damage and to produce consistent responses over pe-

riods of up to 6 months in cats (Prochazka et al., 2001).

1.5.2 Recruitment properties

The thresholds for activation of muscle (motor threshold) with 

ISMS are considerably lower than those for other methods of electrical 

stimulation (Mushahwar et al., 2000). This corresponds to previous work 

showing that spinal cord tissue can be excited at stimulus amplitudes be-
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low 5 µA (Jankowska and Roberts, 1972). Average threshold amplitudes 

for ISMS in an acute implant have been reported at 32 ± 2.4 µA (Guevre-

mont et al., 2006), at a pulse duration of 200 µs. ISMS motor thresholds 

from chronically implanted microwires ranged from 15 - 30 µA at first but 

subsequently rose to near double those levels over the first month follow-

ing implantation, remaining stable thereafter (Mushahwar et al., 2000). 

Presumably this doubling in motor threshold is related to the aforemen-

tioned encapsulation of implanted FES electrodes. The low levels of cur-

rent needed to excite CNS tissue and to reach motor threshold have impli-

cations for the development of implantable neuroprosthetic devices with 

respect to battery life and size (Ragnarsson, 2008). In addition, stimula-

tion at lower amplitudes maintains a buffer between the charge needed to 

excite neuronal networks and the level of charge where unsafe, irreversible 

reactions may occur (Mortimer, 1981). 

Previous work with ISMS has demonstrated that increases in stimu-

lus strength result in gradual increases in force. Force recruitment curves 

generated from cat quadriceps, tibialis anterior and triceps surae/plantaris 

demonstrated a graded force response to increasing stimulus amplitude 

(Mushahwar and Horch, 2000a). This result is in contrast to the typically 

rapid recruitment of force by conventional peripheral nerve stimulation 

whereby maximal force is recruited with small increases in stimulus am-

plitude, indicating reversed recruitment order (Singh et al., 2000). In a 

direct comparison of force recruitment, the average slope of the force re-
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cruitment curves from cat quadriceps muscle was found to be 2.9 times 

shallower with ISMS than with a bipolar nerve cuff (Snow et al., 2006). In 

addition to producing graded force, simple tonic ISMS can maintain an 

evoked motor task for extended periods with relatively little decay of force 

(Tai et al., 1999). This property can be greatly enhanced by implanting 

multiple microwires and employing interleaved stimulation (Mushahwar 

and Horch, 1997). Using interleaved ISMS in combination with a close-

loop control system has produced prolonged, weight-bearing standing in 

cats lasting up to 32 minutes (Lau et al., 2007). The use of interleaved 

stimulation improves fatigue resistance by exciting individual motoneu-

rons at frequencies closer to their natural firing rate, while still producing 

a fused tetanic contraction at the muscle (Mushahwar et al., 2007). In con-

trast, motor unit fatigue can be encouraged by driving the excitation of 

motor units with synchronous, tonic stimulation (Prochazka, 1993). Al-

though ISMS recruits graded, fatigue-resistant force, most reports also in-

dicate that ISMS through a single microwire is unable to produce the 

maximal force that can be achieved with peripheral nerve stimulation. 

This suggests that not all motor units can be recruited by single ISMS mi-

crowires within the limits of safe stimulation (Mushahwar and Horch, 

1998).

These two properties of ISMS, gradual force recruitment and fa-

tigue resistance suggest that motor units are being recruited in a manner 

resembling the physiologically normal recruitment of motor units by size 
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(i.e. mixed or near-normal recruitment). This is supported by the fact that 

the duration of muscle twitches was found to decrease with increasing 

stimulus strength, indicating the recruitment of slow and then fast-twitch 

motor units as stimulus strength increased (Mushahwar and Horch, 

2000a). This points to the transsynaptic, indirect activation of motoneu-

rons through the excitation of fibers in passage, a phenomenon that has 

been demonstrated during stimulation of the spinal cord (Jankowska and 

Roberts, 1972; Gustafsson and Jankowska, 1976; Gaunt et al., 2006). Al-

though the ventral grey matter contains the motoneuron pools it also con-

tains a rich network of axonal processes from a variety of interneurons, 

propriospinal neurons and afferent projections. As an example, the con-

nectivity of Ia afferents can be considered. Each Ia afferent branches to 

synapse with every motoneuron in the homonymous motoneuron pool and 

a large proportion of motoneurons in heteronymous pools that innervate 

synergistic muscles (Mendell and Henneman, 1971). This creates a dense 

web of Ia axons in the ventral horn which can be excited by external stimu-

lation. The excitation of afferents or the activation of a reflex arc has been 

shown to recruit motoneurons in order from smallest to largest (Henne-

man and Mendell, 1981). In combination with some direct activation of 

motoneurons, especially at higher intensities of stimulus, this would ex-

plain why ISMS might produce a mixed or near-normal recruitment order 

and recruit graded, fatigue-resistant force.
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The activation of a broader network of afferent projections, inter-

neurons and propriospinal neurons with a microwire point-source of cur-

rent has greater implications for motor control. ISMS has already demon-

strated a high degree of muscle selectivity (Mushahwar and Horch, 

2000b), but also the ability to recruit muscle synergies and even produce 

locomotion. ISMS produces whole limb synergies and fatigue-resistant 

standing and stepping in intact and spinalized cats (Mushahwar et al., 

2000; Mushahwar et al., 2002; Saigal et al., 2004; Lau et al., 2007). The 

discrete nature of motoneuron pools and the distance between those which 

govern complex movements such as walking strongly suggest that the acti-

vation of synergies by stimulating through a few microwires is the result of 

exciting a network of neurons that connect motoneuron pools into func-

tional groups. These networks are known to exist in the ventral horn, to 

establish connections between synergistic motoneuron pools and to proc-

ess the reciprocal activation of agonist and antagonist muscles (Jan-

kowska, 1992).

1.6 Dissertation summary and overview

Currently, ISMS is a promising experimental technique that bears 

further investigation. In order to move towards the clinical application of 

this technique a number of questions must be asked and modifications 

made based upon the answers. This dissertation addresses some of these 

remaining questions and attempts to shed light on the basic mechanisms 
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of the neuromuscular system that produce the responses observed during 

ISMS.

Although ISMS can produce gradual recruitment of force, a detailed 

understanding of this phenomenon has not been gained. A study was con-

ducted (chapter 2) to observe directly the muscle fibers activated during 

acute ISMS as compared to those activated with a nerve cuff. I compared 

the force recruitment properties of these two stimulation paradigms and 

determined directly which muscle fibers were activated by each stimula-

tion protocol. For each stimulation protocol I considered whether the acti-

vated muscle fibers were drawn proportionally from within the whole 

population or whether each protocol was selectively activating slow or fast 

muscle fibers, respectively.

Given these acute results I hypothesized that the chronic applica-

tion of ISMS or nerve cuff stimulation would produce disparate muscular 

plasticity following spinal transection. I conducted a study (chapter 3) to 

examine the muscle transformations that would occur following spinal 

transection and subsequent daily stimulation for 30 days with either ISMS 

or the nerve cuff. I considered MHC-based fiber type as well as functional 

measurements of twitch-characteristics and fatigue resistance.

In addition to examining muscular plasticity following chronic 

ISMS, I conducted a final study (chapter 4) to examine the plastic adapta-

tions and damage that might occur with microwire implantation and 
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chronic ISMS. I examined immunohistochemical markers of damage, in-

flammation and neuronal content in the spinal cord and compared these 

around stimulated and sham unstimulated microwires implanted in the 

spinal cord. I also considered whether neural plasticity following transec-

tion and chronic ISMS might have altered the force recruitment properties 

of ISMS. 

A general discussion of these studies is provided in chapter 5 along 

with some recommendations for future work. An evaluation of the efficacy 

of ISMS with regards to recruiting stable, fatigue-resistant force is given 

and the safety of ISMS implantation is discussed. The goal of this disserta-

tion is not just to provide practical understanding of the properties of 

ISMS but also to shed light on the basic neural structures which ISMS util-

izes to produce muscle recruitment.

The work described in this dissertation is the culmination of years 

of effort using a challenging animal model. The first study brings novel 

data about muscle recruitment using peripheral and central means of elec-

trical stimulation.  In concert with other works into the nature of neuronal 

network activation by ISMS (Gaunt et al., 2006; Mushahwar et al., 2007) 

this provides us with a mechanistic picture of how peripheral and central 

means of stimulation produce force, and why ISMS so readily produces 

gradual, fatigue-resistant force. In addition, these results have been ex-

tended chronically in order to provide a significant contribution to our un-
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derstanding of the phenotypic transformations of skeletal muscle in re-

sponse to chronic electrical stimulation. Finally, our results provide critical 

indications that the spinal cord tolerates chronic ISMS well, even in the 

current example of extreme mismatch between the stiffness of the mi-

crowires and the size of the spinal cord. This work provides important en-

couragement to continue the investigation of ISMS and the advancement 

towards a clinically implantable device for the reanimation of skeletal 

muscle after spinal cord injury.
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Chapter 2 

Intraspinal microstimulation preferentially re-
cruits fatigue-resistant muscle fibres and gen-
erates gradual force in rat*

2.1 Introduction

Spinal cord injury (SCI) represents a devastating neurological im-

pairment with potentially life-threatening implications. The quality of life 

for a person with SCI often centers on the challenges to bladder and bowel 

function, respiration, skin and muscle health, freedom of movement, and 

general independence. One of the associated difficulties following SCI is 

the dramatic muscle atrophy and slow-to-fast transformation of skeletal 

muscle downstream of the lesion (Burnham et al., 1997;Castro et al., 

1999). These result in a muscle that is highly fatiguable and incapable of 

performing at workloads required for standing or stepping. Previous reha-

bilitative interventions for restoring stepping which have utilized func-

tional neuromuscular stimulation (FNS) have been employed with some 

success (Stein et al., 2002;Prochazka & Mushahwar, 2001). Unfortunately,  

these systems have inherent disadvantages. Because they employ periph-

eral electrodes tunneled subcutaneously for long distances, such as with 

epimysial and intramuscular forms of stimulation, they suffer from prob-

lems associated with electrode lead breakage (Popovic, 1992). In addition, 
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the normal order of motor-unit recruitment is reversed so that the lowest 

currents recruit the fastest, most fatiguable units, which leads to inappro-

priate, excessive force recruitment and high fatiguability (Prochazka, 

1993).

Recently, intraspinal microstimulation (ISMS) has been suggested 

for therapeutic restoration of stable stepping. This technique involves im-

planting microwires into the ventral horns of the lumbosacral spinal cord. 

Stimulation through implanted microwires has previously been effective in 

establishing coordinated single, and multi-joint movements in both intact 

(Mushahwar et al., 2002) and spinalized (Saigal et al., 2004) cats includ-

ing consistent bilateral stepping. Furthermore, previous reports showed 

that ISMS produces graded force recruitment and activates muscles selec-

tively (Mushahwar & Horch, 1998;Mushahwar & Horch, 2000b). There-

fore, ISMS may avoid some of the difficulties associated with peripheral 

forms of FNS, including improper motor-unit recruitment pattern and 

electrode lead-breakage because the stimulus is applied through existing 

central nervous system structures and the electrodes are placed in com-

paratively non-mobile tissue.

The purpose of this study was to compare the muscle recruitment 

properties of peripheral FNS in the form of a nerve cuff electrode over the 

femoral nerve with ISMS through electrodes targeting the quadriceps mo-

toneuron pool. Two sets of experiments were performed to study the prop-
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erties of these stimulation paradigms. In the first experimental series, 

pulse frequency and amplitude were varied and a glycogen depletion 

method was used to determine which muscle fibres were activated by 

ISMS or by nerve cuff stimulation (NCS) protocols. In a second series of 

experiments, force recruitment data from quadriceps muscles were col-

lected to analyze the functional properties of muscle under the direction of 

each stimulation protocol. Previous studies suggested that ISMS recruits 

motor units in a mixed order (Mushahwar & Horch, 2000a), however, this 

is the first study to compare directly the recruitment properties of ISMS 

and NCS at the muscle level.

The results of this study show that ISMS preferentially recruited 

fatigue-resistant (FR) fibres out of proportion to their corresponding my-

osin heavy chain (MHC) content in quadriceps muscles. Contrarily, NCS 

chiefly recruited fast-twitch fatigable fibres. The difference between the 

proportion of FR fibres activated by ISMS and NCS was significantly dif-

ferent at the stimulation condition most likely to be used in a clinical set-

ting. Furthermore, the rate of force recruitment with ISMS was signifi-

cantly more gradual than that with NCS. The results of this investigation 

further our understanding of muscle recruitment by ISMS and provide 

support for the efficacy of ISMS as a novel rehabilitative therapy.

2.2 Methods
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2.2.1 Animal Treatment and Care

All animal procedures were carried out under the guidelines of the 

Canadian Council for Animal Care and approved by the University of Al-

berta Animal Welfare Committee. Female Sprague–Dawley rats were 

housed in pairs in a controlled environment with 50–55% humidity, at 20 

°C, with alternating 12 h light: 12 h dark cycles and received food and wa-

ter ad libitum. Animals were randomly assigned to experimental groups 

for either glycogen depletion or force recruitment experiments. For all 

surgical experiments animals were anaesthetised using 2.5% isofluorane 

delivered in gaseous form. Upon completion of the experiments all ani-

mals were immediately euthanised by cardiac excision whilst under anaes-

thesia. Fifty-four animals were used for this study with a mean mass of 

349.6 ± 8.7 g (mean ± SEM).

2.2.2 Glycogen Depletion Experiments

Glycogen depletion was accomplished by stimulating one hindlimb 

while the contralateral hindlimb served as a sham control. For NCS ex-

periments a bipolar nerve cuff with 1-2 mm inter-electrode separation was 

placed around the femoral nerve, further insulated from surrounding 

muscles with mineral oil and sutured securely closed. For ISMS experi-

ments a laminectomy was performed at T12-T13 to expose spinal cord 

segments L3-L4. Following this, 30 µm diameter, Teflon-insulated mi-

crowires (stainless steel 304, California Fine Wire Company, Grover 

Beach, CA) were inserted 2-3 mm past the dura mater of the spinal cord. 
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Specifically, microwire tips exposed for 30-60 µm were inserted into the 

quadriceps motoneuron pool in the ventral grey matter. Mono-polar 

stimulation with the return electrode placed in the back musculature was 

used for all ISMS experiments. The ISMS target area has been mapped by 

Mushahwar et al. (Mushahwar & Horch, 1998;Mushahwar & Horch, 

2000b) in cats and is thought to be maintained in other species such as 

rabbit and humans (Sharrard, 1955;Portal et al., 1991;Romanes, 1964). 

Placement of microwires in the quadriceps motoneuron pool was con-

firmed with practice twitches and ultimately by the glycogen-depleted fi-

bres themselves. A stimulator (STG1008, Multi-channel Systems Inc, 

Reutlingen, Germany) was used to deliver 400 µs, biphasic, cathodic-first, 

charge-balanced pulses through the electrodes at each frequency and am-

plitude. For both NCS and ISMS, stimulation consisted of five bouts of 

five-minute stimulation periods (1 s on, 1 s off) interspersed with two-

minute rest periods between each bout. Since the duty cycle was 50%, total 

stimulation time was twelve and one half minutes. Stimulation procedures 

were designed to produce depletion of glycogen in the activated quadri-

ceps muscle fibres. Our own preliminary experiments showed that glyco-

gen depletion of slow-twitch fibres was undetectable for up to 1 hour of 

stimulation. Presumably, this is due to the increased propensity of slow-

twitch fibers to rely upon oxidative metabolism, thereby sparing muscle 

glycogen stores. Similarly, Rafuse and Gordon found that slow-twitch mo-

tor units required as long as 3 hours of stimulation to produce fatigue and 
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glycogen depletion (Rafuse & Gordon, 1996). Previous reports demon-

strated that glycogen depletion can be accelerated and enhanced with 

ischemia of the selected muscles (Hudlicka et al., 1994;Totosy de Zepetnek 

et al., 1992). Therefore, in the present experiments, ischemia was pro-

duced by placing sutures around the femoral artery of both stimulated and 

contralateral sham control hindlimbs. Muscles were made ischemic at the 

beginning of the stimulation period by tightening the sutures around the 

femoral arteries. Sham hindlimbs were made ischemic for the same dura-

tion. This procedure did not disrupt blood flow to the femoral nerve, which  

is supplied by the internal iliac artery.

Previous reports conducted ISMS at a range of amplitudes, includ-

ing near-threshold levels (Saigal et al., 2004;Mushahwar et al., 2003). For 

near-threshold stimulation both NCS and ISMS protocols were carried out 

with the amplitude held at 1.2X threshold. Threshold was defined as the 

lowest stimulation amplitude that produced a visible twitch. In light of the 

possibility that interneuronal pathways are differentially activated accord-

ing to stimulus frequency (Minassian et al., 2004;Jilge et al., 2004) we 

performed stimulation at 1, 20 or 50 s-1 to determine the effect of fre-

quency on muscle fibre type recruitment by ISMS. NCS experiments were 

carried out with matching frequencies as a control. Each NCS and ISMS 

group at the 1.2X threshold condition contained 6 animals for a total of 36.  

High-amplitude stimulation was also performed at 3.0X threshold to de-

termine the recruitment properties of ISMS and NCS at stimulation ampli-
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tudes more likely to be used in clinical FNS applications. The stimulation 

frequency of 20 s-1 was chosen for these experiments because it represents 

a frequency that is similar to the maximum natural rate of motor unit fir-

ing in humans (Fuglevand & Johns, 2004;Taylor & Enoka, 2004). This 

stimulation rate has also been successfully used in the past for ISMS ex-

periments from our group (Saigal et al., 2004) and is likely to be the most 

clinically relevant frequency for ISMS therapy. Six animals were included 

in each of the 3.0X threshold groups (ISMS and NCS) for a total of 12. 

Following stimulation, the vastus lateralis and rectus femoris mus-

cles were quickly excised as a group from experimental and control legs 

and placed into ice-cold saline for 30 s with gentle stirring. Rectus femoris 

and vastus lateralis muscles were chosen because they represent a large 

portion of the quadriceps muscle mass and they contain mixed MHC iso-

form based fibre types which allowed for identification of the full spectrum 

of fibre types. Handling and separation of these muscles was performed on 

a metal platform embedded in ice. Once separated, muscles were placed in 

a slightly stretched position on aluminum foil and frozen in melting 

isopentane (-156 °C) cooled in liquid nitrogen. Muscles were stored at -80 

°C until sectioned to a thickness of 10 µm.

To determine which fibres were activated by stimulation, frozen 

muscle cross-sections of the rectus femoris and vastus lateralis were 

stained for glycogen using the periodic acid-Schiff (PAS) reaction. Acti-

59



vated fibres were identified as those lacking glycogen, a technique com-

monly known as the glycogen depletion method (Kim et al., 1995;Kugel-

berg & Edstrom, 1968). The absence of glycogen depletion in any of the 

contralateral sham control muscles confirmed that neither ischemia due to 

occlusion of the femoral artery nor the muscle collection procedure in-

duced glycogen degradation.

2.2.3 Muscle Fibre type Analysis

Immunohistochemical detection of MHC isoforms was completed 

on frozen muscle sections according to Putman et al. (Putman et al., 

2001;Putman et al., 2003). Monoclonal antibodies directed against adult 

MHC isoforms were harvested from hybridoma cell lines obtained from 

the American Type Culture Collection (Manassa, VA) (Schiaffino et al., 

1989) and applied at the following dilutions: anti-MHCI clone BA-D5 

(MHCI, 1:400, culture supernatant); anti-MHCIIa clone SC-71 (MHCIIa, 

1:100, culture supernatant); anti-MHCIIb clone BF-F3 (MHCIIb, 1:400, 

culture supernatant). Negative controls were run in parallel by substitut-

ing a non-specific IgG (mouse IgG, 1:2000, Santa Cruz Biotechnology, 

Inc., Santa Cruz, CA) or by omitting the primary antibody. Each MHC 

stain also served as a positive control for the others. This panel of mono-

clonal antibodies allowed direct identification of pure type-I, -IIA, and -IIB 

fibres, as well as associated hybrid fibre combinations. Pure type-IID/X 

fibres were identified as those fibres that remained unstained by this panel 

of antibodies. 

