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ABSTRACT 

CADENCE AND RANGE OF MOTION MODULATE PEDAL FORCE IN A RAT MODEL 

OF MOTORIZED CYCLING AFTER SPINAL CORD INJURY  

Gregory J.R. States 

November 16, 2022 

Motorized cycling (MC) can be utilized post-spinal cord injury (SCI) in patients 

who lack the strength and/or stability to participate in traditional physical exercise 

interventions. MC has been applied with the goal of improving locomotor function or 

cardiovascular health in both human and animal models of SCI. However, a discrepancy 

exists between the results of human and animal studies of MC, particularly regarding 

cardiovascular outcomes. Despite the abundance of studies in both humans and 

animals, the mechanism behind the improvements in cardiovascular function following 

MC are poorly understood. 

We posited that increased venous return during MC is likely due to the skeletal 

muscle pump, where muscle activity during MC would be triggered by stretch reflexes. 

As stretch reflexes are dependent on both rate and length of muscle stretch, we 

hypothesized that cycling cadence and crank length could modulate muscle activity and 

therefore hindlimb loading during cycling. Although this theory implies that more reflex 

activation during MC might lead to more cardiovascular benefits, previous work from 

Anastasia Keller in our lab demonstrated that stretching hindlimb muscles disrupted 
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locomotion, and that this disruption is dependent on nociceptive afferents. The beginning 

of this thesis is a continuation of this finding, which revealed that naltrexone – primarily a 

μ-opioid receptor antagonist – exacerbated spasticity during stretching and increased 

the rate of locomotor decline. 

When beginning studies on MC, the goal was to describe the relationship 

between electromyography (EMG), heart rate (HR)/blood pressure (BP), and pedal force 

(PF). Several design iterations of a pedal to measure force were produced. Initial studies 

testing the development of the pedals noted spasticity that was represented in the force 

traces, and a filtering technique was developed to separate spastic from non-spastic 

forces. Results from a study using this technique combined with EMG of a knee flexor 

and extensor suggest that higher cadences (≥30 RPM) increased RMS EMG and non-

spastic forces, while lower cadences (≤15 RPM) increased spastic forces. Muscle 

activity often occurred during the lengthening phase, although a significant amount of 

overlap was observed as spasticity caused coactivation of the biceps femoris and vastus 

lateralis that was most likely to occur from early-mid extension through early flexion. 

Furthermore, telemetric measurements of HR/BP were recorded with force and hindlimb 

kinematics during MC using two crank lengths and multiple cadences. The shorter crank 

length decreased range of motion (ROM) particularly in the hip and knee. The result of 

lower ROM was a decrease in spastic forces and non-spastic forces in extension, but 

not flexion. Large spastic events were associated with a brief increase in BP followed by 

a large decrease, while high cadence cycling with limited spasticity appeared to elevate 

BP and HR above baseline levels. These results suggest that MC in rats may constitute 

a mild eccentric training regimen; clinical translation may therefore be dependent on the 

ability to reflexively generate muscle contraction in patients during cycling.
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CHAPTER I 

PRIMARY AND SECONDARY COMPLICATIONS OF SPINAL CORD INJURY AND 

POST-RECOVERY REHABILITATION STRATEGIES 

Introduction 

Spinal cord injury (SCI) is a devastating condition that greatly affects quality of 

life in affected individuals. It is estimated that over 90% of SCI cases result from trauma 

to the cord in incidents such as vehicular accidents, falls, violence, or sports injuries [1]. 

In addition to the initial insult, blunt force trauma can fracture and dislocate vertebral 

bodies, causing a compression of the spinal cord that furthers neurologic damage [2]. 

Current standards of care for a patient acutely post-SCI involves surgical decompression 

that removes damaged structures to alleviate pressure on the spinal cord [3]. 

Decompressive surgery performed acutely (24 hours maximum post-injury) improves 

functional outcomes in patients [4], however they are still left with a variety of 

neurological impairments depending on the severity/location of injury. Sensory and 

motor loss occurs below the level of injury, with injuries at the cervical level associated 

with tetraplegia while lower thoracic/lumbar injuries can result in paraplegia [5].  

SCI is generally divided into primary and secondary injury. Primary injury is the 

acute results caused by the traumatic event, which is most often an impact plus 

persistent compression type injury that results in an anatomically incomplete injury [6, 7]. 

The injury disrupts both ascending and descending pathways, damages cells at the site 

of injury, and ruptures blood vessels causing an imbalance of the blood-brain barrier [8]. 

This damage causes spinal shock – loss of spinal reflexes and muscle tone below the 
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level of injury – as well as other effects such as hypoxia and ischemia [9]. Although the 

primary injury is the immediate result of the trauma, secondary injury begins minutes 

after the initial insult. This is known as acute secondary injury, which is followed by sub-

acute and chronic phases. Acute secondary injury on a larger scale includes disrupted 

blood flow to the spinal cord that further exacerbates ischemia, resulting from increasing 

pressure in the cord that obstructs smaller blood vessels and vasospasms in intact 

vessels [10]. Molecularly, cellular damage causes excitotoxicity by increasing 

extracellular concentrations of glutamate which binds to a variety of receptors to cause a 

flood of calcium ions to enter cells. Calcium is trafficked to the mitochondria via 

mitochondrial calcium uniporter proteins; overaccumulation of calcium overloads the 

mitochondria leading to cell death [11, 12]. 

Sub-acute and chronic secondary issues includes phenomena such as Wallerian 

degeneration [13], apoptosis [14], and the formation of a cystic cavity/glial scar [15]. Our 

understanding of the temporal mechanisms of injury has increased significantly, however 

the injury of the spinal cord itself is only one part of a broader picture. SCI is often 

associated with loss/disruption of sensory and motor functions such as 

spasticity/contractures, anaphia, and neuropathic pain. Recent evidence suggests that 

SCI is a whole-body disease that causes a variety of secondary consequences in 

addition to those mentioned above. These secondary complications include impairments 

of the autonomic nervous system that controls the cardiovascular, gastrointestinal, and 

urinary systems [5].  

Secondary Complications: Spasticity 

 Muscle contractures and spasticity are conditions affecting the musculoskeletal 

system that can affect upper/lower limb as well as trunk musculature depending on the 

location and severity of the injury [16]. The classic definition of spasticity is “a motor 
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disorder characterized by a velocity-dependent increase in tonic stretch reflexes 

resulting from hyperexcitability of the stretch reflex” [17]. In this definition, the stretch 

reflex is a monosynaptic pathway where afferent information is transmitted from muscle 

spindles to the spinal cord via Ia afferents [18]. These afferents synapse directly onto 

alpha motor neurons or associated interneurons; therefore, the result of a muscle 

spindle stretch is an increase in alpha motor neuron activity that causes a muscle 

contraction to resist stretch. It should be noted that the sensitivity of a muscle to stretch 

is modulated by gamma motor neurons that adjust the tension of intrafusal muscle fibers 

[19]. Gamma motor neurons receive excitatory input from centers in the brain such as 

the basal ganglia, cerebellum, and cerebral cortex, which are disrupted after SCI [20]. 

Gamma motor neuron depression is thought to contribute to the lack of stretch reflexes 

during spinal shock as H-reflexes (that bypass muscle spindles) are present [21], 

however there is evidence in cats [22] and humans [23] suggesting that enhanced 

activity of fusimotor drive does not contribute to exaggerated stretch reflexes after SCI. 

Rather, it is the hyperexcitability of this reflex pathway that is thought to cause spasticity 

following SCI, however the exact mechanisms are still not fully understood. Afferents 

themselves undergo changes following SCI, notably sprouting that increases 

connections in the dorsal spinal laminae [24, 25]. In rats, a T5 spinal cord transection 

has been shown to increase the density of both myelinated and unmyelinated fibers in 

the gray matter, with primary afferents increasing inputs onto interneurons in the dorsal 

horn that modulate hyperreflexia [26]. Although no direct connection from primary 

afferent to motor neuron was described in this study, a selective ablation of the 

pyramidal tract in rats was shown to increase the concentration of VGlut1-positive 

boutons on motor neurons suggesting a sprouting of Ia afferents to motor neurons [27]. 

This ablation caused an amplification of the H-reflex, suggesting that it may play a role in 

hyperreflexia. 
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In addition to morphological changes of sensory afferents, changes in neuronal 

connections can alter Ia afferent activity. A key modulator of Ia afferents is GABAergic 

interneurons that are traditionally thought to presynaptically inhibit Ia afferents by 

forming axoaxonic connections at the afferent terminal [28]. Interestingly, recent 

evidence suggests that GABAergic synapses may be located less distal on the axon at 

the Nodes of Ranvier in addition to GABAA receptors on the sensory afferent itself [29].  

Regardless of location, loss of GABAergic tone following SCI is a likely mechanism for 

spasticity, which is supported by animal models [30] and the use of the GABA agonist 

baclofen to treat spasticity in patients [31]. The causes of decreased GABAergic tone 

are likely multifactorial; however, a key factor is the loss of GABAergic neurons following 

SCI  [32, 33]. Genes that modulate apoptosis are either positively upregulated (NF-κB 

p65/p50) or negatively downregulated (c-Rel) causing cell death of GABAergic 

interneurons in the upper dorsal horn that modulate inhibition of Ia afferent terminals [34, 

35]. In addition to the loss of inhibition from cell death, the action of remaining 

GABAergic interneurons can be reversed by spinal cord injury, causing them to become 

excitatory instead of inhibitory. This change is hypothesized to lead to a sensitization of 

nociceptive circuitry that can cause chronic pain in SCI patients. 

Secondary Complications: Pain 

 Chronic pain is a debilitating consequence of SCI affecting up to 67% of patients 

[36]. Of particular concern is the development of neuropathic pain, where affected 

individuals experience chronic pain at or below the level of injury that is difficult to treat 

with traditional methods [37]. As is the case with spasticity the causes of neuropathic 

pain are not fully understood, however GABA may also play a role. In the normally 

developed mature spinal cord, activation of GABAA receptors causes Cl- ions to flow into 

the cell causing more negative membrane potentials and a inhibitory effect [38]. This 
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effect is only possible due to low intracellular concentrations of Cl-, which is maintained 

by the K-Cl co-transporter KCC2 [39]. The concentration of membrane bound KCC2 

post-SCI is decreased in cells below the level of injury, causing an increase in 

intracellular Cl- concentration that reverses the effect of GABA and may cause 

hypersensitivity associated with neuropathic pain [40]. Specifically, it has been 

demonstrated that application of 8-Hydroxy-DPAT hydrobromide (5HT-IA receptor 

antagonist) or lesion of the dorsolateral funiculus can induce an antinociceptive effect 

from GABA similar to that observed from SCI, suggesting descending serotonergic fibers 

play a role in this phenomenon [41]. Non-neuronal mechanisms have also been 

implicated in the development of neuropathic pain, notably glia. SCI causes activation of 

microglia in the spinal cord, which is associated with production of pro-inflammatory 

cytokines and activation of p38 MAP-kinase pathways involved with injury response and 

cell death [42, 43], and the inhibition of members of this pathway have been shown to 

reduce allodynia in animal models of SCI [44] and peripheral nerve injury [45].  

 There is currently no universal treatment for neuropathic pain. Traditional pain 

treatments such as opioids remain controversial; although they have been shown via 

systematic review to have limited effect on neuropathic pain in patients [46, 47] opioids 

remain highly prescribed and used in clinical trials [48]. Animal models have hinted at 

potential causes to the lack of opioid efficacy, as studies have shown reduction of μ-

opioid receptor expression in the dorsal horn following both peripheral axotomy [49] and 

contusive SCI [50]. Additionally, opioid receptors are expressed on glial cells [51] and 

administration of opioids can activate microglia producing pro-inflammatory cytokines 

similar to the effects of SCI [52, 53].  

As opioids remain controversial, a wide variety of pharmacological [54] and 

surgical interventions [55] have been administered to treat neuropathic pain with mixed 
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success. Additionally, a growing body of evidence from work in animals suggests that 

exercise may play a role in decreasing the development of neuropathic pain. For 

example, it has been shown that acute forced wheel running is capable of decreasing 

sprouting of non-peptidergic fibers at the level of injury [56], although the same grouped 

also showed that forced wheel running after rats had already developed allodynia was 

ineffective [57]. Exercise has also been shown to influence the density of peptidergic 

fibers, as treadmill training was shown to reduce the density of CGRP+ afferents in the 

dorsal horn [58-60].  

Secondary Complications: Cardiovascular Dysfunction 

 Cardiovascular disease (CVD) is highly prevalent in the SCI population with an 

estimated 30-50% incidence rate compared to 5-10% in the uninjured population [61]. 

Cardiovascular complications are more likely to develop when a SCI is at the T5 spinal 

segment or higher [62] due to the anatomical differences between sympathetic and 

parasympathetic branches of the autonomic nervous system that are involved in 

regulating control of the cardiovascular system [63]. While sympathetic preganglionic 

neurons that innervate the heart are found in the T1-T5 spinal cord, parasympathetic 

control of the heart is modulated by the vagus nerve which does not enter the spinal 

cord [64]. This dysregulation between sympathetic and parasympathetic nervous system 

can result in life threatening consequences such as autonomic dysreflexia (AD), where a 

stimuli below the level of injury causes sympathetic outflow that is normally modulated 

by descending vasomotor pathways [65]. Sympathetic outflow to the peripheral 

vasculature causes hypertension, which reaches life threatening levels in SCI patients 

as this sympathetic activity is no longer modulated by descending inhibition. In response 

to hypertension, activity of the vagus nerve increases due to baroreceptor activity which 

can lead to a counter-acting bradycardia [66].  
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 Autonomic dysreflexia is a severe example of an acute cardiovascular event, 

however SCI is also linked to sustained changes in risk factors linked to cardiovascular 

dysfunction. Decreased physical activity plays a large role in in the development of CVD, 

as inactivity causes a decrease in circulating blood volume [67] and is linked to 

increased risk factors such as increased fat accumulation and diabetes [68]. 