60



Stained serial sections were digitally imaged at 40X magnification 

(Olympus IX70, Olympus Microscopes, Melville, NY) with an attached 

camera (Spot RT, Diagnostic Instruments, Sterling Heights, MI) and ana-

lyzed using the Image Pro Plus software suite (ver 4.5.0.27, Media Cyber-

netics, Silver Spring, MD). Fibres activated by stimulation were identified 

by the absence of glycogen staining (Kim et al., 1995;Kugelberg & Ed-

strom, 1968). Image Pro Plus software was used to ensure that the identi-

fication procedure was carried out consistently. Briefly, an observer set the 

staining intensity threshold by which the software package identified de-

pleted fibres. The computer then applied this threshold throughout the 

image, ensuring uniformity. This manner of identifying fibres cannot alto-

gether remove subjectivity, however, it can ensure that the threshold set by  

the observer is always applied by the computer in an unbiased manner. 

Serial sections stained for the various adult MHC isoforms were used to 

classify stimulated fibres. Glycogen depletion results for rectus femoris 

and vastus lateralis muscles were combined and further grouped accord-

ing to the fatigue-resistance of the fibre types. Type-I, -I/IIA and -IIA fi-

bres were grouped into the fatigue-resistant category (FR) while type-IID/

X and -IIB fibres were grouped into the fast fatiguable category (FF) (Pette 

& Vrbova, 1992;Pette & Staron, 1997). 

2.2.4 Myosin Heavy Chain Electrophoresis

To determine whether glycogen depletion of each fibre type was 

proportional to its whole muscle content, MHCI, MHCIIa, MHCIId/x, and 
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MHCIIb isoform contents were quantified by SDS-PAGE in 8 rectus femo-

ris and 8 vastus lateralis muscles (Bamford et al., 2003). Previous reports 

have shown that electrophoretic quantification of MHC isoform content 

provides an accurate estimation of MHC isoform based fibre type content 

(Putman et al., 2003;Hamalainen & Pette, 1996;Putman et al., 2004). 

Briefly, muscles were homogenized in ice-cold buffer containing 100 mM 

Na4P2O7 (pH 8.5), 5 mM EGTA, 5 mM MgCl2, 0.3 M KCl, 10 mM DTT and 

5 mg/ml of a protease inhibitor cocktail (CompleteTM, Roche Diagnostics 

Corporation, Indianapolis, IN). Samples were centrifuged at 4 °C, diluted 

1:1 with glycerol and stored at –20 °C until analyzed. Total protein content 

of the extracts was analyzed using the Bio-Rad Protein Assay (Bio-Rad 

Laboratories, Hercules, CA) (Bowers-Komro et al., 1989), diluted to 0.2 

µg/µl in Laemmli-lysis buffer (Laemmli, 1970) and boiled for 10 minutes. 

Five µl of each extract were electrophoresed for 24 hours and 275 V at 12 

°C on 7% polyacrylamide gels containing glycerol, under denaturing condi-

tions. MHC isoforms were detected by silver staining (Oakley et al., 1980) 

and evaluated with integrated densitometry using the Syngene GeneSnap 

and GeneTools software package (Chemigenius Gel Documentation Sys-

tem, Syngene, U.K.). 

2.2.5 Force Recruitment Experiments

Isometric twitch force was measured during application of NCS or 

ISMS to generate recruitment curves for these two stimulation paradigms. 

Nerve cuffs were placed around the femoral nerve and a laminectomy was 
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performed to expose spinal cord segments L3-L4. The animal was fixed at 

the iliac crest and at the epicondyles of the femur with a stereotaxic array 

to prevent movement. The patellar tendon was dissected from its point of 

insertion and attached to a force transducer (Interface MB-5, Interface 

Inc, Scottsdale, AZ). Stimulation (single, 400 µs, biphasic, cathodic-first, 

charge-balanced pulses) proceeded with the nerve cuff over the femoral 

nerve or with intraspinal microwires inserted within the quadriceps moto-

neuron pool in the ventral spinal cord (Mushahwar & Horch, 2000a). Data 

were amplified 100-fold and captured at a sampling rate of 1000 s-1 using a  

data acquisition interface (Power 1401, Cambridge Electronic Design, 

Cambridge, England) with associated software (Signal ver 2.13, Cambridge 

Electronic Design). Stimulation amplitude was varied upwards from sub-

threshold levels in quasi-random order and the force of the evoked twitch 

was measured with rest periods of approximately 30 s between pulses to 

avoid potentiation between twitches. Isometric force was recorded from 

the same hindlimb using both NCS and ISMS methods to allow paired 

comparisons. In some cases multiple ISMS curves obtained by stimulating 

different locations in the same pool were gathered on the same hindlimb 

to compare against a single NCS curve. Recruitment curves were gathered 

from 6 animals providing 6 NCS and 7 ISMS curves. 

To compare twitch forces evoked by NCS and ISMS, forces were 

normalized to the maximum twitch force obtained by the nerve cuff for 

each hindlimb and plotted against pulse amplitude (µA). Linear regression 
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was used to calculate slopes for the recruitment curves between threshold 

and 250 µA or between threshold and the onset of force plateau if this oc-

curred before 250 µA. 

2.2.6 Confirmation of Microwire Placement in ISMS Trials

Spinal cords from ISMS glycogen depletion and force recruitment 

experiments were excised following stimulation, placed in a slightly 

stretched position on aluminum foil and frozen in melting isopentane 

(-156 °C) cooled in liquid nitrogen. Cords were later sectioned to verify 

ISMS microwire placement. Typically, an electrolytic lesion is produced at 

the end of the experiment to aid in confirming the microwire location 

(Mushahwar & Horch, 1998). However, this procedure was not possible in 

this experiment because of the need to control muscle activation and fibre 

depletion in each condition. This made locating microwire tips more diffi-

cult. Thus, only 17 of 33 microwires were retrieved and their locations 

positively confirmed. The other 16 microwire locations were not con-

firmable, either because of inadvertent dislodging of the microwire during 

extraction and sectioning, or because of an inability to find the exact tip 

location without the presence of an electrolytic lesion. Nevertheless, 

stimulation through each of these microwires did produce gradual force 

recruitment following insertion. In our experience, this is a clear indica-

tion that the tips of these microwires were located correctly within the ven-

tral grey matter (Saigal et al., 2004).
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2.2.7 Statistical Analysis

The same statistical analysis was used for both glycogen depletion 

and force recruitment experiments. All analyses were performed with a 

computerized software statistics package (SPSS 11.0, SPSS Inc, Chicago, 

IL). Differences between group means were determined via independent 

samples t- test or one-way ANOVA with a Scheffe post-hoc test. All 

planned comparisons were undertaken with one-tailed analysis, whereas 

unplanned comparisons were analyzed using a two-tailed test. Differences 

were considered significant at p < 0.05. All results are presented as means 

± SEM.

2.3 Results

2.3.1 Threshold Levels for ISMS were Significantly Lower than those for 
NCS

Following either the glycogen depletion or force recruitment ex-

periments, spinal cords were extracted, frozen, and sectioned on a cry-

ostat. The purpose of this procedure was to confirm that ISMS microwires 

were properly located within the ventral spinal cord. Figure 2-1 summa-

rises, on a single cross-section, the tip locations for 17 of 33 intraspinal mi-

crowires used in this investigation. Mean stimulation threshold in the gly-

cogen depletion experiments was 12.1 ± 1.0 µA and 25.0 ± 3.0 µA for ISMS 

and NCS, respectively, a highly significant difference (p < 0.0002). Differ-

ences in mean threshold generated during the force recruitment experi-

ments were larger than for the glycogen depletion experiments. Mean 
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threshold was 7.7 ± 0.1 µA and 39.1 ± 5.7 µA for ISMS and NCS, respec-

tively (p < 0.0006). 

2.3.2 ISMS Caused Greater Depletion of Fatigue-Resistant Fibres at High 
Amplitudes of Stimulation

Glycogen depletion experiments were carried out in order to deter-

mine which fibres were activated by either NCS or ISMS under different 

stimulation conditions. Figure 2-2 shows an example of the method used 

to identify glycogen-depleted fibres in one ISMS animal and one NCS ani-

mal, both stimulated at 1 s-1 1.2X threshold. Depleted fibres were identified 

by the PAS stain (figure 2-2A) and then characterized according to their 

MHC content in serial sections (type-I, -IIA, -IIB in figures 2-1B,C,D, re-

spectively). In the example shown, ISMS primarily depleted type-I and 

-IIA fibres while NCS depleted type-IIB and -IID fibres. PAS staining of 

control muscles demonstrated that neither the ischemia, nor the extrac-

tion procedure produced detectable glycogen depletion (figure 2-2E). In 

the 1.2X threshold condition, the mean number of depleted fibres per 

animal was 176.6 ± 27.5 and 181.2 ± 44.6 for ISMS and NCS, respectively. 

In the 3.0X threshold condition, the mean number of fibres depleted per 

animal was 150.5 ± 49.5 and 1,215.7 ± 363.6 for ISMS and NCS, respec-

tively. The sum of all fibres depleted and analyzed in this study was 14,637. 

Figure 2-3 shows the cumulative proportion of each fibre type de-

pleted in each stimulation condition from all animals. The total number of 

fibres depleted in the 1 s-1 1.2X threshold, 20 s-1 1.2X threshold, 50 s-1 1.2X 
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threshold and 20 s-1 3.0X threshold were 726, 1,481, 1,055 and 7,294, re-

spectively, for NCS, and 1,249, 1,178, 751 and 1,188, respectively, for ISMS. 

NCS stimulation at 3.0X threshold depleted significantly more fibres than 

any other condition (p < 0.004). All other conditions were not significantly  

different in terms of total fibres depleted. The only condition that resulted 

in greater depletion of type I, I/IIA and IIA fibres by ISMS was 20 s-1 3.0X 

threshold. Figure 2-4 shows the proportion of glycogen-depleted fibres 

that were FR type (type I + type I/IIA + type IIA) in each experimental 

group (n=6 animals per group). At 1.2X threshold, the proportion of FR 

fibres recruited by ISMS was 1.7- (p < 0.23), 2.8- (p < 0.059) and 0.67-fold 

(p < 0.24) that of NCS at 1, 20 and 50 s-1 frequencies, respectively. Al-

though both 1 and 20 s-1 ISMS recruited proportionally more FR fibres 

than NCS, this trend did not reach statistical significance in either case. 

Specifically, in the 1.2X threshold conditions, some ISMS samples did not 

display depleted FR fibres, producing large variances in the data. (e.g. min 

0.0% – max 97.8% in the 1 s-1 condition). In contrast, the 3.0X threshold 

condition produced consistent and highly significant increases (p < 

0.0001) in the proportion of FR fibres recruited by ISMS over NCS. Only 

0.4% of fibres recruited by 20 s-1 3.0X threshold NCS were FR fibres, 

whereas 44.4% of the total fibres depleted by ISMS at 20 s-1 3.0X thresh-

old were FR.

2.3.4 Fibre Type Recruitment by ISMS and NCS in Mixed Fast-Twitch 
Muscle
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Electrophoresis was performed to measure the MHC-isoform con-

tents of activated muscles. This allowed us to determine whether the num-

ber of FR fibres activated by ISMS or NCS was proportional to their distri-

bution within the vastus lateralis and rectus femoris, or if these fibres 

were selectively recruited. The MHC-isoform contents of the vastus later-

alis and rectus femoris are shown in figure 2-5. There was no difference in 

MHCI content between rectus femoris and vastus lateralis (p = 0.99), 

however, the rectus femoris displayed significantly more MHCIIa (p < 

0.001), MHCIId/x (p < 0.003), and less MHCIIb (p < 0.003). For the pur-

poses of this study the MHC-isoform contents of the rectus femoris and 

vastus lateralis were grouped into FR and FF categories. FR MHC content 

was 22.8 ± 2.0% and 16.0 ± 1.4% in the rectus femoris and vastus later-

alis, respectively (p < 0.02). These data were further summarized to com-

pare with the grouped rectus femoris and vastus lateralis glycogen deple-

tion results. Using these broad classifications, the proportion of FR and FF 

fibres were 19.4 ± 1.5% and 80.6 ± 1.5%, respectively. Comparison of the 

cumulative proportion of FR fibres depleted in each stimulation condition 

revealed that ISMS recruited FR fibres at 2.9-, 1.9-, 1.7- and 2.5-fold the 

FR MHC content at 1, 20 and 50 s-1 1.2X threshold and 20 s-1 3.0X thresh-

old, respectively. In contrast, NCS recruited FR fibres at 1.2-, 1.0-, 2.1- and 

0.0-times the FR MHC content at 1, 20 and 50 s-1 1.2X threshold and 20 s-1 

3.0X threshold, respectively (figure 2-5C). 

2.3.5 ISMS Recruited Force More Gradually than NCS
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Force recruitment experiments were performed to compare the 

functional characteristics of ISMS and NCS with the results from the gly-

cogen depletion experiments. Twitch recruitment curves obtained via in-

traspinal and nerve cuff stimulation from 0 to 250 µA are shown in figure 

2-6. The mean slope of the recruitment curves for NCS was 0.020 ± 0.006 

and was thus 4.9-fold steeper (P < 0.02) than the mean slope of recruit-

ment curves for ISMS (0.0041 ± 0.0008). 

A charge level of 90 nC has previously been identified as the maxi-

mum level for safe charge injection in central nervous system tissue (Ag-

new & McCreery, 1990). Since the pulse width for all stimulation experi-

ments was 400 µs, the maximum safe charge of 90 nC corresponds to 225 

µA. Mean peak twitch force at 225 µA was 1.56 ± 0.49 N and 0.34 ± 0.06 N 

for NCS and ISMS, respectively (p < 0.03). At 225 µA, ISMS through a 

single microwire recruited a mean of 36.8 ± 11.1% of twitch force recruited 

by NCS at the same charge level.

2.4 Discussion

2.4.1 Overview

The purpose of this study was to compare the muscle recruitment 

characteristics of NCS, a peripheral method of stimulation, with the novel 

rehabilitative therapy, ISMS. In the first set of experiments muscle fibres 

activated at three different frequencies and two different amplitudes by 

each stimulation paradigm were identified by the glycogen depletion 
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method and classified according to their corresponding MHC-based fibre 

types. In the second set of experiments, data were gathered from ISMS 

and NCS twitch force recruitment curves to assess force recruitment char-

acteristics. During high-amplitude stimulation ISMS activated a signifi-

cantly larger proportion of fatigue-resistant fibres than NCS. In accor-

dance with this result we found that NCS twitch force recruitment was 

steeper than ISMS. ISMS through a single electrode produced a consider-

able amount of force with more gradual recruitment. Whole nerve stimula-

tion through the nerve cuff required significantly more charge at threshold 

but produced higher forces at the same charge level. Other work from our 

laboratory has shown that ISMS likely recruits motoneurons through in-

terneurons or afferent pathways (Mushahwar et al., 2003). This would ex-

plain the more gradual recruitment of force and increased activation of 

fatigue-resistant muscle fibres by ISMS compared with NCS. This study 

corroborates and enhances previous evidence for the efficacy of ISMS and 

is the first work to compare directly the muscle recruitment properties of 

ISMS and NCS. 

2.4.2 ISMS Causes Greater Depletion of Fatigue-Resistant Fibres at High 
Amplitudes of Stimulation

In this study, glycogen depletion was enhanced using ischemia. Our 

preliminary experiments, as well as the work of others (Rafuse & Gordon, 

1996), showed that stimulation alone required up to 3 hours to produce 

detectable glycogen depletion in slow-twitch muscle fibres. Therefore, 
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ischemia was induced in the quadriceps muscles, but not in the femoral 

nerve, by occlusion of arterial flow through the femoral artery. PAS stain-

ing in control muscles showed that ischemia alone did not induce detect-

able glycogen depletion, thus proving the validity of this technique. Glyco-

gen depletion via ISMS or NCS resulted in differences in the proportions 

of FR fibres depleted. In the 1.2X threshold condition these differences 

approached significance at 20 s-1 (p < 0.059) but not in the 1 or 50 s-1 con-

ditions. 

In all of the 1.2X threshold conditions, there were at least a few 

ISMS samples that did not deplete FR fibres. Although fibre recruitment 

resulting from low-amplitude stimulation may be especially sensitive to 

electrode placement, at 3.0X threshold, small differences in electrode 

placement are less likely to affect the outcome due to increased current 

spread. Indeed, the differences between ISMS and NCS at 3.0X threshold 

were particularly consistent, where the former recruited a significantly 

higher proportion of FR fibres (figure 2-3). It is interesting that the 3.0X 

threshold ISMS condition did not deplete a significantly larger number of 

fibres than other ISMS conditions. This suggests a limited spread of cur-

rent as has been shown in the past (Mushahwar & Horch, 1997;Pikov & 

McCreery, 2004;Lemay & Grill, 2004;Snow et al., 2005). 

When comparing the proportion of FR fibres depleted by each con-

dition it is illuminating to consider the contents of MHC-isoforms in rec-
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tus femoris and vastus lateralis muscles. Electrophoretic analyses re-

vealed that 19.4% of the total MHC content can be placed in the FR cate-

gory. Thus, the cumulative proportion of FR fibres recruited by ISMS rep-

resents a 2.9-, 1.9-, 1.7- and 2.5-fold increase over the FR MHC content at 

1, 20, and 50 s-1 1.2X threshold and at 20 s-1 3.0X threshold, respectively 

(figure 2-4). In contrast, NCS recruited FR fibres at 1.2-, 1.0-, 2.1- and 

0.0-fold the FR MHC content at 1, 20 and 50 s-1 1.2X threshold and at 20 s-

1 3.0X threshold, respectively. Although ISMS preferentially recruited FR 

fibres in the rectus femoris and vastus lateralis, only the 50 s-1 NCS 1.2X 

threshold condition did the same.

Surprisingly, the 50 s-1 condition not only recruited FR fibres out of 

proportion to their MHC isoform content, but 50 s-1 NCS depleted a larger 

proportion of FR fibres than the 50 s-1 ISMS condition (figures 2-3 and 2-

4). The proportion of FR fibres depleted by ISMS did not decrease signifi-

cantly compared with other frequencies. Instead, there was an increase in 

the number of FR fibres depleted by NCS at 50 s-1. Other authors have 

used peripheral, low amplitude stimulation at 100 s-1 to produce contrac-

tions which may contain both peripheral and central components (Collins 

et al., 2001;Collins et al., 2002). These authors suggested that their results 

were due to motoneuron activation through Ia afferents and the genera-

tion of plateau potentials. Although the frequencies used in this study were 

not as high as the 100 s-1 used by Collins et al. (2001; 2002), it is possible 

that the higher proportion of FR fibres at the 50 s-1 1.2X threshold NCS 
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condition is due to activation of Ia afferents. These afferents make physio-

logically normal connections to motoneurons and could recruit fibres in a 

near-normal order. Although our data suggest that it is possible for NCS-

type systems at 50 s-1 to recruit FR fibres, they would likely still suffer from 

problems encountered by peripheral stimulation methods (Popovic, 1992). 

Furthermore, this result would only be present at lower stimulation ampli-

tudes where low levels of force are produced. Indeed, our results suggest 

that at 3.0X threshold stimulation this effect is abolished due to the over-

riding influence of whole nerve stimulation through motor axons at higher 

amplitudes. 