Furthermore, inactivity combined with a loss of descending excitatory cardiac input 

causes a decrease in loading of the heart due to a reduction in mean arterial pressure 

and end-diastolic volume [69]. This unloading leads to a remodeling of the heart that 

includes reduced left ventricular volume, as well as reduced stroke volume and cardiac 

output (CO) [70]. The overall effect is a variety of chronic conditions, such as 

hypertensive/ischemic heart disease [71] and ventricular arrhythmias [72].  

 Exercise is known to affect cardiovascular health, and the effect of exercise on 

the heart is multifaceted. Molecularly, exercise releases a variety of signaling molecules 

such as insulin-like growth factor 1 (IGF-1), neuregulin-1 (NRG-1) and circulating 

catecholamines that influence heart health [73]. IGF-1 and NRG-1 both activate the 

phosphoinositide-3 kinase/serine-threonine kinase pathway, which upregulates 

downstream transcription factors C/EBPβ and CITED4 that both play roles in heart 

weight and cardiomyocyte size [74]. Catecholamines such as epinephrine and 

norepinephrine activate nitric oxide synthase which has been shown to reduce 

myocardial fibrosis and modulate vascular tone [75]. On a macro scale, exercise 

increases stroke volume and CO which places an increased load on the heart that 

results in hypertrophy. A prevailing – albeit controversial – theory for a mechanism 

behind increased stroke volume during exercise is the skeletal muscle pump, a 

mechanism by which rhythmic contraction of lower limb muscles impart kinetic energy to 

venous capacitance vessels to facilitate its return to the heart [76, 77]. The skeletal 
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muscle pump has also been theorized to play a role in muscle hyperemia during 

exercise. Evidence for this theory likely originated with pioneering work which 

demonstrated that venous pressure at the ankle during exercise initially increased but 

then progressively decreased until a plateau was reached, then returned to baseline 

values after approximately 30 seconds after the cessation of exercise [78, 79]. The 

relationship between blood flow and venous/arterial pressure can be estimated using the 

Hagen-Poiseuille equation: 

𝑄 =
∆𝑝𝜋𝑟4

8𝜂𝑙
 , 

where Q is blood flow, Δp is the difference between arterial pressure (Pa) and venous 

pressure (Pv), r is the radius of the blood vessel, η is the viscosity of blood, and l is the 

length of the blood vessel [80]. Since resistance (R) is given as [81] 

𝑅 =
8𝜂𝑙

𝜋𝑟4
 , 

The equation can be written as 

𝑄 =
𝑃𝑎 − 𝑃𝑣

𝑅
 

and we can see how a decrease in venous pressure leads to an increase in blood flow to 

the muscle. In summary, the skeletal muscle pump postulates that a muscle contraction 

pushes blood out of the veins and increases the driving pressure of the blood back to the 

heart. Upon relaxation, a pressure gradient is created as the venous pressure has been 

decreased due to the emptied veins, and as a result oxygenated arterial blood can 

perfuse into the active muscle. However, as R is highly dependent on r, it has been 

argued that vasodilation – not the skeletal muscle pump – is responsible to exercise 

induced hyperemia based on evidence that the effects of muscle contraction on limb 
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blood flow is eliminated when the limb vasculature is dilated using adenosine [76]. 

However, in vitro analysis of several vasodilators demonstrated that vasodilation occurs 

over a longer time course compared to the hyperemic effect seen during muscle 

contraction (>4 seconds compared to 1-2 seconds) [82], suggesting that the skeletal 

muscle pump likely still plays a role. 

Rehabilitation strategies following SCI 

 Restoration of motor function is often an aim in rehabilitation following SCI, as 

most injuries are incomplete [83]. Task specific training, such as walking overground or 

using a treadmill, is thought to provide proprioceptive information that trains central 

pattern generator (CPG) circuitry in the spinal cord [84]. Although it is sometimes 

thought of as the primary outcome of rehabilitation, there exist a multitude of 

rehabilitation techniques to target various functional outcomes. As patients prioritize 

functions such as bowel/bladder function, pain relief, and spasticity reduction, 

rehabilitation after SCI has begun to examine these outcomes in addition to locomotor 

function [85, 86]. Care must also be taken to apply training and exercise in an 

appropriate manner; exercise can positively affect cardiovascular, metabolic, and mental 

health, but SCI patients often have reduced cardiovascular capacity and are at risk for 

complications such as autonomic dysreflexia and bone fractures due to factors such as 

disrupted autonomic function and reduced bone density, respectively [87]. 

Gait Training 

Gait training is a rehabilitation strategy where a locomotor movement is applied 

over an extended period with the goal of eliciting a functional benefit such as adaptive 

changes to neuronal circuitry, increased walking endurance/muscle mass, or reduced 

pain and/or spasticity [88]. While seemingly straightforward, a variety of factors can be 

modified such as movement speed, range of motion, body weight support (BWS), and 
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the degree and manner that physical assistance is applied to aid in the motion of the 

lower limbs. For example, many gait training procedures involve BWS treadmill training 

(BWSTT), with manual lower limb assistance provided by physical therapists. This 

contrasts with overground gait training, where patients must navigate with limited upper 

body support and aid to the lower limbs [89]. Additionally, semi-recent technological 

advancements have allowed for strategies such as robot-assisted gait training (RAST) or 

functional electrical stimulation (FES) gait training.  

A prevailing argument in the SCI research community concerns the relative 

efficacy of various gait training methods. Despite a wealth of clinical trials, no superior 

technology has emerged. For example, a recent systematic review compared BWSTT, 

RAST, and overground gait training involving 586 subjects over thirteen controlled trials 

and found all three training methods increased walking speed and distance, although 

overground gait training was slightly superior [90]. Similar reviews have found 

comparable results, with BWSTT and FES training both providing benefits to functional 

ambulation [91]. Another meta-analysis found no difference in outcome measures such 

as walking speed/capacity when comparing BWSTT, overground, or RAST,  [92] 

however an updated version [93] noted that in one study the group receiving RAST had 

significantly worse outcomes compared to BWSTT or overground gait training [94]. 

However, recent meta-analyses and controlled trials have shown RAST can improve 

walking ability in SCI patients using outcome measures such as lower extremity motor 

score and walking ability [95-97], suggesting some functional benefit may be gained 

using this approach. 

Gait training has also been used extensively in animal models of SCI, however 

clinical translation of these findings has been limited [98]. Methods of gait training have 

been adapted to rodents, such as treadmill training (both quadrupedal [99] and bipedal 
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[100]), voluntary walking to mimic overground training [56, 57], and even RAST [101]. 

Despite the faithful translations of the rehabilitation methods, one of the main limitations 

is contusion models of SCI in rodents recover locomotion spontaneously, unlike humans 

[102]. This recovery is thought to be due to CPG circuitry which produces stepping 

motions that become dependent on afferent information from the periphery [103]. 