There is one report of surface stimulation recruiting fibres in a 

mixed manner (Thomas et al., 2002), however, the results of this experi-

ment are difficult to interpret (Enoka, 2002). It is likely that the authors 

showed neither normal recruitment nor truly random recruitment. Rather, 

it is more likely that the authors showed pseudorandom recruitment order 

due to the spread of current from the point-source surface electrode used 

in these experiments. Although the largest axons are characterized by their 

low recruitment thresholds (Henneman et al., 1965), the spatial orienta-

tion of axons in the nerve trunk could result in a situation where the 

smallest axons receive current above threshold level while larger axons, 

located further away do not. This “depth effect” phenomenon could also 

explain the pseudorandom recruitment order reported by Singh et al. 

when using intramuscular BION™ electrodes (Singh et al., 2000). 
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2.4.3 ISMS Recruits Force More Gradually than NCS

Similar to other work in our lab (Snow et al., 2005) we found that 

the mean slope for ISMS force recruitment curves was 4.9-fold lower than 

for NCS. A range of force recruitment curves generated by ISMS has previ-

ously been reported for electrodes targeting feline quadriceps motoneuron 

pools (Mushahwar & Horch, 2000a) and intermediate grey matter (Aoyagi 

et al., 2004). It has been proposed that differences in electrode placement 

within a motoneuron pool may activate different subsets of motoneurons 

targeting different compartments in skeletal muscle (English et al., 

1993;Lieber & Friden, 2000). The fibre type distribution of these com-

partments may vary, thus the force recruitment characteristics can change 

depending on microwire placement. This may point to another advantage 

of activating motoneurons in the ventral horn. Not only is it possible to ac-

tivate muscles selectively with ISMS (Mushahwar & Horch, 

2000b;Mushahwar & Horch, 1998;Mushahwar & Horch, 2000a), this se-

lectivity may also extend to subsets of motoneuron pools comprised of dif-

ferent types of motor units. Thus, ISMS seems capable of activating the 

muscles in a more gradual manner, as required for postural support for 

extended periods, and in a steep manner as needed for standing from a 

chair. A multi-electrode array has been proposed for ISMS (Mushahwar & 

Horch, 1997;Snow et al., 2005) and our results suggest that such a system 

could be used not just to activate individual muscles selectively but popu-
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lations of fibre types within the muscle. This would represent a significant 

improvement over current forms of peripheral nerve stimulation. 

Although NCS recruited higher forces, ISMS through a single mi-

crowire recruited mean force approaching 37% of that normalized to the 

nerve cuff at 225 µA. This result is surprising given that it was produced 

with only one electrode and a single pulse. Other authors have compared 

single pulses with 50 s-1 stimulation trains and concluded that tetanic force 

levels produced by single ISMS microwires can match those of whole nerve 

stimulation through peripheral nerve cuffs (Snow et al., 2005). The use of 

higher frequencies, multiple electrodes and/or interleaved stimulation 

paradigms might allow ISMS to activate the muscle fully without produc-

ing damaging effects. This approach has already proven successful in cre-

ating consistent, fatigue-resistant weight-bearing stepping in spinalized 

animals (Saigal et al., 2004). 

2.4.4 Potential Mechanisms for ISMS Stimulation Results

At the 1.2X threshold condition the differences between NCS and 

ISMS did not reach significance. In fact the NCS and ISMS results from 

near-threshold stimulation were so similar that it is tempting to speculate 

that both stimulation procedures might have been acting through similar 

mechanisms. It has already been shown that ISMS activates afferent fibres 

before motoneurons (Mushahwar et al., 2003) and may also activate in-

terneurons contained within the ventral spinal cord. In the NCS condition, 
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Ia afferents were likely responsible for the twitch response at near-

threshold conditions, otherwise known as the Hoffmann (H) reflex (Zehr, 

2002). Ia afferents directly synapse on motoneurons, thus the resulting 

synaptic activation of motoneurons produces a normal or near-normal 

physiological recruitment order. Reversed recruitment order is commonly 

seen at higher amplitudes with peripheral methods such as NCS or surface 

stimulation (Levy et al., 1990). As charge levels increase, ISMS is expected 

to activate more interneurons and afferents thereby recruiting force more 

gradually than NCS. In contrast, direct stimulation of motoneuron axons 

during NCS leads to rapid recruitment of fast-twitch motor units and abo-

lition of the slow-twitch response at higher amplitudes. Neurophysiologi-

cally, this is confirmed by the increasing dominance of the muscle-wave 

response and disappearance of the H-reflex as stimulus amplitude in-

creases beyond the maximal H-reflex response (Zehr, 2002). If stimulus 

amplitude is increased further, F-waves will be produced by NCS because 

of antidromic activation of motor axons in possible combination with the 

Ia afferent reflex arc (Mesrati & Vecchierini, 2004). In the present study, 

as stimulation amplitude increased, NCS reached peak twitch force quickly  

due to the preferential activation of FF fibres. In contrast, ISMS twitch 

force continued to rise gradually due to the delayed recruitment of large, 

fast-twitch fatiguable motor units. Our results with 3.0X threshold stimu-

lation demonstrated that ISMS preferentially recruited FR fibres in rectus 

femoris and vastus lateralis muscle while NCS almost exclusively re-
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cruited FF fibres (figure 2-3). Ultimately, the pattern of ISMS activation is 

similar to the physiologically normal activation of motor units in which the 

smallest, most fatigue-resistant motor units are activated first, holding the 

larger units in reserve for activities requiring large force or power (Hen-

neman, 1957;Henneman et al., 1965). 

Previous work has provided insight into how muscle fibre type is 

specified over the long-term. Periods of tonic motoneuron activity pro-

mote a slow-fibre program while periods of inactivity interspersed with 

bursts of high frequency activity promote the fast-fibre program (Pette & 

Vrbova, 1992). Evidence for this position has been enhanced by the dis-

covery of the calcineurin signaling pathway, which transduces this activity 

pattern signal into the nucleus and alters gene expression (Schiaffino & 

Serrano, 2002). In accordance with this theory there is a dramatic slow-to-

fast transformation of muscle fibre type following SCI (Burnham et al., 

1997;Castro et al., 1999). Due to the plastic nature of skeletal muscle 

(Pette & Staron, 1997), previous authors have performed chronic low-

frequency stimulation through a peripheral FNS system to rehabilitate 

skeletal muscle following SCI. The ultimate goal of these interventions is 

the upregulation of FR fibre types and restoration of fatigue-resistance 

(Martin et al., 1992;Andersen et al., 1996). 

Although fatigue-resistant movements are an important goal for 

FNS it is also important to ensure that the potential for high force produc-
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tion in stimulated muscle is preserved over the long-term. The mixed fibre 

type content of intact quadriceps muscle (figure 2-5) represents the capac-

ity of this muscle to undertake both fatigue-resistant and high-force 

movements. Thus, maintaining mixed muscle fibre types should remain 

the goal for FNS therapies following SCI. Unfortunately, long-term stimu-

lation with peripheral forms of FNS entails the possibility of complete 

transformation of the muscle such that no fast fibres remain to produce 

high-force movements. Andersen et al. performed 30 minutes of stimula-

tion through surface electrodes 3 times a week at 60 s-1 and approximately 

3.25-7.25X threshold for up to 12 months in 5 male spinal cord injured 

subjects (Andersen et al., 1996). Following stimulation, fibres expressing 

pure IID/X MHC (the fastest isoform expressed in humans) dropped from 

37.2 ± 15.5% to 2.3 ± 1.4% of the total fibre content with concomitant in-

creases in pure IIA fibre content from 21.2 ± 13.9% to 91.2 ± 2.8% (Ander-

sen et al., 1996). This dramatic transformation is to be expected from pe-

ripheral forms of stimulation, which entail a reversed recruitment order of 

motor unit firing. The fastest fibres, which undergo a phasic duty cycle in 

intact muscle, are also the first activated by peripheral systems, thus being 

highly susceptible to transformation. In contrast, ISMS through a single 

electrode allowed for fibre type selectivity and recruited a mixed fibre type 

at both 1.2X and 3.0X threshold conditions. The capacity of ISMS to re-

cruit slow fibres while leaving fast fibres in reserve should aid in maintain-

ing a mixed fibre type and should prove helpful in rescuing the normal 
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mixed-muscle phenotype in chronic SCI cases. Further studies with ISMS 

should be designed to address the capacity of this novel rehabilitative 

therapy to rescue the normal mixed-muscle phenotype in a chronic SCI 

model.
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2.5 Figures

Figure 2-1: ISMS electrode locations. 

Frozen spinal cords were sectioned on a cryostat and representative pho-
tomicrographs (A) were taken in order to verify electrode placement 
within the ventral grey matter. A composite schematic for electrode tip lo-
cations (B) was generated by plotting 17 ISMS electrodes used in this 
study.
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Figure 2-2: Glycogen depletion protocol. 

Representative photomicrographs of histological and immunohistochemi-
cal stains, pictured here at 300 X, were used to identify (A) glycogen con-
tent (periodic acid Schiff’s), (B) type-I (anti-MHCI), (C) type-IIA (anti-
MHCIIa), (D) type-IIB (anti-MHCIIb). Control stains for glycogen (E), pic-
tured here at 100 X were performed on sham control hindlimb muscle in 
order to verify that neither the ischemia nor the extraction procedure pro-
duced glycogen depletion. Fibres were identified by their reaction with the 
corresponding MHC antibody, while type-IID/X fibres were identified by 
the absence of immunohistochemical staining. Although the IIA fibre 
marked with * in (C) appears depleted to the naked eye, it fell just below 
the threshold for detection according to computer analysis.
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Figure 2-3: Glycogen depletion results.

Graphs show MHC type-I, -I/IIA, -IIA, -IID/X and -IIB fibres depleted by 
either NCS or ISMS as a proportion of the total fibres depleted in (A) 1 s-1 
1.2X threshold (B) 20 s-1 1.2X threshold (C) 50 s-1 1.2X threshold and (D) 
20 s-1 3.0X threshold conditions. Six animals were used for each stimula-
tion condition.
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Figure 2-4: Fatigue-resistant fibres depleted in each condition.

Proportion of glycogen-depleted fibres that were FR type (MHC type-I, -I/
IIA and –IIA) in each experimental group (n=6) by either NCS or ISMS. 
The nerve cuff caused the depletion of 726, 1,481, 1,055 and 7,294 fibers in 
the 1 Hz 1.2X threshold, 20 Hz 1.2X threshold, 50 Hz 1.2X threshold and 
20 Hz 3.0X threshold groups, respectively. ISMS caused depletion of 
1,249, 1,178, 751 and 1,188 muscle fibers in the 1 Hz 1.2X threshold, 20 Hz 
1.2X threshold, 50 Hz 1.2X threshold and 20 Hz 3.0X threshold groups, 
respectively. Results are shown as means ± SEM for both 1.2X and 3.0X 
threshold. Statistical significance was set at p < 0.05. 
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Figure 2-5: Depletion of fatigue-resistant fibres as a function of myosin 
heavy chain content.

Relative MHC isoform content in 8 rectus femoris and 8 vastus lateralis 
muscles from 8 different animals as determined by one-dimensional elec-
trophoresis. (A) Representative gel blot of rectus femoris and vastus lat-
eralis muscles with type-IIa, -IId/x, -IIb and -I MHC bands delineated. (B) 
Bar-plot showing results of SDS-PAGE for MHC isoform content in rectus 
femoris (RF) and vastus lateralis (VL) muscles. (C) After grouping MHC 
isoform content results into FR and FF categories the total number of FR 
fibres depleted by each condition was divided by the FR MHC content 
yielding fold differences in the recruitment of FR fibre types. Note that sta-
tistical significance in (B) was set at p < 0.05.
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Figure 2-6: Peak twitch force results. 

Force recruitment curves produced by either (A) NCS of the femoral nerve 
or (B) ISMS in the quadriceps motoneuron pool in the ventral grey matter. 
Force is normalized to the peak twitch force produced by the nerve cuff in 
each hindlimb and is expressed as a function of pulse amplitude in µA. The 
same symbols in (A) and (B) indicate that the NCS and ISMS curves were 
obtained from the same animals.
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Chapter 3 

Muscle plasticity in rat following spinal 
transection and chronic instraspinal 
microstimulation†

3.1 Introduction

Following spinal cord injury a characteristic pattern of muscle wast-

ing and transformation is observed in muscle innervated by nerves origi-

nating below the lesion. Skeletal muscle in rat becomes weaker, faster and 

more fatiguable (Talmadge et al., 2002). These attributes are demon-

strated functionally by lower evoked forces, a shortening of isometric 

twitch characteristics and increased fatigue during repeated contractions. 

Given that these functional measures are tied to the expression of key con-

tractile proteins it is not surprising that muscles affected by a chronic spi-

nal cord transection (ST) also exhibit characteristic changes in contractile 

protein expression (Gallo et al., 2004). 

Adult rat skeletal muscle expresses four myosin heavy chain (MHC) 

isoforms, slow type-I and fast types-IIa, -IId/x and -IIb (Pette and Vrbova, 

1999). MHC content is a key determinant of contractile properties and can 

be used to delineate between a number of pure muscle fibre types named 

type-I, -IIA, IID/X and IIB according to their corresponding MHC content 

(Pette and Staron, 2001). These fibre types form a continuum from slowest 

to fastest of increasing ATPase activity, maximum isometric tension and 
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shortening velocity while the economy of contraction decreases from slow-

est to fastest (Pette and Staron, 2001). After ST, rat skeletal muscles un-

dergo a slow-to-fast transformation of MHC isoforms that is characteristic 

of many inactivity paradigms (Talmadge, 2000). The muscles exhibit de-

creases in slow (MHC type-I) and fast fatigue-resistant (MHC type-IIA) 

muscle fibres with concomitant increases in fast fatiguable (MHC type-

IID/X and type-IIB) fibres (Talmadge et al., 1999). Muscle atrophy is also 

commonly noted following ST (Talmadge et al., 1999).

Just as skeletal muscle responds to paradigms of inactivity, there is 

also a characteristic response to increased activity which can be induced 

even after complete spinal lesion (Harris et al., 2007). In humans with 

spinal cord injury, electrically evoked muscle training leads to increased 

fatigue resistance and a lengthening of muscle twitch properties (Gerrits et 

al., 2000). Contractile proteins such as MHC also undergo dramatic fast-

to-slow isoform transformations in subjects following electrically evoked 

cycle training (Andersen et al., 1996). Similar fast-to-slow transformations 

in contractile proteins are seen following increased activity in chronically 

spinalized animals (Roy et al., 1998). Exercise training in subjects with 

spinal lesions can also ameliorate some of the atrophy associated with 

muscle disuse; however, this effect seems limited to training paradigms 

involving contractions against external loads (Dudley-Javoroski and 

Shields, 2008).
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Intraspinal microstimulation (ISMS) is a new model of functional 

electrical stimulation (FES) that has been investigated for its ability to 

produce weight-bearing standing (Lau et al., 2007) and stepping (Saigal et 

al., 2004) in cats. Previous reports showed that, in contrast to many pe-

ripheral FES approaches, ISMS produces graded force recruitment, acti-

vates muscles selectively and produces coordinated multi-joint synergies 

(Mushahwar and Horch, 1998; Mushahwar and Horch, 2000; Mushahwar 

et al., 2000; Saigal et al., 2004; Snow et al., 2006; Lau et al., 2007). We 

have attributed the gradual force recruitment characteristics of ISMS to its 

ability to activate motoneurons in a near normal physiological order based 

upon their size (Bamford et al., 2005). Presumably the ordered recruit-

ment of motoneurons is due to the preferential activation of fibres-in-

passage, and the resultant trans-synaptic activation of motoneurons 

(Gaunt et al., 2006; Mushahwar et al., 2007). 

The purpose of this study was to evaluate the muscle transforma-

tions that would occur following complete ST and the potential for ISMS to 

rescue a normal muscle fibre phenotype. In the rectus femoris muscle, this 

would mean the maintenance of a mixed concentration of MHC type-I and 

type-IIA fibres in the deepest portion of the muscle and a large concentra-

tion of type-IID/X and type-IIB fibres in the intermediate and superficial 

regions. Accordingly, this mixed muscle would maintain the functional 

properties of an intact muscle with regards to isometric twitch properties, 

fatigue resistance and sag profile.
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We have shown previously that acute ISMS produces near normal 

motor unit recruitment and preferential activation of slow, fatigue-

resistant muscle fibres while peripheral stimulation through a nerve cuff 

produces reversed recruitment and activation of fast, fatiguable fibres 

(Bamford et al., 2005). Given these results we hypothesized that chronic 

ISMS in spinal cord transected rats would rescue many of the functional 

properties of an intact muscle and its corresponding contractile proteins. 

On the other hand we hypothesized that chronic nerve cuff stimulation 

(NCS) in spinal cord transected rats would cause a dramatic fast-to-slow 

transformation in MHC-based fibre content and corresponding functional 

measures. We tested these hypotheses by transecting the spinal cords of 

rats at the eighth thoracic (T8) level and stimulating one leg of each rat 

with either ISMS or NCS for thirty days while the contralateral leg served 

as an unstimulated control. We found that chronic ISMS in rat reverses 

the slow-to-fast transformation following ST and, surprisingly, that the na-

ture of the transformation was similar to that produced by chronic stimu-

lation through a nerve cuff. This study is the first to evaluate the muscle 

transformations induced by chronic ISMS, a method of ISMS which pro-

duces near-normal recruitment of motoneurons.

3.2 Methods

3.2.1 Animals

Experiments were performed on female Sprague-Dawley rats 

weighing 225-275 g. All procedures were approved by the University of Al-
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berta Animal Welfare Committee and were in keeping with the Canadian 

Council on Animal Care’s guidelines for scientific research in animals.

3.2.2 Transection surgery

Aseptic transection of the spinal cord at T8 was carried out as fol-

lows. Animals were deeply anesthetized using 2.0% isofluorane and a 

laminectomy was performed to expose the spinal cord at the T8 level. A 

complete transection of the cord was performed followed by close visual 

inspection of the inner circumference of the spinal column to ensure that 

no tracts remained intact. A small piece of surgical mesh was inserted to 

promote vascular coagulation and a layer of thin plastic film was affixed 

over the laminectomy site with discrete drops of cyanoacrylate to prevent 

invasion of connective tissue into the transection site. The muscle and skin 

layers were sutured closed and analgesics (buprenorphine 0.015 mg/kg 

sc), and antibiotics (enroflaxacin 1.0 mg/kg sc) were administered. Fur-

ther analgesics were administered as needed while antibiotics were admin-

istered daily for one week following surgery. The bladders of the rats were 

manually expressed three times per day for two weeks until voiding be-

came reflexive. Following this period the bladders were expressed at least 

once per day to check for bladder infections and to ensure complete void-

ing. Cages were inspected daily and changed at least two times per week. 

Two weeks after the transection procedure each animal underwent a sec-

ond aseptic surgical procedure to implant either a nerve cuff or an ISMS 

array.
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3.2.3 Nerve cuff implant

Bipolar, split ring nerve cuffs were implanted in 6 animals around 

the femoral nerve of one leg as previously described (Cuoco and Durand, 

2000; Bamford et al., 2005). Contralateral control legs received no im-

plant and are hereafter referred to as nerve cuff control (NCC). Lead wires 

were tunneled subcutaneously to a headpiece connector (MS363, Plastic-

sOne, Roanoke, VA, USA) affixed with screws and dental acrylic to the 

skull. Muscle and skin layers were sutured and analgesics were adminis-

tered (buprenorphine 0.015 mg/kg sc).

3.2.4 Intraspinal microwire implant

In another 6 animals with complete ST a second laminectomy was 

performed at thoracic level 13 and lumbar 1 (T13 and L1) and ISMS mi-

crowires were implanted as described in rats (Bamford et al., 2005; Yak-

ovenko et al., 2007). Chronic microwire arrays for ISMS were manufac-

tured as described previously for cats except that microwire depth was 

shortened to 1.5 mm to accommodate the smaller spinal cord of the rat 

(Guevremont et al., 2006). An array of four 30 μm diameter platinum-

iridium microwires (California Fine Wire, Grover Beach, CA, USA) was 

implanted. Two microwires were inserted in each side of the spinal cord 

with 2 mm inter-wire rostro-caudal spacing and tips targeting the quadri-

ceps motoneuron pool (Nicolopoulos-Stournaras and Iles, 1983). The tar-

geting of the quadriceps pool was confirmed by delivering test trains of 

stimuli and observing quadriceps activation. Microwires were fixed to the 
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dura mater using discrete drops of cyanoacrylate at their point of insertion 

into the cord and run along the surface of the dura mater to the base of the 

T12 vertebra. Here they were carefully sutured to the dura mater using 8-0 

silk before a layer of thin plastic film was affixed with cyanoacrylate to 

cover the exposed cord and prevent connective tissue from dislodging the 

microwires. The microwires were routed through a silastic tube which was 

attached to the T12 spinous process and then to a connector headpiece as 

described for the nerve cuff implant. Muscle and skin layers were sutured 

and analgesics were administered (buprenorphine 0.015 mg/kg sc). As 

with the nerve cuff animals, one leg was used for stimulation while the 

other leg was used as a contralateral intraspinal microwire control (ISC). 