Supporting this claim are studies demonstrating that Egr3 mutant mice that lack normal 

muscle spindle afferents show diminished locomotor recovery following hemisection 

injury despite the animals having proficient pre-injury locomotion [104]. This finding was 

later expanded to parvalbumin expressing neurons that carry proprioceptive information, 

which were shown to be necessary for initiation and maintenance of spontaneous 

locomotor recovery using temporal ablation during recovery [105]. Although it has been 

thought that the afferent information needs to be task specific to train the CPG circuitry, 

recent evidence from cats suggests that stand training alone may be sufficient to induce 

locomotor recovery [106]. 

Eccentric Training 

 Eccentric muscle contractions – where a muscle is exerting force during the 

lengthening phase – have been commonly incorporated into fitness regimens in the form 

of resistance training [107]. Resistance training has a well-documented effect on 

muscular properties [108, 109], however some controversy exists around eccentric 

training as it can cause muscle damage and pain when improperly applied [110], likely 

due at least in part to overextension/disruption of sarcomeres in myofibrils [111]. 

Although there are risks, a benefit of eccentric training is that it requires less muscle 

activity and therefore has a lower metabolic demand when compared to force-matched 

concentric exercise [112]. An increased interest has been placed on eccentric training 

post-SCI with promising results. Several clinical studies suggest that benefits may be 
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neurologic in nature, showing eccentric training increased afferent modulation of motor 

neurons using H-reflex testing [113], improved eccentric strength without altering 

muscular hypertrophy [114], and induced white-matter plasticity in brain and spinal cord 

regions measured using myelin water imaging [115]. Similar results have been found in 

animal studies; downhill locomotion was able to restore a dormant EMG bursting pattern 

in T8 moderate contusion injury model in rats [116], while improving locomotor outcomes 

such as hip height and knee range of motion in mice [115]. Interestingly, the latter study 

associates this recovery with oligodendrocytes despite some controversy regarding their 

role in recovery of locomotor function [117]. 

Stretching 

Lower-limb stretching is a commonly used clinical practice post-SCI, with the 

rationale of preventing spasticity and muscle contractures [118]. The rationale for the 

use of stretching following SCI comes from a mix of human and animal literature, 

however much of this work was performed in spinally intact populations. Clinically, both 

static and dynamic stretch have been shown to increase range of motion (ROM) in the 

range of 4-10° in the knee and ankle [119-121], while in intact rats it was demonstrated 

that muscle shortening and reduced joint range of motion following cast immobilization 

can be mitigated with intermittent stretching therapies [122]. Although stretching is a 

recommended spasticity management tool post SCI, the rationale is still not well 

described/understood [123-125]. Additionally, stretching provides afferent information to 

the cord from muscle proprioceptors, which can influence locomotor recovery post-SCI 

[104, 105]. Work in a rat model of SCI suggests that the effects of this information during 

stretching may be maladaptive. For example, a static stretching protocol of 30 minutes 

per day (2 x 1 minute of static stretch per muscle group) has been shown to decrease 

locomotor function after only one week [126, 127]. These effects are not limited to static 
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stretching, as rats that underwent dynamic stretching (2 seconds of stretch followed by 1 

second of rest for 2 x 1 minute per muscle group) demonstrated similar locomotor 

deficits [128]. This response appears to be due in part to nociceptive information, as rats 

that were treated with capsaicin as neonates (thus lacking TRPV1+ C-fiber innervation) 

retained greater locomotor function following stretching compared to normal stretched 

animals [129]. Both groups of stretched animals had larger number of c-Fos positive 

nuclei in the spinal gray matter compared to un-stretched controls, suggesting the 

effects of stretching are spinally mediated and potentially due to aberrant afferent 

stimulation.  

 Although stretching may be thought to “overstimulate” the spinal cord, it should 

be noted that afferent input delivered with more specific timing can also influence the 

function of spinal cord circuitry [130]. For example, fully transected rats that receive a 

shock in relation to an extended hindlimb position learn to keep their leg in a flexed 

position, while rats that are shocked independent of leg position do not learn this 

behavior [131, 132]. It should be noted that while these studies describe spinal learning 

in one limb, the spinal cord holds the ability to modulate stepping bilaterally. This effect 

has been demonstrated in split-belt treadmill experiments, where animals with fully 

transected spinal cords are able to independently modulate step-stance cycles on the 

right and left sides to maintain body position in response to variations in treadmill speed 

between limbs [133]. Similar results have been demonstrated during human gait [134, 

135], suggesting that coordination of the limbs occurs at the spinal level in both 

quadrupedal and bipedal gait. This synchronization is dependent on afferent sensory 

information from the limbs, suggesting that the importance of timing on spinal learning 

could be dependent on the position of one limb relative to the stimulus, as well as its 

position relative to the opposite limb. 
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Functional Electrical Stimulation (FES) Cycling 

 FES cycling is a technique where electrical stimulation is applied via 

transcutaneous electrodes to paralyzed muscles in a timed fashion to produce a cycling 

movement. In theory, this technique should mimic voluntary exercise training as muscle 

contractions are being performed in a coordinated manner. Indeed, patients have 

anecdotally described benefits of FES cycling that are ascribed to traditional exercise 

such as muscle function, cardiovascular health, and general improvements in quality of 

life [136]. As with traditional cycling, a goal of FES cycling is often to improve the overall 

health and/or power output of lower limb musculature. Although FES cycling is becoming 

more widely used, it remains expensive and the need for trained personnel further limits 

availability to individuals with SCI. This issue is reflected in the literature; a recent 

systematic review on FES cycling found 92 studies meeting eligibility criteria, however a 

combined assessment of bias [137, 138] revealed only two Level 1 studies (randomized 

controlled trials with low risk of bias) and seven Level 2 studies (randomized controlled 

trials with high risk of bias or non-randomized controlled trials with low/moderate risk of 

bias) [139]. Both Level 1 studies found FES cycling to be safe as assessed by recording 

adverse events [140] or leg swelling [141], although no improvement in leg swelling was 

observed. Only one investigated muscle hypertrophy as assessed by cross-sectional 

area (CSA), which found no effect of training [140], and no significant differences were 

found in any outcome measures in either study (body composition/quality of life [140], 

urine output/spasticity using the Ashworth Scale or self-reported [141]). Results from the 

Level 2 studies are more positive; 3/7 investigated muscle health and all three found 

significant improvements from FES cycling in thigh muscle volume [142], lean body 

mass [143], or CSA [144] . Although none of the Level 1 or 2 studies investigated 

cardiovascular outcomes, 12/17 Level 3 studies and 4/4 Level 4 studies reported 
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benefits [139] including increased resting CO [145], stroke volume [146], and oxygen 

pulse [147], suggesting that FES cycling may be a feasible therapy for improving 

cardiovascular health in the SCI population despite more evidence being needed. 

Motorized Cycling (Humans) 

 The literature on human motorized cycling (MC) is widely varied, as researchers 

are using MC to approach a variety of health problems using heterogeneous outcome 

measures. For example, there are a variety of negative health effects associated with 

modern sedentary lifestyle [148] such as body mass index, triglyceride content, and 

plasma glucose levels [149, 150].  Researchers have recently investigated the effects of 

MC on healthy populations, with outcome measures of energy expenditure (measured 

using indirect calorimetry), heart rate, and oral glucose levels [151]. MC for 30 minutes 

caused a modest (although significant) increase in energy expenditure and heart rate 

compared to sitting, although the effects of moderate intensity cycling were significantly 

more pronounced. The results from this study suggest that, at least in a non-injured 

population, MC may be capable of inducing a muscular response that can help to reduce 

cardio-metabolic risk factors. However, it should be noted that cycling frequency in this 

study was 80 RPM (very high). 

 The cardiovascular response to passive cycling has been of interest for several 

decades. An earlier study investigating the differences between active and passive 

exercise was performed by Norbega et al. [152]. In this study, the cardiovascular 

responses to passive and active cycling were measured at frequencies of 40 and 60 

RPM. CO was increased in both groups, although active cycling elicited a higher CO 

compared to passive cycling. Interestingly, the mechanisms behind this increased CO 

were different between active and passive cycling. Active cycling induced an increase in 

heart rate, while stroke volume (SV) remained unchanged. Conversely, passive cycling 



16 
 

resulted in an elevation of SV while heart rate remained unchanged. The authors 

speculate that this could be due to peripheral afferent reflexes and increased venous 

return of blood to the heart resulting from passive movement of muscles. This 

hypothesis is supported by the work of Figoni and Muraki et al., who demonstrated that 

MC is capable of increasing CO in patients with SCI [153-155]. 

 As mentioned earlier, the results in cardiovascular outcomes from MC studies 

are varied and several studies report negative findings. For example, Thomas et al. 

investigated the effects of passive limb movements on CO and SV in both able-bodied 

and spinal cord injured subjects, and did not detect significant changes in either group 

[156]. These results are supported by the work of Ter Woerds et al., who specifically 

investigated blood flow in the femoral artery using Doppler sonography [157]. The results 

from this study suggested that neither passive limb movements nor passive cycling are 

capable of inducing changes in femoral blood flow in either able-bodied or SCI subjects. 

Contrary to these results, a similar study around the same time demonstrated that peak 

femoral blood flow velocity was increased following passive cycling in SCI subjects 

[158]. Although criticisms of this study have suggested that flow changes could be a 

result of postural changes during the affixation of the probe [159], the authors challenge 

these criticisms by noting that postural changes were introduced during baseline 

measurements as well, and that postural changes were performed at least 30 seconds 

before termination of the cycling exercise. 

Passive Hindlimb Cycling (Rodents) 

 MC has been used to study a variety of issues in rodents other than 

cardiovascular function. One area of interest is the effects of neuronal plasticity following 

damage to the nervous system. For example, daily MC has been shown to increase the 

number of regenerating myelinated fibers following sciatic nerve transection at a similar 
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rate as forced treadmill walking [160]. Changes following peripheral nerve injury are not 

limited to the axons in the affected nerve, as passive cycling has also been shown to 

preserve synapses and perineuronal nets in axotomized motor neurons following sciatic 

nerve transection [161]. Additionally, recent studies have implied that MC may affect 

changes in motor neurons following SCI in addition to peripheral nerve injury. Gene 

expression of motor neurons appears to be affected by passive cycling. Genes involved 

in neuronal plasticity, such as BDNF, GDNF, and NT-4 are upregulated following MC 

[162], while a more complex response was seen following MC in genes regulating 

neuronal excitability, such as serotonin receptors and potassium-chloride cotransporter 

member 5 [163]. Interestingly, MC has been shown to reduce the sprouting of non-

peptidergic c-fibers [56] and reduce hyperexcitability [164, 165] following SCI, implying 

the possibility of cell-type specific changes resulting from MC. This idea is supported by 

results demonstrating that MC can induce differential gene expression in motor neurons, 

DRG neurons, and neurons in the intermediate gray area following SCI [162]. MC has 

also been shown to affect limb musculature, as one of the earliest studies using a rodent 

model found that daily training limited muscle atrophy by inducing changes in myofiber 

size without inducing changes in fiber type [166]. 

 The effects of passive limb cycling on the cardiovascular system are more 

pronounced in rodent models of SCI compared to humans. A pioneering study by West 

et al. described the effects of MC on cardiovascular function in a T2 spinal transection 

model using a variety of outcome measures [69]. SCI rats that received daily passive 

cycling were able to maintain higher systolic blood pressure and mean arterial pressure 

compared to SCI controls. Furthermore, the MC group exhibited increased end-

systolic/diastolic volume, increased SV, and increased CO compared to SCI controls. 

These results are supported in a following study from the same group, which 
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demonstrated that these effects are only maintained in the immediate period following 

training [167]. These results have been further validated by demonstrating that MC could 

return SV and CO to control levels, while swim training (purely forelimb exercise) did not 

[168]. Finally, rodent models of MC have been shown to reduce the severity of 

autonomic dysreflexia in response to colorectal distension [169]. This muted response is 

associated with reduced sprouting of CGRP+ afferent fibers in the L3/L4 spinal cord in 

the MC group. 

Closing Remarks 

There exists a discrepancy between the results of human and animal studies 

regarding outcomes from MC interventions. In general, translation of animal work 

remains a pressing issue in all of science; differences between a human and a rat are 

numerous both anatomically and physiologically, confounding interpretation. Given these 

anatomical differences, it is surprising that the biomechanics of passive cycling seem to 

be rarely considered in both human and animal work. Cycling frequency, body/limb 

position and crank length (specifically ratio of crank to limb length) can have a drastic 

effect on the magnitude and rate of muscle stretch. The rate of cycling frequency in 

human literature is consistently reported but can vary widely between studies. Body 

position is clearly different between animal and human studies; rats are suspended 

above an ergometer while humans are often seated with an ergometer in front of a chair. 

Furthermore, body position is inconsistent from study to study whether animal or human 

studies. These differences may explain why animal models of passive cycling appear to 

be capable of eliciting timing-specific bursts of EMG activity [166], while human studies 

have not [152]. 

Supraspinal input is either impaired or eliminated following SCI, which causes the 

spinal circuitry below the lesion to be driven predominately by sensory input from the 
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periphery. Activation of stretch reflexes is dependent on both rate and length of muscle 

stretch [170], which would be amplified post-SCI due the loss of descending control that 

appears as hyperreflexia, spasticity and clonus. Some of the contrasting results between 

MC studies in humans and MC in animals could then be explained by differences in 

cycling biomechanics, where different muscles were stretched to different lengths and/or 

at different rates, thus resulting in different amplitudes and timing of muscle activation 

and clouding the interpretation of the data.  