All animals were given a one week recovery period prior to initiating nerve 

cuff or intraspinal stimulation.

3.2.5 Nerve cuff stimulation

Supramaximal stimulation at levels 4.0 ± 0.0 times the activation 

threshold (the lowest stimulus amplitude that produced a muscle twitch) 

was delivered through the nerve cuff four hours every day for thirty days 

while the contralateral NCC leg received no stimulation. Stimulus trains of 

50 pulses per second (pps) were maintained for 1 second followed by 1 

second of rest. Stimuli were composed of biphasic, cathodic-first, 200 μs, 

charge balanced pulses. The use of supramaximal stimulation was neces-

sary to produce stable contractions in the quadriceps muscle. In all cases, 
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NCS produced strong extension of the leg at the knee throughout the thirty  

day stimulation period. 

3.2.6 Intraspinal microwire stimulation

Stimulation for the ISMS animal group proceeded as above with the 

following differences. Stimulation to the treatment leg was carried out us-

ing two ipsilateral microwires while the contralateral control ISC leg re-

ceived no stimulation. Stimulation trains were delivered through each mi-

crowire at 25 pps which, when both microwires were interleaved, pro-

duced 50 pps contractions at the muscle. This frequency of stimulation 

was selected for both ISMS and NCS legs (as noted above) in order to pro-

duce fused contractions of the quadriceps muscle, thereby ensuring stable 

forces during the contraction. Stability of force is a critical component in 

achieving a functional motor task and, as such, fused contractions would 

be part of the stimulation strategy for a clinical device. 

Stimulation through the ISMS microwires produced a more com-

plex response than stimulation through a nerve cuff. Stimulation at activa-

tion threshold caused weak quadriceps contractions. As stimulus ampli-

tude increased, quadriceps activation became more apparent with resul-

tant extension of the leg at the knee. If amplitude was increased even fur-

ther, coordinated muscle synergies were produced. Out of 12 microwires 

that were used for stimulation 8 produced extension synergies of the 

whole leg involving hip and knee extension. The other 4 microwires pro-

duced a forward movement involving knee extension and hip flexion. In 
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order to standardize the muscle recruitment across all nerve cuff and ISMS 

animals, the experimental legs were stimulated at the maximal amplitude 

that produced knee extension but not muscle synergies. Activation thresh-

olds were routinely checked and stimulus amplitudes were adjusted to 

maintain this movement pattern. When expressed as a function of activa-

tion threshold these stimulus amplitudes were a mean of 2.55 ± 0.87 times 

the activation threshold. This level of stimulation produced strong activa-

tion of the quadriceps muscle in each animal throughout the thirty day 

stimulation period.

3.2.7 Terminal surgery

One day following the final stimulation bout, animals were anesthe-

tized and functional muscle data were collected from stimulated NCS and 

ISMS legs, contralateral NCC and ISC control legs and from intact control 

animals (IC) according to previously established protocols (Gallo et al., 

2004). Under deep anesthesia new nerve cuffs were implanted around the 

femoral nerve of all legs except for those that had received a chronic nerve 

cuff implant (the NCS group). The animals were then positioned in a 

stereotaxic array and each patellar tendon was dissected from its point of 

insertion and attached to a force transducer (Interface MB-5, Interface 

Inc., Scottsdale, AZ, USA). The force recordings were amplified 100-fold 

and captured at a sampling rate of 1000 Hz using a data acquisition inter-

face (Power 1401, Cambridge Electronic Design, Cambridge, UK) with as-

sociated software (Signal v. 2.13, Cambridge Electronic Design).
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3.2.8 Tests of the functional properties of stimulated muscles 

The following tests were performed in all animals by stimulating 

through a nerve cuff. Tests were carried out to determine: 1) the peak 

twitch force and twitch velocity; 2) the presence of whole muscle sag; and 

3) the fatiguability profile of the muscle. 

1) Peak twitch force and twitch velocity: Four individual supra-

maximal twitches were evoked and averaged. Peak force was averaged 

from the same 4 twitches and later divided by the wet weight of the corre-

sponding quadriceps muscle to calculate normalized twitch force (TWFn). 

Time-to-peak tension (TTP) was determined by averaging the time taken 

for force to rise from zero to peak force. Half-rise-time (1/2RT) was ob-

tained by averaging the time taken for force to rise from zero to one half of 

peak force. Half-fall-time (1/2FT) was obtained by averaging the time 

taken for force to decay from peak to one half of peak force. These twitch 

characteristics are useful indicators of muscle fibre-type phenotypic con-

versions because MHC content varies with whole-muscle isometric meas-

ures of contractile speed during muscle transformation (Gallo et al., 

2004). Measurements of twitch duration are indicators of underlying con-

tractile and metabolic proteins that govern the speed of contraction (1/

2RT, TTP) or relaxation (1/2FT) of the muscle fibres. While 1/2RT and 

TTP are best correlated to contractile proteins, especially the MHC iso-

forms (Gallo et al., 2004), 1/2FT is more strongly correlated with compo-
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nents of muscle relaxation such as fast or slow sarco(endo)plasmic reticu-

lum Ca2+-ATPase (SERCA) (Hämäläinen and Pette, 1997).

2) Detection of whole muscle sag: An 800 ms-train of stimuli with 

inter-pulse interval of 1.25 x TTP was used to test for the presence of mus-

cle sag. This test provided information regarding the collective motor unit 

type makeup of the muscle.

3) Fatigue: A Burke fatigue test (Burke et al., 1971) was performed 

by sending repeated 40 pps stimulus trains for 330 ms of every second for 

up to 5 minutes and recording the decline in the evoked tetanic force. A 

fatigue ratio was calculated by dividing the force level at the 2 minute 

mark by the peak force evoked during the test. Information regarding 

changes in the overall fatigue resistance of the muscle was obtained using 

this test.

3.2.9 Tests of recruitment order following chronic spinal cord transection

There is some uncertainty regarding the recruitment order of motor 

units after spinal transection with one report suggesting temporarily dis-

ordered recruitment (Durkovic, 2006). In order to 1) determine the re-

cruitment order of motor units following chronic ST and 2) compare the 

recruitment order produced by ISMS and NCS, force recruitment curves 

were constructed and compared to those obtained from intact animals 

(Bamford et al., 2005). Force recruitment curves were generated using 5 

chronically implanted microwires in the ISMS legs and 6 nerve cuffs in the 

100



NCS legs. Stimulation amplitude was varied upwards from sub-threshold 

levels in random order and the force evoked by 50 pps stimulus trains was 

recorded. Evoked tetanic forces were normalized to peak force and plotted 

against stimulation amplitude. Linear regression was used to calculate the 

slopes from 10% to 90% of peak force for each recruitment curve and 

group means were calculated. 

3.2.10 Confirmation of microwire tip locations

To determine the locations of the ISMS microwire tips animals with 

ISMS implants were perfused through the heart with saline followed by 4% 

formaldehyde in saline solution. This was conducted immediately after the 

muscles were extracted for analysis (see Immunohistochemical Staining 

below). The spinal cords were removed, cryoprotected in 20% sucrose/

phosphate buffered solution (PBS) and frozen. They were then sectioned 

in 20 μm cross-sections to locate the microwire tips. Out of 12 microwires 

used for stimulation 7 were located during sectioning. All located mi-

crowire tips were positioned in the ventral horn of the grey matter (figure 

1).

3.2.11 Immunohistochemical staining

Following functional data collection quadriceps muscles from both 

legs were excised, weighed and frozen in melting isopentane cooled in liq-

uid nitrogen before sectioning in 10 μm cross-sections. Immunohisto-

chemical detection of MHC isoforms at pH 7.4 was performed on frozen 

rectus femoris muscle sections as previously described (Bamford et al., 
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2005). Culture supernatant from anti-MHC type-I clone BA-D5, anti-MHC 

type-IIA clone SC-71 and anti-MHC type-IIB clone BF-F3 had been previ-

ously collected from our own tissue culture facilities. Sections were incu-

bated in 3% H2O2 in methanol for 15 minutes then washed and incubated 

for 1 hour at room temperature in blocking solution containing PBS-

tween, 1% bovine serum albumin, 10% horse serum and Avidin-D blocking 

agent (Vector Laboratories, Burlingame, CA, USA). The blocking step for 

the MHC-IIB clone BF-F3 was identical except for the substitution of goat 

serum for horse serum. Primary monoclonal antibodies from culture su-

pernatant were applied overnight at 4° C at the following dilutions in 

blocking solution: anti-MHC type-I clone BA-D5 (1:400); anti-MHC type-

IIA clone SC-71 (1:100); anti-MHC type-IIB clone BF-F3 (1:400). The pri-

mary antibody solution also included Biotin Blocking Reagent (Vector 

Laboratories). Sections were washed in PBS-tween and PBS and then in-

cubated for 1 hour at room temperature with biotinylated horse anti-

mouse IgG (Vector Laboratories, for BA-D5 and SC-71) diluted 1:400 in 

blocking solution or with biotinylated goat anti-mouse IgM (Vector Labo-

ratories, for BF-F3) diluted 1:400 in blocking solution. Sections were 

washed as before and incubated for 1 hour at room temperature with Vec-

tastain ABC Reagent (Vector Laboratories) in PBS and washed again. Im-

munoreactivity was visualized by applying diaminobenzidine, H2O2 and 

NiCl in 50 mM tris-HCl (Vector Laboratories).

3.2.12 Image analysis
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Pictures of stained serial cross-sections were taken through a mi-

croscope with a 10X objective (Leica DMLS, Leica Microsystems, Wetzlar, 

Germany). A digital camera (Spot Insight, Diagnostic Instruments, Ster-

ling Heights, MI, USA) was used to record the images which were stored 

and analyzed using the ImageJ software package (ImageJ, U. S. National 

Institutes of Health, Bethesda, Maryland, USA). This software allowed for 

counting of fibres and determination of cross-sectional area (CSA). The 

panel of applied monoclonal antibodies allowed direct identification of 

stained pure type-I, -IIA, -IIB fibres and, in the absence of any staining, 

-IID/X fibres. Hybrid fibres could also be detected when more than one 

MHC isoform was detected in a given fibre (i.e. type-I/IIA and type-IIA/

IIB). 

The slowest area in each muscle was chosen for detailed analysis 

since it contained a mixture of fibre types, and could be used to detect ei-

ther fast-to-slow or slow-to-fast transformations (figure 2). Counting was 

used to show the direction of the transformation occurring in each muscle 

and to evaluate changes in fibre CSA. This allowed for detailed analysis of 

the slowest region of each muscle. 

Given the size and total number of fibres in rectus femoris muscles 

counting of immunohistochemically stained fibres was not used as an in-

dicator of total proportional content of each MHC-based fibre type. A 

broader analysis of the MHC type-IIA content in the whole muscle was 
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used to compliment the detailed analysis of the slow region of each mus-

cle. Whole muscle images of MHC type-IIA were binarized (figure 3) ac-

cording to established image analysis procedures (Sedgewick, 2008) and 

the black pixels which represent stained areas of the tissue were counted 

and expressed as a proportion of all pixels within the muscle boundary. In 

this way an area fraction was calculated which represented the area of 

muscle positively stained for MHC type-IIA as a proportion of the whole 

muscle area.

3.2.13 Statistical Analysis

All analyses were performed with a computerized software package 

(SPSS 17.0, SPSS Inc., Chicago, IL, USA). Differences were determined 

with one-way ANOVA and Tukey HSD post hoc test. Where indicated, 

paired t-tests were run on data from animals with paired control legs. Dif-

ferences were considered significant at P < 0.05. All data are presented as 

mean (± SD).

3.3 Results

3.3.1 Activation thresholds for ISMS decreased over time

The threshold amplitudes for quadriceps muscle activation were 

checked on the first day of stimulation and approximately every ten days 

thereafter (figure 4). Mean threshold for nerve cuff muscle activation was 

118.3 μA ± 69.4 μA at the beginning of the thirty day stimulation period 

and 123.3 μA ± 46.8 μA at the end. Mean threshold for muscle activation 

with ISMS microwires dropped significantly from 118.2 μA ± 45.1 μA to 
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67.8 μA ± 25.1 μA by the end of the thirty days of stimulation. At the end 

of stimulation period the mean activation threshold for ISMS was also sig-

nificantly lower than that for NCS. 

Regression curves were fitted for each plot of threshold changes 

over time. The mean slope of these curves was significantly lower for ISMS 

(-1.61 ± 1.67) than for NCS (-0.16 ± 1.20). Out of 12 microwires used for 

ISMS, 11 lasted throughout the thirty day stimulation period while one 

failed permanently on the fourteenth day. Of these 11 microwires, 8 

showed decreases, 2 showed increases, and 1 showed no overall change in 

activation threshold.

3.3.2 Muscle mass decreased with ST while normalized force increased 
with NCS

Mean mass of the quadriceps muscle of the contralateral unstimu-

lated NCC and ISC legs dropped significantly compared to the IC legs (see 

table 1); however, TWFn was not significantly different from the IC legs. 

This suggests that decreases in force produced by NCC and ISC control 

muscles were entirely accounted for by decreases in quadriceps muscle 

mass. 

Mean mass of the quadriceps muscle decreased significantly in NCS 

and ISMS legs compared to IC legs (see table 1). Furthermore, mean quad-

riceps mass of NCS legs was significantly less than that of NCC legs (paired 

t-test) but mean mass of the ISMS legs was similar to that of the ISC legs. 
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In the NCS legs, TWFn increased significantly compared to the NCC and 

IC legs. 

The isometric force profile of sub-tetanic motor unit contraction is 

commonly used to identify motor unit type based on the presence of either 

sag or potentiation of force in fast and slow motor units, respectively 

(Burke et al., 1971). The same approach has been extended to the whole 

muscle level since the force profile of sub-tetanic whole muscle contraction  

can be considered to be an aggregate of all the individual motor units 

(Gallo et al., 2004). Force recordings were visually inspected for the pres-

ence of whole muscle sag. The results are displayed in table 1 and repre-

sentative examples are provided in figure 5. We found that thirty days of 

stimulation resulted in the absence of sag in all 6 NCS legs and in 5 of 6 

ISMS legs, indicating a slowing of the stimulated quadriceps muscle com-

pared to IC, NCC and ISC unstimulated controls (table 1). 

Mean force curves showing the decline in force during the fatigue 

test are shown in figure 6. The mean fatigue resistance index of the IC legs 

was found to be near 0.5 (table 1), meaning that after 2 minutes of electri-

cally evoked contractions the quadriceps muscle of the IC legs produced 

~50% of its peak force. Mean fatigue resistance decreased significantly in 

the NCC legs as compared to the contralateral NCS legs and the IC legs. 

There were no significant differences in mean fatigue resistance between 

the stimulated NCS and ISMS legs and the IC legs. 
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Interestingly, the fatigue index of the ISC legs was not significantly 

different from that of the IC legs or the contralateral ISMS legs. This was 

surprising given the result from the NCC legs and our expectation that un-

stimulated muscle in chronically transected animals would fatigue more 

rapidly than muscle from intact controls. 

3.3.3 Stimulation caused slowing of the muscle twitch

Thirty days of stimulation through either intraspinal microwires or 

a nerve cuff caused a significant slowing of twitch lengths in stimulated 

NCS and ISMS legs (table 1). Normalized mean muscle twitches evoked 

with a nerve cuff in ISMS and NCS legs, contralateral ISC and NCC legs 

and IC legs are shown in figure 7. Thirty days of stimulation caused a sig-

nificant lengthening in TTP, 1/2RT and 1/2FT in NCS and ISMS legs com-

pared to the respective NCC and ISC legs (paired t-test, figure 8). Fur-

thermore, the NCS and ISMS legs also exhibited significant lengthening of 

both TTP and 1/2RT when compared to the IC legs. 

Only the ISMS group showed significant lengthening of 1/2FT in 

comparison to the IC legs. This difference suggests that the intraspinal 

stimulation paradigm caused a stronger transformation in the components 

of muscle relaxation; however, the exact nature of these changes is un-

clear. Contralateral control ISC and NCC legs were not significantly differ-

ent from the IC legs for any measurements of isometric twitch length.

3.3.4 Stimulation caused a fast-to-slow transformation

107



A mean of 432.3 ± 96.1 rectus femoris muscle fibres were analyzed 

in each leg for a total of 12970 analyzed fibres. The slowing of muscle 

twitch in stimulated legs was matched by a fast-to-slow transformation of 

MHC content in the stimulated NCS and ISMS legs (see figures 9 and 10). 

The slowest muscle region in NCS and ISMS stimulated legs showed sig-

nificant increases in mean type-IIA fibre content and corresponding de-

creases in mean type-IID/X fibre content compared to the NCC and ISC 

control legs, and to the IC legs. This finding was verified with whole mus-

cle analysis which showed an increase in the area fraction for MHC IIA fi-

bres in stimulated NCS and ISMS legs compared to the IC control legs 

(figure 11). Mean type-IIA/IIB hybrid fibre content was significantly in-

creased in the stimulated NCS and ISMS legs compared to the contralat-

eral NCC legs, ISC legs and the IC legs. There was no significant difference 

in mean type-IIB fibre content between the stimulated legs and the IC legs 

in the slow region. Mean type-I fibre content in the NCS but not the ISMS 

legs was significantly decreased compared to the IC legs.

In contrast to the stimulated legs, a mild slow-to-fast transforma-

tion was observed in unstimulated NCC and ISC legs compared to the IC 

legs. The slowest rectus femoris region in NCC and ISC legs showed sig-

nificant decreases in the mean number of type-IIA fibres and correspond-

ing increases in the mean number of type-IIB fibres compared to the IC 

legs and to the stimulated NCS and ISMS legs. Mean type-IID/X fibre con-

tent was not changed in NCC and ISC unstimulated legs compared to the 
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IC legs. Mean type-I fibre content was also not changed in NCC and ISC 

legs compared to their respective contralateral stimulated legs. There was 

a significant decrease in the mean type-I fibre content in the ISC but not in  

the NCC legs compared to the IC legs. Despite the increase in fast MHC 

isoforms in the slow region of unstimulated muscles there were no indica-

tions from isometric twitch measures that these legs were functionally 

faster than the IC legs. This is presumably because the content of slower 

type-I and -IIA fibres in the rectus femoris muscle of the IC legs is small 

and the functional measures from the whole quadriceps muscle are domi-

nated by the far greater content of the faster type-IID/X and -IIB fibres. 

The slow-to-fast transformations in unstimulated NCC and ISC muscles 

did not play a large role in altering isometric functional measures since 

they took place in a relatively small population of slower fibres.

Surprisingly, mean fibre-type cross-sectional area was not signifi-

cantly different between unstimulated NCC and ISC legs and the IC legs 

(see table 2). The muscles in the NCC and ISC legs did undergo a signifi-

cant decrease in muscle mass which would presumably be related to a de-

crease in fibre CSA and to any transformations in fibre type. We have pre-

viously shown that rectus femoris muscles display a very fast phenotype in 

rat as shown by a combined proportional content of IId/x and IIb MHC 

that is greater than 75% (Bamford et al., 2005). It is possible that a non-

significant decrease in type-IID/X or -IIB fibre CSA could result in a sig-
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nificant decrease in whole muscle mass given the large proportion of type-

IID/X and -IIB fibres in rectus femoris.

Mean cross-sectional areas for both type-IID/X and type-IIB fibres 

declined significantly in both NCS and ISMS stimulated legs compared to 

the IC legs. The corresponding decreases in mean muscle mass were great-

est in the stimulated NCS and ISMS muscles, perhaps reflecting the de-

crease in CSA in type-IID/X and -IIB fibres as well as the increased ex-

pression of slower fibres with smaller CSA. No other significant differences 

in mean cross-sectional area were found. 