MC is a unique therapeutic technique that combines aspects of muscle stretch 

with exercise/eccentric training, as muscle activity elicited by stretching will occur during 

the lengthening phase. Although rhythmic stretching during MC is considered safe, the 

results from our lab described earlier indicate that dynamic hindlimb stretching above a 

certain force threshold post-SCI can cause locomotor deficits, just as tonic stretch-and-

hold maneuvers can [128]. As a goal of this project is translation, a first step was to ask 

if stretch induced deficits in locomotion were mediated by opoidergic circuitry. Next, 

questions about the rat model of MC could be asked. It should be noted that previous 

studies of MC in rats have used a transection model of SCI, even though almost 70% of 

clinical cases are incomplete injuries [83]. This may be due to ease of use, as rats with 

residual limb function could theoretically break free of the pedal restraints. We proposed 

that a severe contusion model would be more clinically relevant for studying passive 

cycling and thus one goal is to compare the pedal reaction forces generated by animals 

with severe contusions and transections. Can the generated forces be modulated by 

cycle cadence or range of motion? If so, how does force produced at the pedals relate to 

EMG in large hindlimb muscles (e.g., knee flexors/extensors)? Finally, are 

cardiovascular responses to MC based purely on passive movement, or is there a 

relationship between blood pressure/heart rate and pedal reaction forces? Based on 
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these questions, the goal of this study was to create a framework for measuring and 

synchronizing force, hindlimb kinematics, and telemetric data (hindlimb muscle EMG 

arterial pressure/heart rate) and describe the relationship of these outcomes to crank 

length and cadence. 

Specific Aims and Hypothesis 

Aim 1: Determine the effect of an opioid antagonist on stretch-induced locomotor 

deficits. 

Previous work from our lab demonstrates that stretching does not result in a 

significant reduction in locomotor function in animals that were treated with a systemic 

injection of capsaicin as neonates, and thus lack TRPV1+ C-fibers [171]. This suggests 

that nociceptive afferents play a role in stretch-induced locomotor deficits. We 

hypothesize that administration of naltrexone (opioid antagonist) will mitigate the 

negative effect of stretching on locomotor function in rats with SCIs. 

Aim 2: Describe the relationship of MC parameters (cycle frequency and crank length) 

with EMG responses of knee flexor and extensor muscles, and pedal reaction forces in a 

rat model of high-thoracic severe, but incomplete SCI. 

As mentioned previously, it has been demonstrated that the stretch reflex is 

dependent on the rate and length of muscle stretch [170]. However, muscle force can 

also be generated passively when muscles are stretched past their resting length [172]. 

Therefore, it is necessary that we describe the activity of the muscles during cycling, as 

well as how muscle activity and force output are altered by varying cycling parameters. 

We hypothesize that EMG activity during cycling will be induced during the lengthening 

phase at a rate corresponding to length and rate of muscle stretch. Furthermore, EMG 

activity will correspond with PF such that muscle contraction will primarily be eccentric. 
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Aim 3: Describe the relationship of force generation during MC and instantaneous 

cardiac function in a rat model of incomplete SCI. 

Higher forces generated during MC suggest increased venous return to the heart 

from the skeletal muscle pump and increased arterial pressure and reduced heart rate. 

We hypothesize that systolic pressure and heart rate will be elevated during cycling, and 

that sharp increases in arterial blood pressure will be associated with higher forces.
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CHAPTER II 

BROAD OPIOID ANTAGONISM AMPLIFIES DISRUPTION OF LOCOMOTOR 

FUNCTION FOLLOWING THERAPY-LIKE HINDLIMB STRETCHING IN SPINAL CORD 

INJURED RATS 

Introduction 

Stretching is a widely applied therapy for preventing and reducing spasticity and 

contractures resulting from spinal cord injury (SCI) while attempting to maintain or 

increase joint range of motion in this population [118]. The rationale for the use of 

stretching following SCI is largely based on studies in intact rats demonstrating that 

muscle shortening and reduced joint range of motion following cast immobilization can 

be mitigated with intermittent stretching therapies [122]. While increased range of motion 

has been seen in spinally intact animals, studies from our lab indicate that daily hindlimb 

stretching does not improve joint contractures following contusive SCI, and furthermore, 

it results in deficits in locomotor function compared to unstretched SCI control animals 

[126]. These deficits are present when stretching is applied at acute or chronic 

timepoints [127] using either static or dynamic stretching protocols [128] without overt 

signs of muscle damage. Although the mechanisms behind this dysfunction are not 

entirely clear, we found that SCI animals depleted of TRPV1+ unmyelinated primary 

afferents (predominantly nociceptors) are less affected by daily stretching compared to 

SCI controls [171], showing that nociceptors contribute to stretch-induced locomotor 

deficits, likely by their activation. 



23 
 

We therefore sought to address the mechanisms by which this presumed 

nociceptive input may be acting on locomotor capacity. We considered the endogenous 

opioid system due to its known role in pain control, effects on locomotor output, and 

common clinical use after SCI. Opioid receptors (μ, δ, and κ) are expressed in DRG 

neurons and second-order neurons, with the highest levels expressed in the substantia 

gelatinosa of the dorsal horn [173]. All classes of opioid receptors are coupled to 

inhibitory G proteins which depress neuronal firing rates by affecting downstream targets 

such as adenylate cyclase and pre/post-synaptic ion channel properties [174]. Following 

SCI or any severe tissue injury, opioid systems in the spinal cord and brain facilitate an 

adaptive compensatory response to inhibit pain [175]. Additionally, SCI can result in 

sensitization of the nociceptive response below the level of injury by several methods, 

including disruption of descending pathways, reduced spinal GABA levels, and altered 

Cl- equilibrium potential [176]. It has been suggested that endogenous opioids may 

counteract or mask a nociceptor hyperfunctional state, as the opioid antagonist 

naltrexone was shown to reinstate pain-like behaviors when administered months after 

nociceptor activation and sensitization by peripheral administration of complete Freund's 

adjuvant [177]. Based on this background, we chose to use naltrexone to investigate the 

role of endogenous opioids in the stretching phenomenon. Naltrexone is a long-lasting 

antagonist of µ- and κ-opioid receptors, which are primarily located on peptidergic 

afferents and associated nociceptive circuitry [178, 179]. 
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Materials and Methods 

Experimental design  

 A summary of the experimental design is shown in Figure 1. Eight adult female 

Sprague-Dawley rats (225-250 g, Envigo, Indianapolis, IN) were acclimated in their 

home cages for two weeks then divided into two groups: drug-treated (n=4) and vehicle-

treated (n=4). We performed stretching on weekdays during post-SCI weeks 6, 8, and 

11. No stretching was performed during post-SCI weeks 7, 9, and 10. Stretch and non-

stretch weeks were intercalated to assess the effect of drug on the known post-stretch 

recovery of locomotor function, as well as allow for sensory measurements in the 

absence of an acute effect of stretching. 
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Figure 1. Timeline indicating the key timepoints for the naltrexone stretching 

study.  

Spinal cord injuries are performed at T0. “Burrito” refers to wrapping animals in towels 

for the duration of a normal stretch session without applying stretch to control for 

possible stress. BBB, Basso Beatie Bresnehan Open Field Locomotor Scale. 
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Spinal cord injury 

Animals were anesthetized with a ketamine (50 mg/kg)/xylazine (0.024mg/kg) 

cocktail to provide a surgical level of anesthesia as confirmed by the absence of paw 

withdrawal reflexes in response to toe pinch. The back of each animal was shaved and 

treated to produce an aseptic incision area. Next, a midline incision was made over the 

lower thoracic spine, followed by a laminectomy of the T9 vertebra. A spinal cord 

contusion was delivered using the NYU Impactor set to 25g-cm as previously described 

[180]. This magnitude of injury is generally considered to be “moderately-severe” and is 

selected for these studies because it is incomplete and spares a meaningful degree of 

motor function like many clinical injuries. 