The activity-induced transformations in muscle fibre type in all legs 

paralleled the observed functional changes except in the case of mean fa-

tigue resistance index in the ISC legs (table 1, figure 6). Although fatigue 

resistance is correlated to MHC content and muscle twitch characteristics 

(Talmadge et al., 2002) fatigue is a more complex phenomenon as it is also 

influenced by factors such as capillary density, myoglobin content and mi-

tochondrial density, and the concomitant expression of key oxidative en-

zymes such as citrate synthase and succinate dehydrogenase (Allen et al., 

2008). Although these factors are expected to be coordinately regulated 

with MHC content, the relationship between fatigue resistance and MHC 

expression is not as tightly coupled as that between MHC expression and 

isometric twitch speed.
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3.3.5 Force recruitment through NCS and ISMS is unchanged following 
chronic spinal cord transection

The mean slope of recruitment curves generated through ISMS mi-

crowires in the ISMS legs was 0.0048 ± 0.0027, while that generated 

through nerve cuffs in NCS legs was significantly sharper at 0.016 ± 0.010. 

This represents a 3.4 fold sharper recruitment of force through the nerve 

cuff compared to recruitment through ISMS microwires (see figure 12). 

While this is less than the 4.9 fold difference previously found for intact 

animals (Bamford et al., 2005) it represents a significantly more gradual 

recruitment of force through the ISMS microwires. Furthermore, the mean 

slope of the recruitment curves generated through ISMS microwires after 

transection and thirty days of stimulation (0.0048 ± 0.0027) was nearly 

identical to the previously reported mean slope generated through ISMS 

microwires in intact animals (0.0041 ± 0.0021) (Bamford et al., 2005). 

This suggests that the recruitment order of motor units through ISMS and 

NCS was not altered following spinal cord transection.

3.4 Discussion

3.4.1 Overview

Skeletal muscle is a highly adaptive tissue that responds to imposed 

demands by altering its functional properties including fatigue resistance, 

sag profile and the speed of isometric twitches. Tests for these properties 

can be used to reveal the direction and extent of the muscle transforma-

tion. Key contractile proteins such as the MHCs can be used to reveal the 
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direction of transformation as they are tightly correlated with these func-

tional properties (Pette and Vrbova, 1999). 

Motor units recruited during voluntary or reflex actions follow a 

specified order proceeding from smallest to largest. This is known as the 

size-principle and is explained by the rheobase current for motoneurons as 

well as the organization of synaptic input to motoneurons (Cope and Pin-

ter, 1995). The smallest, slowest motor units receive a more tonic activity 

pattern while the largest and fastest motor units are reserved for a more 

phasic pattern. Thus, the size-principle engenders muscle fibre phenotype 

based upon the cumulative daily activity pattern of individual motor units 

(Kernell et al., 1987). 

The overall goal of this study was to assess the long-term effects of 

ISMS on the functional characteristics and phenotypic make up of muscles 

that had been paralyzed due to a complete ST. We reasoned that if ISMS 

could recruit motoneurons in a more normal order, as we have shown pre-

viously (Mushahwar and Horch, 2000; Bamford et al., 2005; Snow et al., 

2006), this would lead to a maintenance of the mixed phenotype in the rat 

quadriceps muscle since the activity patterns delivered to small and large 

motor units would be similar to their normal tonic and phasic activity pat-

terns, respectively. Conversely, we hypothesized that because of the re-

versed recruitment order of NCS, its chronic application would lead to a 

112



slow-to-fast fibre-type transformation in the quadriceps muscle, leaving it 

with predominantly slow twitch characteristics. 

We found that chronic ST resulted in a mild slow-to-fast transfor-

mation in contralateral, unstimulated ISC and NCC legs. The extent of this 

transformation was limited by the fact that rat quadriceps muscles already 

demonstrate a fast phenotypic profile which cannot be made substantially 

faster (Bamford et al., 2005). Both ISMS and NCS legs showed nearly 

identical slowing of quadriceps function and corresponding fast-to-slow 

transformations in rectus femoris muscle. This suggests that the nature of 

the transformations produced by these different stimulation paradigms 

was similar in many respects, a result we did not anticipate given that 

findings in acute experiments showed that NCS recruits greater force than 

ISMS and the recruitment of force is more gradual with ISMS than NCS 

(Bamford et al., 2005). 

Several explanations could account for this unanticipated finding. 

These include: 1) location of the microwire tips outside the ventral grey 

matter; 2) loss of recruitment order due to ST or chronic stimulation; 3) 

damage of fibres-in-passage in the grey matter due to microwire implanta-

tion and chronic ISMS; 4) delayed onset of stimulation relative to the time 

of complete ST; and 5) the stimulation paradigm used. 

3.4.2 Location of ISMS microwire tips
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One of the main characteristics of ISMS is its recruitment of motor 

units in a near normal order based on their size, resulting in graded pro-

duction of force with increments of stimulus amplitude (Mushahwar and 

Horch, 1998; Mushahwar et al., 2007). This is achieved when the mi-

crowire tips are placed within the grey matter of the ventral horn. This 

characteristic is lost if the microwire tips are advanced ventrally beyond 

the grey matter and placed in the white matter. More specifically, if the 

microwire tips are positioned ventrally in the white matter, a steep genera-

tion of force is obtained mimicking that seen with NCS. As such, this dif-

ferentiation between placement in the grey and white matter of the ventral 

spinal cord can be used to determine the proper positioning of the mi-

crowires in each implant. Given the apparent similarity in motor unit re-

cruitment between ISMS and NCS when ISMS is applied in the ventral 

white matter, the fast-to-slow muscle fibre-type transformation seen after 

thirty days of ISMS could be explained by inappropriate targeting of mi-

crowire tips.

The locations of implanted pulsed and unpulsed intraspinal mi-

crowires were verified directly in cross-sectional slices of the spinal cord 

(figure 1). Of 24 microwires a total of 16 were located on stained tissues. 

Seven (7) of the identified tips were from pulsed microwires. Some sec-

tions containing the unlocated microwire tips were presumably lost during 

tissue processing. Since the diameter of implanted microwires is only 30 

μm it is possible that the loss of a few 20 μm thick tissue sections in cer-
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tain areas would make the localization of microwire tips impossible. With-

out direct localization of the remaining 8 microwire tips (including 5 

pulsed) it is impossible to be certain whether or not they were properly 

implanted in the ventral grey matter. Nonetheless, as shown in figure 1, all 

of the located microwire tips were in the ventral grey horn. In addition, 

since all microwires were 1.5 mm in depth, the range of microwire tip loca-

tions was limited to an area of the rat spinal cord dominated by the ventral 

grey horn. Finally, during the microwire implantation procedure, test 

stimulus trains were used to ensure that the quadriceps muscle was acti-

vated selectively and that force was recruited in a gradual manner. These 

hallmarks of ISMS indicate that microwire tips were indeed located in the 

ventral grey matter in or near the quadriceps motoneuron pool. Given 

these factors it seems likely that the unlocated microwire tips were placed 

in the ventral grey matter as 16 of the 24 microwires were determined to 

be.

3.4.3 Recruitment order after ST and chronic stimulation

Although the pattern of ordered recruitment of motor units accord-

ing to size is often treated as immutable, there are studies showing excep-

tions to the principle of ordered recruitment following denervation and 

reinnervation of a muscle (Gordon et al., 2004). Similarly, following spinal 

transection or hemisection in cats ordered recruitment of motor units can 

be lost and a disordered recruitment profile can be observed transiently 

(Heckman, 1994; Durkovic, 2006). Although the reasons for disrupted re-
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cruitment order are uncertain, it may be explained by an increase in the 

magnitude of heteronymous EPSPs to extensor motoneuron pools follow-

ing transection (Frigon and Rossignol, 2006). One report of this phe-

nomenon also suggested that the increase in EPSPs is largest in fast-

fatiguable and fast, fatigue-resistance motoneurons shortly after transec-

tion (Munson et al., 1986). The size of EPSP magnitude does return to 

normal after several months, a time course which roughly coincides with 

the return of an ordered recruitment pattern.

In the current work a reversal or disordering of motor unit recruit-

ment might explain the results in the ISMS animals. Although ISMS acti-

vates motoneurons in a near-normal order in intact animals (Bamford et 

al., 2005), a reversal of recruitment following spinal transection would 

cause the preferential activation of the largest and fastest motor units as 

occurs with the nerve cuff. However, the mean slope of recruitment curves 

generated from quadriceps muscle via the nerve cuff in the ISMS animals 

was 3.4 fold sharper than those recruited through ISMS microwires in the 

same muscles (figure 12). In addition, the mean slope of the recruitment 

curves generated through ISMS microwires after transection and thirty 

days of stimulation was nearly identical to the previously reported mean 

slope generated through ISMS microwires in intact animals (Bamford et 

al., 2005). It remains possible that recruitment order is transiently altered 

following transection, as other authors have shown (Durkovic, 2006), and 

that normal recruitment order is reestablished by this time point.
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Damage of fibers-in-passage after chronic ST and ISMS

The orderly recruitment of motor units seen with ISMS is due to its 

preferential activation of fibres-in-passage in the ventral horn which in 

turn activate the motoneurons trans-synaptically (Gaunt et al., 2006; 

Mushahwar et al., 2007). These fibres-in-passage include afferent projec-

tions into the ventral horn, propriospinal neurons and interneurons. 

Damage to such fibre-in-passage systems due to chronic ST or chronic 

stimulation could preclude ISMS from activating motoneurons trans-

synaptically, essentially stripping it of its ability to recruit motor units in a 

normal physiological order. In the absence of fibres-in-passage, ISMS 

would act in a manner similar to NCS and would impose a reversed re-

cruitment order on the motoneurons, an event that would explain the 

similarity of functional and phenotypic fast-to-slow transformations seen 

in the quadriceps muscle using both stimulation methods. 

While some damage of fibres-in-passage may have occurred due to 

the insertion of microwires in the spinal cord and chronic ISMS, it was 

probably minor and insufficient to account for the similar muscle trans-

formations induced by ISMS and NCS. The absence of appreciable damage 

is demonstrated by the preserved pattern of graded force generation pro-

duced by ISMS in chronically transected animals that had received thirty 

days of microwire implantation and stimulation (figure 12).  

3.4.4 Onset of stimulation relative to time of ST
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In the present study, ISMS and NCS were introduced 3 weeks fol-

lowing a complete T8 spinal cord transection, by which time ample muscle 

atrophy would have occurred along with slow-to-fast fibre-type transfor-

mation. Therefore, it is possible that neuronal properties would have been 

substantially altered by then resulting in pools of motoneurons with more 

homogenous passive and active properties (Heckmann et al., 2005). Such 

homogeneity would collapse the differences in membrane properties be-

tween various types of motoneurons and lead to near equal probability of 

activation of fast and slow motor units. ISMS and NCS would subsequently  

produce similar activation profiles of the motor units, leading to similar 

functional and phenotypic transformations. 

While this is plausible, it cannot explain the preserved force genera-

tion characteristics produced in chronically transected animals (figure 12). 

After chronic ST and ISMS, gradual force recruitment could still be at-

tained through ISMS indicating a differential recruitment of slow (small) 

and fast (large) motoneurons. Thus, changes in passive and active moto-

neuronal membrane properties that may have taken place after 3 weeks of 

ST may either have not been substantial enough to collapse the differential 

activation properties of small and large motoneurons, or were reversed af-

ter thirty days of ISMS. 

3.4.5 Pattern of quadriceps activation through ISMS and NCS

According to Kernell et. al. the impetus for the transformation of 

motor units arises from the daily amount of activity imposed upon the 
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muscle (Kernell et al., 1987). Given that both ISMS and NCS underwent 

similar fast-to-slow transformations it is possible that both stimulation 

paradigms were activating a similar proportion of their motor units, both 

large and small. In the case of NCS the reversed recruitment order makes 

this almost certain since the whole population of motor units are recruited 

over a very small range of stimulus amplitudes. Furthermore, the instabil-

ity of force evoked by the nerve cuff at submaximal stimulation levels 

makes stimulation at supramaximal levels, and the concomitant activation 

of all motor units, the only option for achieving stable force. The reversed 

recruitment order and need for supramaximal stimulation levels impose a 

tonic activity profile upon large, phasic motor units.

Since ISMS is capable of recruiting stable submaximal force it was 

anticipated that chronic stimulation with ISMS would maintain a rela-

tively normal, mixed population of muscle fibres since the largest, motor 

units would not be activated. However, ISMS levels in this study were cho-

sen to provide muscle contractions that resembled those obtained by NCS 

as closely as possible. Given that the transformation of ISMS muscle is so 

similar to that of NCS muscle it seems likely that the majority of motor 

units in the quadriceps muscle were recruited by ISMS leading to the same 

transformation seen with NCS. This can be supported by the fact that large 

forces can be evoked by trains of ISMS delivered through individual mi-

crowires (Mushahwar and Horch, 2000; Mushahwar et al., 2000; Snow et 

al., 2006).
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Furthermore, it has been shown that activation of CNS tissues can 

be accomplished at very low stimulation amplitudes (Jankowska and Rob-

erts, 1972). This corresponds to the finding that ISMS can activate tissues 

at lower stimulus thresholds than other FES methods (Mushahwar et al., 

2004). Chronically, ISMS stimulus thresholds have been shown to in-

crease in the first 10 days following implantation but remain stable there-

after (Mushahwar et al., 2000). In the current work we found that ISMS 

thresholds dropped significantly over the thirty day stimulation period 

while those for NCS did not. This result was unexpected in light of the pre-

vious work showing no changes in ISMS threshold; however, the previous 

work did not entail daily stimulation. Decreases in the threshold for ISMS 

over time will cause the recruitment of more motor units at the same 

stimulus amplitudes, thus expanding the population of recruited motor 

units in the quadriceps pool.

It is possible that the decrease in threshold for ISMS represents a 

plastic adaptation similar to those adaptations seen during training in 

chronically transected cats and rats (Edgerton et al., 2004). Transected 

spinal cords show an increase in inhibition which can be reversed with 

training or pharmacological intervention. Lowered stimulus threshold fol-

lowing chronic ISMS is likely explained by a similar mechanism whereby 

electrically induced spinal cord training results in more easily activated 

circuitry. 
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While full recruitment of motor units in the ISMS animals is likely a 

main contributor to the unanticipated fast-to-slow transformations in the 

quadriceps muscle, these effects are further compounded by the duration 

of daily activation. Four hours of continuous stimulation is in retrospect 

inappropriate for maintaining a mixed muscle phenotype. This duration of 

activation is akin to an endurance training paradigm in marathon runners, 

a population with proportionally higher representation of type-I and IIA 

fibre types in their leg muscles (Fitts and Widrick, 1996).  

3.4.6 Summary and future directions

Thirty days of stimulation with either intraspinal microwires or a 

nerve cuff induced similar fast-to-slow transformations as measured by 

isometric twitch speed measures, sag profile and MHC content in rectus 

femoris muscles. This was surprising in light of a number of studies in in-

tact and spinalized animals showing that ISMS recruits gradual, fatigue 

resistant force suggesting a more normal recruitment order. We verified 

directly the near-normal recruitment order of ISMS in an acute rat model 

and showed that recruitment order did not change in the ISMS animals 

used in the current work. Although it remains possible that there was a 

transient alteration of recruitment properties following transection, the 

most likely explanation for the current results is that the populations of 

motor units recruited by both NCS and ISMS were nearly identical. This 

led to the dramatic and similar fast-to-slow transformations in both stimu-

lated legs. In the future, ISMS should be used to produce submaximal con-
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tractions. Stable contraction levels at forces below 50% of maximal volun-

tary activation are easily achievable with ISMS in contrast to peripheral 

FES approaches (e.g. figure 12). Such contraction levels are more repre-

sentative of the natural recruitment order and activation paradigms util-

ized for achieving the majority of daily activities (Henneman and Mendell, 

1981). Furthermore, contractions against resistive loads as is the case in 

weight-bearing locomotion could also be applied to reduce the extent of 

muscle atrophy (Roy et al., 2002).
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3.5 Tables and Figures

Table 3-1. Summary of Muscle Mass and Contractile Characteristics

Intact IntraspinalIntraspinal Nerve CuffNerve Cuff
Control Stim Control Stim Control

Mass (g) 3.36 ± 0.30 1.41 ± 0.46 (a) 1.74 ± 0.58 (a) 1.57 ± 0.23 (a,b) 2.07 ± 0.14 (a)

Force (N) 2.91 ± 1.65 2.14 ± 0.75 1.84 ± 0.97 2.99 ± 0.95 1.92 ± 0.63

TWFn (N/g) 0.85 ± 0.43 1.57 ± 0.54 1.05 ± 0.37 1.91 ± 0.60 (a,b) 0.94 ± 0.32 

Fatigue 
Ratio 0.49 ± 0.03 0.51 ± 0.09 0.34 ± 0.16 0.46 ± 0.08 (b) 0.27 ± 0.09 (a)

Sag/No Sag 5 / 1 1 / 5 5 / 1 0 / 6 6 / 0

Quadriceps muscle mass, TWFn, fatigue ratio and sag test results are dis-
played above (mean ± SD). Muscle mass decreased in all treatment 
groups. TWFn was increased in the NCS group but not the ISMS group 
when compared to IC. Both NCS and ISMS stimulation groups showed fa-
tigue ratios that were not different from IC. (a) significantly different from 
intact control, (b) significantly different from contralateral leg
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Table 3-2. Summary of fibre cross-sectional area in the rectus femoris 
muscle of the control and electrically stimulated legs

Intact Nerve CuffNerve Cuff IntraspinalIntraspinal
Control 
(µm2)

Control 
(µm2)

Stim 
(µm2)

Control 
(µm2)

Stim 
(µm2)

Type-I 1327.7 ± 
491.2

1073.9 ± 
287.7

964.4 ± 
204.5

1453.2 ± 
767.5

1295.4 ± 
55.7

Type-IIA 1518.1 ± 
553.2

1261.5 ± 
233.4

908.0 ± 
214.2

1069.9 ± 
405.9

1003.1 ± 
318.2

Type-IID 4067.6 ± 
1391.9

2911.1 ± 
505.7

1529.1 ± 
344.5 (a)

2528.7 ± 
1481.5

1664.2 ± 
470.4 (a)

Type-IIB 2946.8 ± 
1092.8

1921.6 ± 
342.0

1241.4 ± 
395.4 (a)

1829.6 ± 
922.0

1241.3 ± 
424.5 (a)

Type-I/IIA 890.6 ± 
668.0

945.7 ± 
155.1

747.1 ± 
142.3

981.8 ± 
379.1

708.3 ± 
290.2

Type-IIA/IIB NA 1017.5 ± 
488.6

1240.3 ± 
246.9

1092.3 ± 
602.6

1426.4 ± 
444.1

Mean cross-sectional areas for each fiber type are displayed. Both NCS and 
ISMS stimulation legs showed a significant decrease in mean fiber cross-
sectional area for type-IID and type-IIB fibers relative to intact control. (a) 
different from intact control
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Figure 3-1. Microwire tip locations in the ventral horn

The locations of stimulated and sham implanted microwire tips were iden-
tified in immunostained spinal cord tissue sections and a composite dia-
gram was created to show their locations. We located 16 of 24 microwire 
tips. We discovered 9 from unpulsed microwires (shown in white) and 7 
from pulsed microwires (shown in black). All tips were found within the 
grey matter of the ventral horn.
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Figure 3-2. Selection of muscle areas for analysis. 

The deepest and slowest areas of rectus femoris muscles were chosen for 
analysis because these areas contain a mixed content of myosin heavy 
chain (MHC) type-I, -IIA, -IID and –IIB fibers. Due to their heterogeneous 
mixture these areas are best suited to show both slow-to-fast and fast-to-
slow transformations in MHC-based phenotype. A) Representative serial 
examples of the same intact control muscle at 1.6X magnification stained 
with a panel of antibodies for adult MHC. Rectangles demonstrate the area 
selected for analysis of fibers that contains the greatest concentrations of 
type-I and –IIA fibers and the lowest concentration of type-IIB fibers. B) 
The selected areas from (A) are shown here at 5X magnification. In intact 
control muscles this magnification allowed for the analysis of approxi-
mately 500 fibers from each muscle. The panel of antibodies allowed for 
the identification of stained pure type-I, -IIA, -IIB and, if no staining was 
detected, pure type-IID fibers. Hybrid fibers containing more than one 
MHC isoform (e.g. type-I/IIA fibers) were also identified
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Figure 3-3. Whole muscle analysis of MHC IIA fibres in rectus femoris 
muscles.

Whole muscle analysis of MHC IIA fibres was performed on rectus femoris 
muscles. Whole muscle images (A) were binarized so that stained pixels 
were rendered completely black and all other pixels white (B). Image 
analysis software was used to quantify black pixels and express them as a 
fraction of all pixels within the muscle boundary.
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Figure 3-4. Stimulation thresholds for muscle activation.

Stimulation thresholds for muscle activation. Plots show threshold ampli-
tudes normalized to the first day of stimulation for each microwire. 
Threshold is defined as the lowest stimulation amplitude which produces a 
visible muscle twitch. Threshold amplitudes for activation in intraspinal 
microwires (A) and nerve cuff electrodes (B) were noted throughout the 
thirty day stimulation period. For the ISMS thresholds in A, microwires 
from the same animal are displayed with paired symbols and line formats.
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Figure 3-5. Examples of sag profiles in stimulated and unstimulated legs

Whole muscle unfused contractions due to stimulus trains with inter-pulse 
intervals of 1.25 x TTP were used to detect the presence or absence of sag. 
The IC and ISC legs show early potentiation of muscle force followed by 
sag indicating fast whole muscle twitch properties. The ISMS leg force 
trace shows potentiation of force with the absence of sag indicating slow 
whole muscle twitch properties. The ISC and ISMS examples are represen-
tative of all unstimulated and stimulated legs, respectively. Based upon the 
presence of sag (e.g. the IC and ISC unstimulated legs), or the absence of 
sag (e.g. the ISMS stimulated leg), force responses were categorized as 
‘sag’ or ‘no sag’. The results of this classification are in table 1. 
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Figure 3-6. Fatigue profiles of forces evoked by repeated 40 Hz stimulus

Group mean forces are normalized to their respective mean peak force. 
Shown are force means from intact control (IC) legs, transected but un-
stimulated contralateral nerve cuff (NCC) and intraspinal (ISC) legs, and 
transected and stimulated nerve cuff (NCS) and intraspinal microstimula-
tion (ISMS) legs. A fatigue ratio was calculated by dividing the force at 120 
s by the peak force. Only the NCC legs showed a significant decline in fa-
tigue index relative to NCS and IC legs (*). Fatigue ratio data for all legs is 
shown in table 1.
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Figure 3-7. Normalized twitch force.

Graphs showing representative examples of (A) individual twitches nor-
malized to their respective peak force and (B) group means normalized to 
their respective mean peak force. The traces are from intact control (IC) 
legs, transected but unstimulated nerve cuff (NCC) and intraspinal (ISC) 
control legs, and transected and stimulated nerve cuff (NCS) and intraspi-
nal microstimulation (ISMS) legs. 
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Figure 3-8. Summary of twitch width results.

(A) TTP increased in duration in both NCS and ISMS legs compared to 
NCC and ISMS control legs and the IC leg. (B) 1/2RT increased in both 
NCS and ISMS legs compared to NCC, ISC and IC legs. (C) 1/2FT in-
creased in NCS and ISMS legs as compared to the NCC and ISMS legs. 
Only the ISMS legs showed a significant increase in 1/2FT compared to the 
IC leg. (a) different from intact control, (b) different from contralateral 
control
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Figure 3-9. Myosin heavy chain (MHC) immunohistochemistry.

Representative examples of MHC staining from rectus femoris muscles at 
5X magnification. (A) Intact control legs show a mixed phenotype with a 
preponderance of MHC type-IIB and unstained -IID fibers. Following spi-
nal cord transection, unstimulated nerve cuff control (B) and intraspinal 
microwire control (D) legs show increases in MHC type-IIB fiber content 
and decreases in MHC type-IIA fiber content. Thirty days of stimulation 
through a nerve cuff (C) or intraspinal microwires (E) causes an increase 
in MHC type-IIA fiber content and a decrease in MHC type-IID content.
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Figure 3-10. Proportional MHC-based fiber types from slow areas of rec-
tus femoris. 

Stimulation with either NCS or ISMS caused a fast-to-slow conversion as 
demonstrated by increases in type-IIA fiber content and corresponding 
decreases in type-IID fiber content as compared to the IC leg. Control NCC 
and ISC legs showed a slow-to-fast conversion as demonstrated by in-
creases in type-IIB fiber content and decreases in type-IIA fiber content. 
(a) different from intact control, (b) different from contralateral control
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Figure 3-11. Whole muscle analysis of MHC IIA in rectus femoris

Whole muscle analysis of MHC IIA content showed an increase in IIA con-
tent in stimulated ISMS and NCS legs compared to control legs ISC and 
NCC and to the IC leg. (a) significantly different from intact control, (b) 
significantly different from contralateral control
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Figure 3-12. Recruitment Curves after ST and 30 days of stimulation

Normalized force recruited from A) 5 nerve cuffs or B) 5 ISMS microwires 
after 30 days of stimulation. Graphs show force recruited by 1 second long 
50 pps trains of randomly assigned amplitudes. The mean slope of the 
force recruited from 10% to 90% of peak force was 3.4 fold sharper in the 
nerve cuff group.
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Chapter 4 

Chronic intraspinal microstimulation causes 
limited damage and inflammation in rat‡

4.1 Introduction

Spinal cord injury represents a devastating neurological impair-

ment with potentially life-threatening implications. Following a spinal 

cord injury, a host of challenges to quality of life arise and typically involve 

impaired bladder and bowel function, respiration, skin and muscle health, 

freedom of movement, and general independence. Previous interventions 

have applied functional electrical stimulation (FES) to address these prob-

lems with some success (Prochazka et al., 2001).

Intraspinal microstimulation (ISMS) is an FES approach that tar-

gets central nervous system structures and has been investigated for its 

ability to produce weight-bearing standing (Lau et al., 2007) and stepping 

(Saigal et al., 2004) in cats. Others have proposed different central FES 

paradigms to aid in voiding the bladder (Grill et al., 1999; Pikov et al., 

2007), restore hearing loss (McCreery, 2008) or reduce the effects of Park-

inson’s disease (Lozano et al., 2002). When considering such interventions 

it is important to evaluate the potential damage that they may cause as 

well as any plastic adaptations that may occur due to the implantation of 

and stimulation through chronically implanted microwires.
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The insertion of intraspinal microwires and subsequent electrical 

stimulation could potentially cause damage within the spinal cord. Merely 

the act of implanting foreign bodies into central neural tissue is associated 

with initial traumatic injury and an ongoing inflammatory response (Biran 

et al., 2005). When considering nerve stimulation previous authors have 

shown that much of the damage comes from any mechanical strain upon 

the nerve (Agnew and McCreery, 1990). Central stimulation paradigms 

have the advantage of anchoring neural prostheses to hard, bony tissue 

and implanting microelectrodes within relatively immobile central neural 

tissues. Nevertheless, the damage done to central structures by mechani-

cally mismatched or unstable implants could be severe.

In addition to mechanical damage the ongoing electrical stimula-

tion may cause trauma due to the injection of current. This can occur due 

to potential cytotoxic effects at the electrode-tissue interface (Mortimer, 

1981) or due to the flow of current across the neural structures (McCreery 

et al., 1990). In addition, the duty cycle of electrically excited neurons can 

be damaging if the interaction between stimulus frequency and daily 

stimulus duration reaches harmful levels (McCreery et al., 2004). Thus, 

even if the discrete pulse parameters are not injurious the aggregate 

chronic stimulation protocol may become so if the neural structures are 

excited at too high a rate or for too long.
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Previous work has examined the damage induced by continuous 

stimulation in the feline cochlear and subthalamic nuclei (McCreery et al., 

1994; McCreery et al., 2006). Safe upper limits for stimulation were identi-

fied at 3-4 nC/phase, however, the electrodes used in these experiments 

were relatively large in diameter and these experiments involved stimulus 

frequencies as high as 500 pulses per second (pps). In the sacral spinal 

cord the same authors discovered that functional increases in bladder 

pressure, when stimulating through single microelectrodes, were not 

achieved until stimulation levels reached 40 nC/phase at 20 pps 

(McCreery et al., 2004). This level of stimulation proved to be damaging 

during two 12 hour bouts of continuous stimulation on successive days al-

though lesser duty cycles of 5% and 10% produced no, or minimal histo-

logical damage, respectively. 

Following injury, the spinal cord retains its ability to learn and 

adapt to external stimuli (de Leon et al., 1998a,b). The spinal cord can re-

spond to patterned or unpatterned stimuli and modify the motor output 

produced. This can occur in a very short period of time and it has been 

suggested that this represents a learning process similar to long-term po-

tentiation or depression observed in the hippocampus (Edgerton et al., 

2004). In addition to short-term changes there are task-specific, long-term 

biochemical adaptations within the spinal cord in response to activity (Cai 

et al., 2006). To date we are unaware of any investigations into the plastic-

ity induced by repetitive electrical stimulation in the spinal cord, although 
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it may be expected that any increased activity of motor networks would 

produce similar biochemical and pharmacological adaptations.

A hallmark of ISMS is the gradual recruitment of force due to the 

orderly, preferential recruitment of small, fatigue-resistant motor units 

(Bamford et al., 2005). The recruitment order of ISMS is produced due to 

the excitation of fibers in passage and the subsequent transsynaptic activa-

tion of motoneurons through a larger network of afferent projections, in-

terneurons and propriospinal neurons (Gaunt et al., 2006; Mushahwar et 

al., 2007). This, in combination with some direct activation of motoneu-

rons produces a near-normal recruitment order that partially explains the 

fatigue-resistance produced by ISMS in synergistic movements such as 

standing and stepping (Saigal et al., 2004; Lau et al., 2007). Gradual force 

recruitment has been observed in intact and spinal cord transected ani-

mals indicating that the near-normal recruitment of motor units is not af-

fected following the loss of supraspinal input. It is important to determine 

whether these force recruitment characteristics will remain unchanged fol-

lowing chronic ISMS. An alteration of these properties might indicate 

damage to the neural structures surrounding the implanted microwires.

The purpose of the current work was to evaluate the response of the 

rat spinal cord to microwire implantation and 30 days of ISMS. Immuno-

histochemical stains were used to reveal any damage induced by the inser-

tion of microwires and subsequent stimulation protocol. In addition, an 
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attempt was made to examine the degree of activity-induced plasticity 

caused by chronic ISMS. This was examined directly at the spinal cord 

level and functionally by evaluating the functional recruitment of force fol-

lowing microwire implantation and chronic ISMS for 30 days. The ex-

perimental protocol involved daily stimulation through 2 microwires on 

one side of the spinal cord. On the contralateral side 2 microwires were 

implanted as sham controls and were not used for stimulation. Stimula-

tion proceeded daily for 4 hours with a 50% duty cycle of 1 s on and 1 s off. 

This protocol was chosen to approximate the anticipated duration of daily 

use of the ISMS system upon clinical translation. The degree to which this 

protocol could induce damage and/or plasticity in the spinal cord was as-

sessed. This study is the first to examine these issues following chronic, 

daily ISMS.

4.2 Methods

4.2.1 Animals

Experiments were performed on a total of 13 female Sprague-

Dawley rats weighing 225-275 g. All procedures were approved by the 

University of Alberta Animal Welfare Committee and were in keeping with  

the guidelines for scientific research animals approved by the Canadian 

Council on Animal Care.

4.2.2 Spinal cord transection

Aseptic transection of the spinal cord at the eighth thoracic vertebra 

(T8) was carried out as follows. Under 2.0 % isofluorane anesthesia a 
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laminectomy was performed to expose the T8 spinal segment. A complete 

transection of the spinal cord was performed and the cord was closely in-

spected to ensure that no tracts remained intact. Surgical mesh was in-

serted into the cavity to minimize bleeding and a thin layer of plastic film 

was glued in place over the laminectomy site to prevent the invasion of 

connective tissues. The wound was sutured closed and analgesics (bupre-

norphine 0.015 mg/kg sc) and antibiotics (enroflaxacin 1.0 mg/kg sc) were 

administered. Analgesics were subsequently administered as needed along 

with a one week course of daily antibiotics. Rat bladders were expressed 

manually 3 times per day for 2 weeks and once daily thereafter. Animals 

were singly housed and cages were inspected daily and changed at least 

twice per week. A total of 10 animals were transected in this manner. In 

order to account for the effects of spinal cord transection alone, 4 of these 

10 animals received only the transection and were classified as spinal cord 

transected control (ST).

4.2.3 ISMS Implant

After a 2 week recovery period a second laminectomy was per-

formed on the 6 remaining transected animals to expose spinal cord seg-

ments T13 and L1. ISMS microwire arrays were implanted as described 

previously in rats (Bamford et al., 2005; Yakovenko et al., 2007) (see fig-

ure 4-1). Arrays of 4 microwires, 1.5 mm in depth, were manufactured ac-

cording to established protocols (Guevremont et al., 2006) from 30 μm 

diameter platinum-iridium wire insulated with 4 μm polyimide except for 
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the tip (California Fine Wire, Grover Beach, CA, USA). After sterilization 

the arrays were inserted with two microwires on each side of the midline 

of the spinal cord and 2 mm spacing between rostral and caudal mi-

crowires. Microwire tips were targeted at the quadriceps motoneuron pool 

which has previously been mapped (Nicolopoulos-Stournaras and Iles, 

1983). 

When microwires are placed in the grey matter ISMS produces 

gradual recruitment of force from selected muscles. Therefore, these prop-

erties can be used during implantation to aid in targeting microwire tips to 

the ventral horn. Stimulus test trains were delivered to ensure quadriceps 

activation and recruitment of gradual force indicating accurate placement 

of microwire tips within the ventral grey matter. Microwires were fixed to 

the dura mater with individual drops of cyanoacrylate at their point of in-

sertion and routed upon the dorsal surface of the dura mater to the base of 

the T12 vertebrae where they were collectively sutured to the dura mater 

using 8-0 silk (figure 4-1). A thin layer of plastic film was glued over the 

implantation site to prevent the adherence of overlaying muscle to the im-

planted array. At the T12 spinous process microwires were routed through 

a silastic tube to a headpiece (MS363, PlasticsOne, Roanoke, VA, USA) 

which was fixed to the rat skull using stainless steel screws and dental 

acrylic. Muscle and skin layers were sutured and analgesics were adminis-

tered (buprenorphine 0.015 mg/kg sc). All animals were given a one week 

recovery period during which they received daily bladder expression.
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4.2.4 Stimulation protocol

One side of the spinal cord was selected for daily stimulation and 

was designated ISMS while the contralateral side was chosen as the un-

stimulated sham control and was designated intraspinal microwire control 

(ISC). The ISMS side was stimulated for 4 consecutive hours of every day 

for 30 days through the two ipsilateral microwires while the contralateral 

ISC side received no stimulation. Individual ISMS pulses were 200 μs in 

duration, biphasic, charge balanced, cathodic-first. Stimulus trains at 25 

pps were delivered through each microwire in an interleaved manner to 

produce 50 pps contractions at the quadriceps muscle. Interleaved stimu-

lation presents interposed stimulus pulses from multiple electrodes at 

evenly spaced intervals. Stimulation proceeded for 1 second followed by 1 

second of rest and was carried out at a level sufficient to produce func-

tional contractions of the quadriceps muscle. Stimulus thresholds for 

quadriceps activation were checked approximately every 10 days and, 

when necessary, stimulus amplitudes were adjusted to maintain functional 

contractions. In order to accomplish this, stimulus amplitudes were main-

tained between 140 - 260 μA, or 28 - 52 nC per phase. As a function of the 

stimulus threshold for quadriceps activation this represented a mean of 

2.55 ± 0.87 times threshold. Stimulating at these levels produced func-

tional contractions from the ipsilateral quadriceps muscle in each animal 

throughout the 30 day stimulation period. 

4.2.5 Functional assessments in terminal experiments
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 Functional muscle recruitment was compared in 3 intact animals 

and 3 of the 6 animals that underwent chronic ISMS. Under isofluorane 

anesthesia animals were positioned in a stereotaxic array and the quadri-

ceps tendon was sutured to a force transducer (Interface MB-5, Interface 

Inc., Scottsdale, AZ, USA). In the intact rats, pairs of ISMS microwires 

were implanted ipsilaterally, targeting the quadriceps motoneuron pool as 

with the chronic implants. Force recruitment curves were generated by 

stimulating through each microwire at 25 pps. In the same experiment a 

second set of force recruitment curves were generated by stimulating 

through both microwires interleaved together at 25 pps to produce an ag-

gregate 50 pps. Stimulation amplitude was varied randomly from sub-

threshold to a maximal amplitude of 400 μA and the evoked forces were 

recorded. Using the same protocol, force recruitment curves were gener-

ated at 25 pps from 5 ISMS microwires in 3 animals that had been stimu-

lated with ISMS for 30 days through the chronically implanted mi-

crowires. In both intact and chronically implanted animals, forces from 

each microwire were normalized to the peak force evoked during the con-

traction and plotted against stimulus amplitude above threshold. 

4.2.6 Perfusion and Tissue Handling

One day after the final day of chronic ISMS (i.e. the 31st day) ani-

mals were sacrificed and spinal cords were removed. The animals were 

perfused through the heart with approximately 200 ml of saline delivered 

at a rate of 40 ml/min and then with 200 ml of 4% formalin solution at the 
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same rate. Microwires were removed and the spinal cords were excised 

from the animals and soaked in formalin solution overnight. Subse-

quently, cords were transferred to 20% sucrose/phosphate buffered saline 

(PBS) at pH 7.4 for cryoprotection. Cryoprotectant solution was changed 

daily for 7 days until all cords sank to the bottom of the solution. Cords 

were embedded in cryostat tissue mounting medium and frozen by sub-

mersion in melting isopentane cooled in liquid nitrogen. Cords were sub-

sequently stored at -80° C until serial cross sections of 20 μm thickness 

were cut using a cryostat and mounted onto slides (Superfrost plus gold, 

Fisher Scientific, PA, USA).

4.2.7 Immunohistochemistry

In order to evaluate the potential damage done by microwire im-

plantation and ISMS for 30 days, a panel of immunohistochemical stains 

was performed. We applied primary antibodies to serial sections mounted 

on slides to reveal neuronal cell bodies (NeuN, clone A60), cytoskeletal 

disruption (Map-2, clone HM-2), reactive astrocytes marked by upregu-

lated glial fibrillary acidic protein (GFAP, clone GA5), macrophages and 

microglia (ED-1) and synaptic terminals (Synaptophysin, polyclonal). Each 

of these immunohistochemical stains was repeated along the spinal cord 

segment where microwires were known to be implanted. Repetitions of 

each stain were performed at 200 μm intervals. As such, the separation 

between serial tissue sections immunostained with a given antibody was 

200 μm in either the rostral or caudal direction. Before staining, a stan-
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dard antigen retrieval technique was applied. Briefly, slides with mounted 

tissue cross-sections were incubated at 95° C for 20 min in 10 mM citrate 

buffer at pH 6.0. Slides in buffer were then removed from the heat and left 

to cool at room temperature for 20 min until an approximate temperature 

of 50° C was reached. Slides were then rinsed in distilled water and a stan-

dard immunohistochemical staining procedure was followed. 

Washing in PBS-tween and then PBS was carried out between each 

step. Slides were incubated for 1 hour at room temperature in blocking so-

lution containing PBS-tween, 1% bovine serum albumin, 10% horse serum 

and avidin-D blocking agent (Vector Laboratories, Burlingame, CA, USA). 

The blocking step for the Synaptophysin clone was identical except for the 

substitution of goat serum for an equal amount of horse serum. Primary 

antibodies were applied overnight at 4° C (NeuN 1:2000; Map-2 1:2000; 

ED-1 1:800; GFAP 1:400; Synaptophysin 1:800) in blocking solution 

which also included biotin blocking agent (Vector Laboratories). On the 

following day sections were incubated in 0.3% H2O2 in PBS for 15 minutes. 

Secondary antibodies were applied for 1 hour at room temperature with 

rat adsorbed, biotinylated horse anti-mouse IgG (Vector Laboratories, for 

NeuN and Map-2, ED-1, GFAP) diluted 1:400 in the appropriate blocking 

solution or with biotinylated goat anti-rabbit IgG (Vector Laboratories, for 

Synaptophysin) diluted 1:400 in appropriate blocking solution. Sections 

were incubated for 1 hour at room temperature with Vectastain ABC Rea-

gent (Vector Laboratories) in PBS and immunoreactivity was visualized by 
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applying diaminobenzidine, H2O2 and NiCl in 50 mM tris-HCl (Vector 

Laboratories). To halt the developing reaction, sections were rinsed with 

distilled water and dehydrated in solutions of increasing ethanol concen-

tration before being rinsed in xylene and mounted with Entallan mounting 

medium.