Drug dosing and administration 

Naltrexone hydrochloride (Sigma-Aldrich Corporation, St. Louis, MO) was 

dissolved in saline and aliquoted for use in coded vials such that experimenters 

performing stretching, assessments, and analysis were blinded to the drug group. Prior 

to stretching or other sensory evaluations, experimental rats were given subcutaneous 

injections of the naltrexone-saline mixture (15 mg/kg) while control rats were given an 

equivalent volume of saline. Drug dose was selected based on its efficacy in other 

studies examining the impact of nociceptive sensory input on spinal motor function [181]. 

Drug/vehicle was given at least 15 minutes prior to stretching or evaluations based on 

evidence that the drug would be present in plasma at this time [182]. 

Stretching protocol and evaluation 

Our daily stretching protocol has been thoroughly described previously [126-128, 

171, 183]. The protocol consists of stretches applied to the 6 major hindlimb muscle 

groups bilaterally: an ankle extension (tibialis anterior), an ankle flexion/knee extension 
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(triceps suare), knee extension/hip flexion (posterior biceps femoris/semitendinosus), 

knee flexion/hip extension (vastus lateralis/intermedius/medialis and recuts femoris), hip 

abduction (adductors brevis, longus, magnus, minimus, pectineus, gracilis, and 

obturator), and adduction (gluteus, iliopsoas). Each stretch was held at the end of range-

of-motion for 1 minute and repeated once for a total of ~24 minutes of stretching/day. 

During the stretching sessions, 4 researchers (blinded to experimental groups) were 

assigned such that the number of times a researcher stretched each rat was minimized 

while maintaining an approximately even distribution of rats from each experimental 

group that were stretched by an individual. Responses displayed after each stretch such 

as kicking, clonic-like spasticity, or withdrawal were noted. Responses were given a 

score of 1, 2, or 3 for mild/infrequent, moderate/frequent, and severe/very often as 

previously described [171]. To control for the effects of handling on locomotor function, 

animals were wrapped in a towel daily for 24 minutes, but not stretched, for 5 days 

(week 5 post-injury) when locomotor function had plateaued.  

Locomotor assessments 

Locomotor function was assessed using the BBB Open Field Locomotor Scale 

[184]. Baseline measurements were taken pre-injury followed by weekly post-injury 

assessments (weeks 1-4) to describe recovery. During week 5 (no stretching, towel 

wrapping), BBB scores were assessed Monday (pre-towel wrapping) and Friday (post-

towel wrapping). During week 6, BBB scores were assessed 3 times per week at three 

daily time-points (Monday, Wednesday, and Friday) as follows: point 1 (pre-stretching, 

pre-injection), point 2 (pre-stretching, post-injection), and point 3 (post-stretching, post-

injection). During week 8, BBB scores were assessed 3 times per week at two daily 

time-points as follows: point 1 (pre-stretching, pre-injection) and point 2 (post-stretching, 
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post-injection). During week 11, animals were evaluated before stretching, and once 

after each stretching session. 

Sensory assessments 

 Two sensory tests were employed to investigate the role of naltrexone on 

sensorimotor function. First, a tail-flick assay was employed to assess thermal sensitivity 

using a radiant heat tail-flick device (Columbus Instruments, Columbus, Ohio, USA). A 

rat was placed on the platform and gently restrained, while the base of the tail was 

placed above the photocell for thermal stimulation. Intensity of the heat source was set 

to 10 out of 25, with a maximum duration of 10 seconds for each trial to avoid tissue 

damage. For each rat, a baseline tail-flick latency was measured three times with 30 

seconds between measurements. Following baseline testing, each rat was administered 

a naltrexone dose (or saline) and re-tested 30 minutes later.  

Secondly, magnetic stimulation-evoked EMG responses were assessed in the 

gastrocnemius as previously described [126, 180]. Briefly, each rat was restrained onto 

a solid flat board using a cloth stockinette. 26-G needle electrodes were inserted into the 

lateral gastrocnemius muscles bilaterally. A figure eight magnetic transducer coil 

(MagStim 1165-00, Magstim Inc., Eden Prairie, MN) was placed at the base of the tail to 

directly stimulate afferent nerves. A stimulus amplitude of 80% output was used to 

induce a maximal response while avoiding direct stimulation of the spinal cord or 

muscles, which can be identified by a reduced latency. EMGs were elicited using a 

MagStim 200 Mono Pulse (Magstim Inc., Eden Prairie, MN), and recorded using a 

Cadwell Sierra II EMG system (Cadwell Industries Inc., Kennewick, WA). Following the 

baseline test, rats were given the drug or vehicle and re-tested 30 minutes later. Each 

sensory assessment was performed during week 9 post-injury when no stretching 

occurred. 
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Euthanasia and tissue histology 

 Animals were sacrificed approximately 4 hours after the last stretching session 

using a ketamine (50 mg/kg)/xylazine (0.024mg/kg) cocktail and transcardially perfused 

with 4% PFA. Spinal cords were dissected and post-fixed in 4% PFA for 2 hours, then 

transferred to 30% sucrose for cryoprotection. The L1-L5 segments were separated from 

the rest of the spinal cord under a dissecting microscope and blocked in O.C.T. 

compound. Transverse sections were cut at 20μm on a cryostat for 

immunohistochemical analysis into 6 blocks. For CGRP analysis, sections of L3 spinal 

cord were warmed and washed with PBS and 0.3% PBS-Triton (PBST). Slides were 

then blocked for 1 hour with PBST, 5% bovine serum albumin (BSA), and 10% normal 

donkey serum (NDS). After blocking, slides were washed and incubated overnight with 

CGRP primary antibody (guinea pig polyclonal anti-CGRP, 1:1000, 20R-CP007, lot 

#P17101902, Fitzgerald), 5% BSA, and 5% NDS at 4°C. Following incubation, sections 

were washed and incubated with a secondary antibody (Alexa Fluor 594-conjugated 

Donkey anti guinea pig, 1:200, 706-585-148, Lot #129041, Jackson ImmunoResearch 

Laboratories) for 1 hour. Slides were coverslipped using Fluoromount.  