4.2.8 Imaging and Post-Processing

Pictures of stained serial sections were taken with an upright micro-

scope (Leica DMLS, Leica Microsystems, Wetzlar, Germany) and attached 

digital camera (Spot Insight, Diagnostic Instruments, Sterling Heights, 

MI, USA) and then post-processed using commercial imaging software 

(Photoshop CS4, Adobe Systems Incorporated, San Jose, CA, USA). Stan-

dard post-processing methods were applied to images including the ad-

justment of brightness and contrast according to approved methods 

(Sedgewick, 2008).

Neuronal density was measured by counting the number of NeuN+ 

cells in the vicinity of implanted microwire tips in the ventral horns of 

both ISMS and ISC sides of the chronically implanted animals and in 

matched areas in the ST control group. The number of positive cells was 

divided by the area analyzed to give a measurement of neuronal density in 

ISMS, ISC and ST control groups, expressed as cells/mm2. When analyz-

ing ISMS and ISC spinal tissue neither scar tissue, nor the path of the im-

planted microwire were included in the counting area. This was done to 

avoid counting areas where no NeuN+ cells could possibly be found.
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The immunostaining for ED-1 proved to be the most sensitive 

measure for detecting microwire tracks. As such, we measured the rostro-

cadual extent of the immune response by considering the distance from 

the microwire microwire track to the most rostral and caudal points where 

a track of ED-1 immunoreactivity conforming to the track of an implanted 

microwire could still be detected. The analysis of ED-1, GFAP, synapto-

physin and Map-2 staining was carried by qualitative observations of spi-

nal cord cross-sections by an experienced researcher who was blinded as 

to which microwire tracks were stimulated and which were sham control.

4.2.9 Statistics

All analyses were performed with a computerized software package 

(SPSS 17.0, SPSS Inc., Chicago, IL, USA). Differences were determined us-

ing one-way ANOVA and Tukey HSD post hoc analyses. Where appropri-

ate, paired t-tests were performed between results from the ISMS side and 

the contralateral unstimulated ISC side. All data are presented as mean ± 

standard deviation. Differences were considered significant at P < 0.05.

4.3 Results

4.3.1 Pulsed and unpulsed microwire tips were located in the ventral grey 
matter

The locations of implanted pulsed and unpulsed intraspinal mi-

crowire tips were verified directly in spinal cord cross-sectional slices. The 

locations of ISMS microwire tips are shown in figure 4-2. Of 24 microwires 

implanted in 6 animals, a total of 16 were located on stained tissues. Pre-
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sumably, some sections showing the microwire tips were lost during tissue 

processing including sectioning on the cryostat and immunohistochemical 

staining. Since the diameter of implanted microwires is only 30 μm it is 

possible that the loss of a few 20 μm thick tissue sections in certain areas 

would make the localization of all microwire tips impossible. As shown in 

figure 4-2, all of the microwire tips which could be located were in the ven-

tral grey horn.

4.3.2 Stimulus thresholds of intraspinal microwires decreased over time

The stimulus threshold amplitudes for quadriceps muscle activation 

were tested on the first day of ISMS and approximately every ten days 

thereafter (figure 4-3). Mean threshold for muscle activation with ISMS 

microwires dropped significantly from 118.2 μA ± 45.1 μA to 67.8 μA ± 

25.1 μA by the end of the 30 days of stimulation. This represented a mean 

decrease in threshold of 33.6% ± 38.2%. Regression curves were fitted for 

the relationship of stimulus threshold vs time. The mean slope of these 

curves was -1.61 ± 1.67 indicating the decline in stimulus threshold during 

the 30 day period. A single microwire failed permanently on the four-

teenth day of stimulation while the remaining 11 out of 12 lasted through-

out the 30 day stimulation period. Stimulus thresholds decreased in 8 of 

the remaining microwires, increased in 2 microwires and showed no over-

all change in 1 microwire.

4.3.4 Functional recruitment of muscle is unaltered after chronic ISMS
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The slopes of the regression between amplitude and normalized 

force in intact animals were 0.0034 (R2 = 0.68) and 0.0038 (R2 = 0.79) for  

individual microwires pulsed at 25 pps and through two microwires inter-

leaved at 50 pps, respectively (figure 4-4 A,B). Following chronic ISMS the 

slope of the same regression between amplitude and normalized force with 

microwires pulsed at 25 pps was 0.0034 (R2 = 0.78, figure 4-4C). An 

analysis of covariance indicated that the slopes of these regressions were 

not significantly different from one another. Given this, we conclude that 

the recruitment of force through ISMS is not altered following spinal cord 

transection and 30 days of daily ISMS. As expected, this also shows that 

the recruitment of force through 2 microwires pulsed at 25 pps in an inter-

leaved manner which produces an aggregate 50 pps is not altered from the 

recruitment from each microwire pulsed individually at 25 pps. ISMS con-

tinues to activate the neural circuitry of the spinal cord of chronically 

stimulated animals in the same manner as in the acute animals. This sug-

gests that chronic ISMS does not cause sufficient damage to compromise 

the underlying neural networks that produce graded force recruitment.

4.3.5 Inflammation and reactive gliosis surrounding implanted microwires 
was unaffected by chronic stimulation

Microwires were affixed to the T12 spinous process and run along 

the dorsal surface of the dura mater. In two cases, microwires invaginated 

into the dorsal funiculi of the spinal cord (figure 4-5). This caused some 

deformation of the grey matter and recruitment of monocytes to surround 
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the embedded microwires (figure 4-5C). Encapsulation of the microwires 

with connective tissue and an increase in GFAP immunoreactivity were 

noted (figure 4-5D). In these instances damage to the dorsal grey matter 

did not appear to be severe as there was strong NeuN immunoreactivity in 

the dorsal horn suggesting that dorsal neurons were not affected by the 

deformation of the dorsal horn and surrounding white matter (figure 4-

5B). In addition, Map-2 immunoreactivity, a marker of the neuronal cyto-

skeleton (Kikuchi et al., 1999; Gonzalez et al., 2008), was strong and uni-

form suggesting that the damage was limited (figure 4-5A). Nevertheless 

we did observe displacement and deformation of dorsal white matter, the 

functional consequences of this damage are unknown.

Microwires within the spinal cord were encapsulated with connec-

tive tissue and surrounded by reactive astrocytes staining for GFAP along 

the length of the microwire (figure 4-6). In addition, a strong ED-1 re-

sponse in the microwire track demonstrated the recruitment of macro-

phages and microglia to the damaged area (figure 4-6). The extent of en-

capsulation, reactive astrocytosis and immune response did not appear to 

vary along the length of the microwire track or at the tip. The ED-1 immu-

noreactivity proved to be the best way to identify microwire tracks as ED-1 

labeling was elevated up to 200 μm from the microwire track. We ob-

served an elevation in ED-1 labeling in all microwire tracks at the next 

most rostral or caudal spinal cord cross sections which were 200 μm away. 

However, the ED-1 response had faded by the next cross section, a total of 

155



400 μm distance from the microwire track. In some spinal cord sections 

we noted pieces of insulation along the microwire tracks of both pulsed 

and unpulsed microwires and, in some instances, at the dorsal cord sur-

face at the site of microwire penetration (figure 4-5B and 4-6H). We be-

lieve portions of the insulation were stripped from the microwires during 

explantation as they appeared to be free of encapsulating tissues and often 

appeared to rest on top of the spinal cord section as they were the first 

pieces to become focused when adjusting the distance between the stage 

and the optical objective. This suggests that these pieces came loose during 

explantation and not at some point during the 30 day stimulation period.

4.3.6 Neuronal density was unaltered around pulsed and unpulsed mi-
crowires

Immunoreactivity against the NeuN antibody showed strong stain-

ing of neurons throughout the grey matter in spinal tissue from ISMS, ISC 

and ST unimplanted animals (figure 4-7). Insertion of microwires caused 

both the death of some neurons and the displacement of others along the 

shaft of the implanted microwire and subjacent to the tip. Subsequent 

stimulation, however, did not cause an observable worsening of the dam-

age caused by insertion. Staining for NeuN was strong and uniform 

throughout the grey matter and NeuN+ cells were located immediately ad-

jacent to the connective tissue surrounding microwire shafts and tips. 

Counts of NeuN+ cells in the ventral grey matter showed no significant dif-

ferences in mean neuronal density between ISMS, ISC and ST groups (fig-
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ure 4-8A). A regression analysis indicated that there was no significant 

correlation between increasing charge and a decrease in neuronal density 

(figure 4-8B). The range of neuronal densities in ventral grey matter was 

180 - 264 NeuN cells/mm2, 187 - 316 NeuN cells/mm2 and 193 - 313 NeuN 

cells/mm2 in ST, pulsed ISMS and unpulsed ISC spinal cords, respectively. 

The nearly identical ranges between ISMS and ISC suggest stimulation up 

to 48 nC/phase and 25 pps for 4 hours per day does little to damage 

nearby neurons.

4.3.7 Structural damage and synaptic reorganization

Tissue stained with the Map-2 antibody displayed strong staining of 

motoneurons and neural processes in the ventral horn (figure 4-9). Moto-

neurons displayed staining around the edges of the soma with projections 

from the soma also stained. Projections into the white matter were clearly 

demarcated. The staining pattern demonstrated with the Map-2 antibody 

was consistent with previous reports of Map-2 immunoreactivity in the 

spinal cord (Kikuchi et al., 1999; Gonzalez et al., 2008). We could find no 

observable differences in staining pattern or intensity between ISMS, ISC 

and ST controls. Moreover, a survey of tissues within 200 μm of implanted 

microwires showed no observable alteration in the intensity or distribution 

of staining that would indicate damage to the cytoskeleton of neurons.

Tissues stained with the synaptophysin antibody displayed punctate 

staining around the edges of large motoneurons in the ventral horn with 

157



some less intense staining of the soma (figure 4-10). The staining pattern 

of the synaptophysin antibody was similar to that observed previously 

around spinal cord motoneurons (Nacimiento et al., 1995). There were no 

observable differences in staining pattern or intensity between ISMS, ISC 

and ST controls. Likewise, there were no apparent changes in tissue im-

munoreactivity to the synaptophysin antibody from ISMS, ISC and ST 

control groups within 200 μm of implanted microwires. 

4.4 Discussion

4.4.1 Overview

Intraspinal microstimulation is a paradigm of electrical stimulation 

designed to reanimate paralyzed muscle by exciting directly the neural cir-

cuits in the spinal cord which control the muscles below the level of a spi-

nal lesion. This involves the chronic implantation of fine microwires into 

spinal tissue and subsequent stimulation at levels sufficient to excite neu-

ral tissue adequately to produce desired levels of functional muscle activa-

tion. Multiple microwires are needed for the coordinated activation of 

muscle synergies necessary for complex movements such as standing and 

walking. In the current work we found that the mechanical implantation of 

microwires was followed by their encapsulation by reactive astrocytes and 

monocytes. Despite this, there was no significant decrease in neuronal 

density and no apparent disruption of the cytoskeletal elements in the ven-

tral horn surrounding the implant. This is encouraging given the exagger-

ated mechanical mismatch between the size of the rat spinal cord and the 
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30 μm diameter microwires that were implanted in this study. Typically, 

these microwires are implanted in cats with much larger spinal cords and 

have demonstrated very little damage (Prochazka et al., 2001). Further-

more, the damage caused by implantation was not exacerbated by subse-

quent chronic stimulation for 30 days at a level sufficient to activate 

strongly the quadriceps muscle in rat. Although there were significant de-

creases in the stimulus threshold of the quadriceps muscle group we found 

no apparent increase in synaptic terminal density on motoneurons and no 

change in the recruitment of force by ISMS following 30 days of chronic 

ISMS. We conclude that functional activation of skeletal muscle through 

ISMS can be achieved safely, however, more compliant implants insulated 

by more robust polymeric materials would further minimize the mechani-

cal damage associated with chronic implantation.

4.4.2 Functional recruitment

Motor units recruited during voluntary or reflex actions follow a 

specified order proceeding from smallest to largest. This is known as the 

size-principle and is explained by the rheobase current for motoneurons as 

well as the organization of synaptic input to motoneurons (Cope and Pin-

ter, 1995). Following spinal cord transection in cats the principle of or-

dered recruitment according to motor unit size can be lost and a disor-

dered recruitment profile can be observed transiently (Heckman, 1994; 

Durkovic, 2006). Although the reasons for disrupted recruitment order are 

uncertain it may be explained by an increase in the magnitude of hetero-
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nymous EPSPs to extensor motoneuron pools following transection 

(Frigon and Rossignol, 2006). One report of this phenomenon also sug-

gested that the increase in EPSPs is largest in FF and FR motoneurons 

shortly after transection (Munson et al., 1986). The size of EPSP magni-

tudes does return to normal after several months which roughly coincides 

with the return of an ordered recruitment pattern. ISMS takes advantage 

of the extant circuitry in the spinal cord by activating a larger network of 

afferent projections, interneurons and propriospinal neurons in order to 

produce a graded recruitment of force (Bamford et al., 2005; Gaunt et al., 

2006; Mushahwar et al., 2007).

Given the possibility of disordered recruitment following spinal 

transection and the possibility of plastic alterations to spinal cord circuits 

with chronic ISMS it was important to determine if ISMS would continue 

to produce similar force recruitment properties as it does in intact ani-

mals. In the current work we showed that the slope of the relationship be-

tween normalized force and stimulus amplitude obtained from intact ani-

mals is not altered following chronic transection and 30 days of ISMS in-

dicating the continuing ability of ISMS to recruit force in a gradual man-

ner.

4.4.3 Ongoing inflammatory response

A clear finding in this study is that chronic ISMS for 30 days did not 

cause damage to the spinal cord. There is damage caused by the mere in-

sertion of microwires and resultant foreign-body response, however, this 
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was limited. Upon removal of the chronically implanted microwires a track 

could be clearly seen in stained tissues, although this was extremely diffi-

cult to detect in cross-sectional slices before immunostaining. Immu-

nostaining for ED-1 proved to be the best indicator of the microwire track 

location as ED-1 immunoreactivity was contained only in and around the 

microwire tracks. An elevated immunoreactivity for ED-1 was observed at 

200 μm dorsal and caudal to the microwire tracks but not at 400 μm. In 

cross-sectional slices beyond this point no indication of implantation could 

be found indicating that the immune response caused by microwire inser-

tion was limited to a distinct area surrounding the microwire implants 

which extended further than 200 μm but less than 400 μm in rostral and 

caudal directions. 

The classical understanding of spinal cord damage suggests that ac-

tivated monocytes are recruited within the first few days following injury 

and that this response subsides in the following weeks (Norenberg et al., 

2004). Our results showed that there was a persistent inflammatory re-

sponse to the intraspinal microwires 38 days after implantation. The im-

plantation tracks of chronically implanted microwires were found to con-

tain clusters of ED-1+ cells indicating an ongoing inflammatory response. 

This may be explained by the fact that the implants in question cannot be 

broken down and absorbed by the immune system, thus incurring an on-

going response. Other authors found similar results with silicon electrodes 

implanted in rat cerebral cortex for up to 4 weeks (Biran et al., 2005). 
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These authors showed that an acute stab wound with the microelectrode 

produced no lasting macrophage/microglia recruitment at 4 weeks while 

the implanted electrode produced a persistent inflammatory response 

similar to our own. The existence of an inflammatory response, ongoing 

after 38 days, raises the issue of long-term stability and safety of im-

planted microwires. Activated microglia and macrophages are responsible 

for the release of compounds such as cytokines and tumor necrosis factor-

α (Kwon et al., 2004). These factors encourage the continuing immune re-

sponse and can have cytotoxic effects.

Previous authors have also shown a decrease in neuronal content 

surrounding their implanted microelectrodes and suggested that the cause 

might be the cytotoxic elements released by the ongoing inflammatory re-

sponse they observed (Biran et al., 2005; Biran et al., 2007). Similar to 

their findings, we observed a persistently elevated ED-1 immunoreactivity 

and yet we showed no significant decrease in neuronal density around ei-

ther pulsed or unpulsed microwires. The difference may lie in the nature of 

the implanted electrodes. Their implanted microelectrodes have a very dif-

ferent footprint measuring 200 μm wide by 15 μm thick at the base and 

tapering to 33 μm wide and 2 μm thick at the tip. In addition, due to their 

silicon construction those implants are much stiffer than our 30 μm di-

ameter platinum-iridium microwires. It is reasonable to expect that stiffer 

implants might produce greater damage as more flexible electrodes are 
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better able to yield with any movement in the surrounding tissue. Indeed, 

the same authors concluded that the decreased neuronal content sur-

rounding a neural implant tethered to the skull, as opposed to a floating 

design, may have been due to the combination of micromotion of the im-

plant within the tissue and the stiffness of silicon implants (Biran et al., 

2007). 

Previous work with deep brain stimulation (DBS) implants in hu-

mans showed no ongoing inflammatory response or tissue damage in 

autopsied brains from patients who had active implants for up to 70 

months before their deaths (Haberler et al., 2000). This suggests that the 

persistent immune response observed around the implanted microwires in  

our study will ultimately recede. The same work also demonstrated well 

preserved neurons and synaptophysin-immunoreactive bodies close to the 

implantation tracks, a finding similar to our own.

4.4.4 Reactive gliosis

In addition to the ongoing recruitment of monocytes we observed 

the encapsulation of the microwires as evidenced by a thin layer of connec-

tive tissue surrounding the implant site, bordered by a gliotic layer immu-

noreactive for GFAP. We observed reactive gliosis surrounding the im-

planted microwires, both in the ventral horn and at the dorsal surface 

where microwires were routed to a silastic tube. There were no observable 

difference between the encapsulation of pulsed or unpulsed microwires. 

The thickening of the glial sheath in the weeks following implantation has 
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been associated with the degradation of signal and ultimate failure of re-

cording electrodes (Grill et al., 2009). In the case of stimulating electrodes 

such as ours the glial sheath is likely to be less of an impediment to opera-

tion. Reactive gliosis around neural implants is a common finding (Grill et 

al., 2009) and has been shown to persist for years as evidenced by autop-

sies of deep brain stimulators implanted into human patients (Haberler et 

al., 2000). The progression of encapsulation surrounding the implant, 

specifically the increase in GFAP immunoreactivity, has been implicated in 

the increased tissue adherence and resistance to removal of chronically 

implanted electrodes (McConnell et al., 2007). This may explain our ob-

servation that some of our chronically implanted microwires retained 

some surrounding scar tissue when removed, leaving both a tissue residue 

on the microwire and, in one case, an enlarged cavity in the spinal cord 

with no sign of connective tissue or a glial scar. Other authors have noted 

similar findings with silicon microelectrodes at 2 and 4 weeks after im-

plantation (Turner et al., 1999). At later time periods the glial sheath be-

comes more compact and the adherence between tissue and electrode sur-

face is lessened resulting in less damage when electrodes are removed.

In concert with this finding we observed pieces of polyimide insula-

tion at multiple locations around the microwire tracks in the tissue cross-

sections. Presumably, these pieces were stripped off from the implanted 

microwires. These pieces were gold in color and were found within and 

around the microwire tracks (see figure 4-5B and 4-6H). It is unclear when 

164



the insulation was removed but we suspect that it occurred during the 

withdrawal of microwires from spinal tissue and not during the 30 day 

stimulation period. We believe this because the insulation pieces were 

found surrounding both pulsed and unpulsed microwires. In addition, the 

deposition of these pieces was uniform along the length of the microwire 

track instead of being focused at the microwire tip where stimulation oc-

curred. Pieces of insulation appeared to be free from encapsulation by 

connective tissues and, when intermingled with tissues, were observed to 

be resting on top of the tissues.

4.4.5 Structural damage

Synaptic reorganization during recovery from trauma can be visual-

ized by alterations in neuronal cytoskeleton and synaptic input via immu-

noreactivity for Map-2 and synaptophysin, respectively (Nacimiento et al., 

1995; Kikuchi et al., 1999; Gonzalez et al., 2008). In normal conditions 

Map-2 immunoreactivity reveals neurons and dendrites (Yu et al., 2000) 

while synaptophysin immunoreactivity on motoneurons is punctate and 

discontinuous revealing synaptic inputs onto the neuron (Gilerovich et al., 

2008). Following trauma, diminished Map-2 staining indicates structural 

damage to the neuron while a decrease or absence of staining for synapto-

physin around the soma indicates a loss of descending, propriospinal and 

afferent input. Synaptophysin immunoreactivity is ultimately restored fol-

lowing spinal cord trauma suggesting a reorganization of neural input to 

the motoneurons that can occur in as little as 21 days in upper lumbar 
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segments. In the current work we observed no difference between ISMS, 

ISC and ST controls in synaptophysin immunoreactivity surrounding mo-

toneurons in the ventral horn. These observations align closely with previ-

ous descriptions of punctate, discontinuous synaptophysin staining pat-

terns around undamaged neurons suggesting that any loss of synapto-

physin immunoreactivity following spinal transection was restored in all 

groups by the time of the terminal experiments. Importantly, the chronic 

implantation of microwires and subsequent ISMS did not cause a loss of 

synaptic input to the motoneuronal soma. Our results are similar to those 

with chronic DBS implants in human patients showing regular staining for 

synaptophysin in close proximity to pulsed electrode tracks (Haberler et 

al., 2000). Likewise, we observed strong Map-2 staining of motoneurons 

and perineural areas indicating no obvious damage to the cytoskeleton of 

neurons and neurites in close proximity to both pulsed and unpulsed mi-

crowires.

4.4.6 Plasticity

We have previously shown that chronic implants in the cat spinal 

cord undergo an increase in stimulus threshold within the first 10-15 days 

followed by long periods of stable thresholds (Mushahwar et al., 2000). 

Presumably this was due to the effect of encapsulation around the mi-

crowire tip. Given these previous results we were surprised by our current 

result that stimulus thresholds decreased in the first two weeks following 

the initiation of stimulation and then appeared to stabilize. This may be 
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explained by the fact that the previous work showing increases in stimulus 

threshold did not entail daily stimulation as the current work did. It is 

possible that the significant decline in stimulus threshold for quadriceps 

muscle is the result of a mechanism similar to that seen during training in 

chronically transected cats and rats (Edgerton et al., 2004). The authors of 

this work showed an increase in the expression of markers of inhibitory 

neurotransmitters in the transected cord which was reversed with activity 

in the form of physical training. A decrease in the stimulus threshold could 

be achieved through a similar mechanism following chronic activation of 

circuits by electrical stimulation.

4.4.7 Microwire design

The current work represents the first attempt to use a rat model to 

evaluate our ISMS implants chronically. The rat spinal cord is considera-

bly smaller than that of the cat, our previous animal model. This makes 

accurately targeting the microwire tips to the ventral horn more challeng-

ing and creates a mechanical mismatch between the 30 μm diameter mi-

crowires and the smaller cord diameter of the rat. Some of the damage 

caused by insertion of the microwires can be attenuated by addressing the 

materials, design and implantation techniques relevant to ISMS mi-

crowires. The invagination of microwires into the dorsal horn (figure 4-5) 

is likely due to a downwards force upon the microwire which may have oc-

curred during or after the implantation. During the implant it is possible 

that the microwire was inserted with too much force, causing the mi-
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crowire to be pushed into the tissue along with the inserted tip and shaft. 

However, it seems more likely that this occurred afterwards due to down-

wards pressure placed upon the implant by the muscle and skin layers su-

tured closed over the implant. Given that this damage has not been ob-

served in cat implants it may be related to the relatively smaller space be-

tween the spinal cord and the muscle layers in the rat and thus this par-

ticular form of damage seems unlikely to occur in cat or human proce-

dures. The polyimide insulation used in the current design has been shown 

to be relatively non-toxic and compliant (Polikov et al., 2005), however, 

we found that this insulation was stripped from the microwires during ex-

plantation. Although we do not believe this occurred prior to explantation 

it may indicate that the robustness of the insulation material needs to be 

improved. 

A great deal of controversy and mixed results surround the question 

of speed of implant insertion into the tissue, perhaps owing largely to the 

wide array of electrode designs currently in use (as reviewed by Polikov et 

al., 2005). When inserting stiffer arrays, some authors have suggested im-

plantation at high speed using microdrivers (Rousche and Normann, 

1992). However, given the advantages of flexible microwires in yielding 

with the motion of the surrounding tissue it seems that hand implantation 

at relatively slow speeds remains the best option for our flexible microwire 

implants. Some of the microelectrodes used by others have rounded tips 

which can cause a compaction of neurons around the microwire tip 
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(McCreery et al., 2000). We observed a similar phenomenon in one in-

stance (figure 4-7C), however, this was not common with our implants, 

likely due to the fact that our microwires have sharpened tips which are 

better able to advance through tissue than a rounded tip. 

4.4.8 Conclusions

In summary, we found that implantation of intraspinal microwires 

caused encapsulation with connective tissue and reactive astrocytes and an 

inflammatory response which persisted until the terminal experiment. 

There was, however, no diminishing of neuronal density in the ventral 

horn near the microwire tracks, nor any observable sign of cytoskeletal 

damage. Microwires which were used for daily stimulation at up to 48 nC/

phase and 25 pps showed no more damage than those which remained 

unpulsed. In comparison to spinal controls we conclude that chronic ISMS 

produces limited damage due to the initial insertion of microwires which is 

not apparently worsened by daily stimulation at levels sufficient to cause 

functional activation of the quadriceps muscle group. Moreover, the force 

recruitment properties of ISMS were unaltered following spinal transec-

tion and 30 days of ISMS. Although chronic activation of spinal cord cir-

cuitry can reasonably be expected to encourage activity-induced plasticity 

we observed no alteration in the pattern of staining with the synapto-

physin antibody. Taken collectively, these results are very encouraging, es-

pecially given the dramatic mechanical mismatch between the relatively 

small rat spinal cord and the 30 μm diameter microwires, however, it 
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would be prudent to continue the effort to limit damage during implanta-

tion. This can be accomplished by redesigning the microwires with more 

compliant and robust materials and by examining the techniques of im-

plantation.
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4.5 Figures

Figure 4-1: Schematic of the intraspinal implant

A laminectomy was performed at the T13 level in the rat to expose the 
lumbar enlargement for implantation of microwire arrays. A) An example 
of an 8 microwire array is shown including the dental acrylic cap which 
secures the lead to the T12 spinous process. B) Microwires with exposed 
tips are implanted contralaterally into the spinal cord with the tips target-
ing lamina IX in the ventral horn. 
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Figure 4-2 Summary of located microwire tips

The locations of stimulated and sham implanted microwire tips were iden-
tified in immunostained spinal cord tissue sections and a composite dia-
gram was created to show their locations. We located 16 of 24 microwire 
tips, 9 from unpulsed microwires (shown in white) and 7 from pulsed mi-
crowires (shown in black). All tips were found within the grey matter of 
the ventral horn.
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Figure 4-3 Activation thresholds from pulsed microwires during the 30 
day stimulation period

ISMS thresholds for quadriceps muscle activation for the 12 stimulating 
microwires are shown normalized to their respective stimulus thresholds 
determined on the first day of stimulation. There was a significant decline 
in mean threshold amplitude from 118.2 μA ± 45.1 μA on the first day of 
stimulation to 67.8 μA ± 25.1 μA at the end of the stimulation period. The 
stimulus threshold for 1 microwire increased sharply before the microwire 
failed permanently on day 14. Of the remaining 11 microwires 8 had de-
creases in stimulus threshold, 2 had increases and 1 microwires had no 
overall change. Pairs of ipsilateral microwires in each animal are indicated 
by matching symbols and lines.
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Figure 4-4 Force recruitment curves from intact and chronically spinal-
ized and stimulated animals 

(A) Examples are shown of forces recruited from individual ISMS mi-
crowires at 25 pps and from the resultant 50 pps product of interleaved 
stimulation through these microwires. (B) The relationship between nor-
malized force and supra-threshold amplitude in intact animals from 6 in-
dividual microwires at 25 pps (open circles) is shown in comparison to the 
same relationship generated by the resultant 50 pps (filled circles) product 
of interleaved stimulation in the same intact animals. C) Following 30 
days of chronic spinal transection and ISMS the relationship between 
normalized force and supra-threshold amplitude is shown.
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Figure 4-5 Dorsal horn invagination by implanted microwires

Serial images from one example of dorsal horn damage due to invagina-
tion of microwires running across the dorsal surface of the spinal cord. 
Immunohistochemical stains for A) Map-2, B), NeuN, C) ED-1 and D) 
GFAP. Encapsulation of the microwire occurred with some deformation of 
the dorsal grey matter. Some pieces of insulation pulled off from the mi-
crowires and can be seen in panel B as dark spots indicated by the arrow.
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Figure 4-6 Pulsed and unpulsed microwire tracks

Examples of pulsed microwire electrode tracks (A,B,E,G) and tips 
(C,D,F,H). Pulsed electrodes (E,G,F,H) and unpulsed electrodes (A,B,C,D) 
displayed an ongoing inflammatory response as evidence by immunoreac-
tivity for ED-1 (A,E,C,F). Encapsulation by a thin connective tissue layer 
and by GFAP immunoreactive astrocytes (B,G,D,H) was found along the 
entire track and at the electrode tip. The arrow in panel H indicates a piece 
of insulative material that was removed during explantation and was 
found in the microwire track.
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Figure 4-7 Neuronal density around microwires and in control tissue

Examples are shown of NeuN staining in spinal control tissue A,D), 
around an unpulsed electrode track B,E) and around a pulsed electrode 
track C,F). Boxed Outlines in A,B,C indicate the enlarged areas in D,E,F. 
Darkly stained NeuN+ neurons can be seen surrounding the tracks of both 
pulsed and unpulsed electrodes near the tip. The microwire tracks are gaps 
in the tissue indicated by the black arrows. Explantation of the microwire 
tips caused some tearing of the tissue surrounding the microwire tracks in 
panels B and C. In panel C the tissue adjacent to the microwire track can 
be seen to be compressed by the microwire indicating some distortion 
around the tip of this microwire.
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Figure 4-8 Quantification of neuronal density

Determination of neuronal density was made by counting NeuN immuno-
reactive cells in the ventral horn of ST, ISMS and ISMC spinal tissue. A) 
Neuronal density was not decreased in ISMS or ISMC groups as compared 
to the spinal transected control. B) When plotted against charge per phase 
the range of neuronal density was virtually identical between the ISMS 
side (open circles) and the unstimulated ISC side (filled triangles). 
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Figure 4-9 Cytoskeletal structure visualized with Map-2

Examples showing Map-2 immunoreactivity in the ventral horns of ST 
(A,B), ISMS (C,D) and ISC (E,F) groups. Black outlines in A,E,C indicate 
the enlarged areas in B,D,F. Strong staining of motoneurons in the ventral 
horn and neurites was noted including projections into the surrounding 
white matter. No apparent differences between any of the groups was 
noted.
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Figure 4-10 Synaptic inputs to motoneurons visualized with synapto-
physin immunoreactivity

Two examples from each group showing synaptophysin immunoreactivity 
in the ventral horns of ST (A,B), ISMS (C,D) and ISC (E,F) groups. Punc-
tate and discontinuous staining around motoneurons in the ventral horn 
and noted suggesting axosomatic inputs at these locations. No apparent 
differences between any of the groups was noted.
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Chapter 5 

General discussion

5.1 Discussion

Currently, ISMS remains an experimental technique that requires 

further testing before clinical trials can be attempted. In order to progress 

towards a clinically viable treatment it was necessary to address lingering 

questions about the recruitment properties of ISMS. In addition, the plas-

tic adaptations to the muscle and spinal cord needed to be evaluated, in-

cluding the extent of any injury resulting from daily ISMS use. ISMS is not 

the only FES system that holds promise for restoring motor function fol-

lowing spinal cord injury (section 1.4); however, it has proven to be capa-

ble of generating complex synergies such as weight-bearing standing and 

stepping through relatively simple stimulation patterns (Saigal et al., 

2004; Lau et al., 2007). Advances in stimulation methods and control sys-

tems have continued to improve the results obtained with ISMS and en-

courage further research (Snow et al., 2006; Guevremont et al., 2007). 

This work has attempted to complement these studies by clarifying the 

force recruitment characteristics of ISMS in acute and chronic models and 

examining the plasticity and damage induced by ISMS in muscle and spi-

nal cord. This represents a substantial advance in our knowledge regard-

ing an emerging FES paradigm and how it excites the underlying neuro-

muscular apparatus. 
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Although ISMS had been shown to produce gradual recruitment of 

force (Mushahwar and Horch, 1998) the mechanisms of this effect had not 

been examined. In the study outlined in chapter 2 we confirmed previous 

work showing that ISMS recruits force significantly more gradually than 

does a nerve cuff in rat quadriceps muscle. Moreover, we examined the re-

cruitment of muscle fibers directly by determining which fibers had been 

active during stimulation. We demonstrated that ISMS at 3.0X threshold 

recruited significantly more slow and fatigue-resistant muscle fibers than 

did a nerve cuff. When considering this data against the populations of 

MHC-based muscle fiber classifications we determined that ISMS was 

preferentially recruiting slow muscle fibers while the nerve cuff was pref-

erentially recruiting fast muscle fibers. These results were the first to pro-

vide a detailed explanation of the force-recruitment characteristics of 

ISMS and they explain the previous findings that ISMS can produce grad-

ual force recruitment and fatigue-resistant contractions.

Given these results it seemed reasonable to expect that chronic 

ISMS might produce a muscle that was more physiologically normal in 

terms of its distribution of MHC-based fiber types and resultant functional 

properties. The reversed motor unit recruitment order common in periph-

eral FES procedures, when applied chronically, can result in a homogene-

ous muscle comprised of only slow muscle fibers (Andersen et al., 1996; 

Roy et al., 1998). This has the secondary effects of decreasing muscle 

cross-sectional area and reducing the muscle’s possible range of force out-
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puts (Gordon et al., 1997). In the study presented in chapter 3 we found 

that the muscle transformation produced by ISMS was similar to that pro-

duced by the nerve cuff in regards to both contractile elements and func-

tional properties. This suggests that total daily stimulation time may be 

more important than recruitment order in determining the final muscle 

phenotype and associated functional properties (Kernell et al., 1987). This 

work was the first attempt at chronic ISMS for a period that simulated the 

total daily time that an implant would need to function in a human.

The effects of daily, chronic ISMS on spinal cord plasticity and 

damage were unknown. In the study in chapter 4 we considered the dam-

age and the plasticity in the spinal cord as a result of chronic ISMS. We 

found that the insertion of microwires causes limited damage in line with 

what has been shown for other chronic implants in CNS tissue (Haberler 

et al., 2000). However, the chronic excitation of neural tissue with ISMS 

amplitudes sufficient to cause functional quadriceps contractions did not 

further this damage. Moreover, the force recruitment properties of ISMS 

were identical to those in acute experiments suggesting that any damage 

induced by the insertion of microwires and subsequent stimulation did not 

compromise the neural networks in the spinal cord which might have al-

tered the functional characteristics of ISMS. This was the first work to use 

a chronic rat model of ISMS which entailed a relatively large mismatch be-

tween the size of the spinal cord and the diameter and stiffness of the im-

planted 30 μm microwires. Given this fact, our observation of a limited 
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damage response due to implantation and no furtherance of this response 

with chronic ISMS is encouraging.

5.2 Future directions

Despite the encouraging results with ISMS presented here and 

elsewhere, some engineering challenges need to be addressed in order to 

encourage more research into this technique and to advance towards clini-

cal trials. These challenges can be generally placed into three categories. 

Namely, manufacture of the microwire array, implantation procedures and 

control strategies.

Currently the manufacture of ISMS arrays is a challenging process 

requiring a day of hand labor. Furthermore, the manufactured arrays are 

fragile and cannot be modified at the time of implant to adjust to the 

unique circumstances of each procedure. In order for ISMS to become 

more widely utilized, a more standardized approach to array manufacture 

must be developed. Preferably this would include the ability to customize 

the length and depth of the microwire arrays in order to accommodate in-

dividualized measurements taken using magnetic resonance imaging be-

fore manufacture. Previous results have also suggested that the mechani-

cal separation of individual microwires from one another grants the ability  

to flex with micromotion of the spinal cord which is a critical factor in pre-

venting damage and ensuring long-term stability (Polikov et al., 2005). 

The results in chapter 4 suggest that any new implant should take care not 
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to compromise the flexibility of the microwire. It may also be necessary to 

consider different insulation materials given that the stripping of the mi-

crowires during explantation demonstrated some weakness in the bonding 

of insulation to the microwires. These results, however, are not dispositive 

as it could be argued that these implants have proven to be stable over the 

long-term (Prochazka et al., 2001) and that the stripping of insulation only  

occurred during explantation of microwires, a process applied here only 

for diagnostic examination of the spinal cord.

The development of better designs for microwire arrays should also 

streamline the implantation procedure. Currently, the arrays require indi-

vidual implantation of each microwire by hand, occasionally leading to 

misplacement of the microwire tips (Guevremont and Mushahwar, 2008). 

A simplified procedure would preferably allow the surgeon to implant an 

array of microwires in one step but retain the mechanical separation of 

microwires that is critical to limiting damage. Current work is proceeding 

into the development of platforms into which multiple microwires could 

be embedded, conceptually similar to the Utah array implant (Rousche 

and Normann, 1992), which would then be inserted in one step. The plat-

form would be constructed of an adsorbent material such as a hydrogel 

polymer that could be stiff during implantation but would subsequently 

become compliant when saturated with liquid. Other alternatives include 

the use of dissolvable polymers that might be absorbed by the body follow-

ing the implant. In both cases the goal would be to simplify and standard-
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ize the implantation procedure while ensuring that microwires remain de-

tached from one another.

ISMS can produce graded, fatigue-resistant force and complex mul-

tijoint synergies utilizing simple, tonic stimulation patterns from a few 

implanted microwires (Mushahwar et al. 2007). However, the ultimate 

goal of the work is to optimize this result by employing advanced stimula-

tion and control strategies. As mentioned in section 1.4, an FES system 

employing multiple electrode contacts can take advantage of interleaved 

stimulation strategies to reduce fatigue and produce a fused contraction 

(McDonnall et al., 2004). ISMS already utilizes multiple microwires to im-

prove selectivity and take advantage of an interleaved stimulation proto-

col. To further this advantage, work has proceeded into increasing the 

number of electrode contacts along a shaft without increasing the number 

of implanted shafts. In order to accomplish this, electrodes have been de-

signed with multiple contacts along the length of the shaft, providing mul-

tiple stimulation sites in the dorsal-ventral plane (Snow et al., 2006). Fur-

ther work should consider applying these advancements while maintaining 

the smallest possible shaft diameter in order to limit insertion damage and 

maximize the flexibility of the electrodes.

In order to maximize the fatigue-resistance of ISMS, interleaved 

stimulation using a closed-loop controller has been applied (Lau et al., 

2007). In order to optimize this feature, feedback systems need to be de-
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veloped which can provide accurate data about limb kinematics and 

forces. Although this may be accomplished with external sensors such as 

accelerometers and force sensors further work should consider the possi-

bility of incorporating neural data recorded in real-time from afferent fi-

bers. The ultimate realization of this model would be to provide a brain-

machine interface that would read the intentions of the user, apply the ap-

propriate stimulation strategy and then modify this strategy based upon 

feedback from sensory afferents in the limb. It may even be possible to 

close this loop by providing this input to the brain in order to restore per-

ception of the motor task to the user. These last improvements in the 

brain-machine interface would likely require significant breakthroughs in 

the design of recording electrodes as well as our understanding of how 

neural activity in the brain creates sensation in the consciousness of the 

individual.

5.3 Conclusion

ISMS has produced graded, fatigue-resistant force in the execution 

of selected multijoint synergies using relatively simple electrodes, stimula-

tion protocols and control strategies. As we expand our knowledge of ISMS 

properties we are able to tailor the design and implantation of microwire 

arrays to optimize these results. Advances in the engineering of the ISMS 

implant will capitalize on the inherent advantages of ISMS and aid in the 

development of a clinically viable procedure to restore motor function fol-
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lowing SCI. If successful, this technique could dramatically improve the 

quality of life and independence of those living with paralysis.
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