For c-Fos analysis, sections of L2-L5 spinal cord were warmed and washed with PBS 

and 0.3% PBST for 30 minutes at room temperature. Sections were then incubated in 

antibody diluent reagent (Invitrogen # 00-3218, Lot1966331A) with c-Fos primary 

antibody (mouse monoclonal anti-c-Fos, 1:1000, cat#ab208942, Abcam) overnight at 

4°C. The next day, sections were washed once with 0.1% PBST and twice with PBS (10 

minutes/wash at room temperature). Secondary antibody (donkey anti-mouse FITC, 

1:250, cat#715-096-151, Jackson ImmunoResearch Laboratories) was combined with 

antibody diluent reagent (Invitrogen # 00-3218, Lot1966331A) for 1 hour at room 

temperature. Following incubation, slides were washed once with 0.1% PBST and twice 
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with PBS for 10 minutes/wash at room temperature. A secondary amplification process 

was performed using AlexaFluor 488 (mouse anti-FITC, 1:500, cat#200-542-037, 

Jackson ImmunoResearch Laboratories) in antibody diluent reagent (Invitrogen # 00-

3218, Lot1966331A) for 1 hour at room temperature. Sections were then washed once 

with 0.1% PBST for 10 minutes at room temperature, and once with Hoechst (1:1000) in 

PBST for 5 minutes. After a set of 3 washes (PBS for 10 minutes/wash at room 

temperature), Sudan Black B was dissolved (1mg/ml) in 70% EtOH and applied for 15 

minutes at room temperature. Slides were coverslipped using fluromount after a final set 

of 6 washes (PBS for 5 minutes/wash at room temperature).  

Image analysis 

Images of each section were acquired on an inverted microscope using a 20x 

objective for all histological analyses (resolution 0.33 µm/ pixel).  For CGRP analysis, a 

threshold was chosen based on control images, then applied to each image to quantify 

the CGRP-positive area of spinal cord cross section; the same threshold was applied to 

images from all animals. Total CGRP area was quantified for each dorsal horn excluding 

the dorsal root entry zones, which were removed manually from each image. Analysis of 

images was conducted using MatLab (MathWorks, Natick, MA). 

For c-Fos analysis, a control brightness was established for c-Fos and DAPI, 

then this threshold was applied to each image using NIS-Elements (Nikon Corporation, 

Tokyo, Japan). Each c-Fos positive nucleus was manually identified and marked based 

on overlap between c-Fos and DAPI. Neuron locations were displayed as heatmaps 

using a custom MatLab program. To generate contour plots, neurons were first marked 

using Nikon Elements software. A custom-made MatLab program was then developed to 

reconstruct and normalize the position of labelled neurons across sections. A reference 

axis was created for each image with the origin centered on the central canal, the y-axis 
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parallel to the spinal cord midline, and the x-axis orthogonal to the y-axis. 

Contour/scatter plots were constructed using R. Distribution contours were created by 

calculating the two-dimensional kernel density (using the kde2d function in the MASS 

library), then connecting points of equal density values between 30-100% of the 

estimated density range in increments of 10%. 

Statistical analyses 

Data were analyzed using SPSS (IBM SPSS Statistics for Windows, Versions 

26/27. IBM, Armonk, NY). The BBB locomotor scores, tail flick response latency, 

stretching spasticity and CGRP data were analyzed using repeated measures ANOVA. 

While this was a pilot study with a smaller sample size per group, overall the 

distributions were generally normal and when the variances were not equal both degrees 

of freedom were adjusted accordingly and strict post hoc t-tests (Bonferroni t-test for 

multiple comparisons) were employed. Nonparametric analysis of c-fos data were 

compared between independent groups using Mann-Whitney U tests. No exclusion 

criteria were set a priori, and no animals or data points were removed from analysis. 

Results 

Acute response to stretching 

Consistent with previous results [183], rats in both groups exhibited clonic-like 

responses and spasms in their hindlimbs during stretching. Upon the release of stretch, 

spasticity, air-stepping, and kicking again reemerge with greater intensity but usually last 

for only one or two seconds. It was noted that some rats in the current study exhibited 

stronger reactions during initial limb positioning and during stretch. In the final analysis 

stage, it was determined that those animals belong to the naltrexone group. Naltrexone 

treated animals also exhibited unusually prolonged spastic responses right after the 
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release of a stretch and a writhing phenotype in the hindlimbs and tail that could last for 

almost a minute post-stretching. The most robust responses were seen following knee 

and hip stretches, although differences could be seen in ankle stretches as well. These 

reactions were evident during the first day of stretching, and the intensity of the 

responses persisted throughout all stretching sessions. Analysis of variance showed 

significant group differences in all stretches (Tibialis Anterior: F(1,22)=11.7, p=.002, 

Gastrocnemius: F(1,30)=63.6, p<.001, Hamstring: F(1,33)=112.24, p<.001, Rectus Femoris: 

F(1,26)=78.9, p<.001, Hip Abduction: F(1,32.2)=67.7, p<.001, Hip Adduction: F(1,28)=74.9, 

p<.001). Pairwise comparisons are shown in Figure 2A-F.  
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Figure 2. Spasticity assessment during the (A) first, (B) second, and (C) third week 

of stretching.  

Spasticity was quantified on a scale of 1-3 during each stretch. Total scores are shown 

for each day (2 stretches x 2 limbs x 3, for a maximum score of 12) for stretch of tibialis 

anterior (TA), gastrocnemius (Gastroc), hamstring (Hamstring), rectus femoris (RF), hip 

abduction (HAb), and hip adduction (Had) for naltrexone and saline groups. Data were 

analyzed using a RMANOA, with Bonferroni corrected post-hoc t-tests. *p<0.05, 

naltrexone vs. saline groups.  
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Locomotor function 

Locomotor function as assessed by BBB scores plateaued at the beginning of 

week 5 post injury with no significant differences observed between groups. Any stress 

induced by wrapping the animals in towels alone (burrito) was insufficient to induce 

changes in locomotor function (Figure 3A). Administration of naltrexone alone (without 

stretching) did not alter locomotor function at any timepoint tested. Analysis of variance 

confirmed significant differences between groups (F(1,91)=3282.7, p<.001). There were no 

significant differences between the naltrexone and saline groups at any timepoint tested 

during the first week of stretching (Figure 3B). However, naltrexone-treated animals had 

a significantly lower BBB scores following stretching during weeks 8 and 11 (Figures 3C 

and 3D). 
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Figure 3. BBB Open Field Locomotor Scores.  

Stretching causes a decrease in locomotor function following SCI. The locomotor 

dysfunction is accelerated following administration of naltrexone. A) Baseline BBB 

measurements, as well as BBB measurements before and after the towel wrapping 

session without stretching. The first, second, and third weeks of stretching are shown in 

panels B, C, and D, respectively. Significant differences were seen following 1 day of 

stretching during the second week of stretching (C) and following 2 days of stretching 

during the third week of stretching (D). Data are displayed as group mean (solid/dashed 

line) and individual values. All data were analyzed using a mixed model ANOVA 

between each time point, *p<.05  
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Response to afferent stimulation 

Analysis of variance revealed a difference between saline and naltrexone groups 

(F(1,11)=6.8, p=0.024). However, post-hoc analysis showed no significant difference in 

tail-flick response latency between groups before and after drug/saline injections (Figure 

4A p>0.05). Furthermore, there were no significant differences in onset latency, peak-

trough amplitude, and response duration of gastrocnemius EMG following magnetic 

stimulation of the tail between groups or following administration of naltrexone (Figure 

4B-D). 
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Figure 4. Responses to thermal and magnetic tail-stimulation before and after 

naltrexone.  

(A) Response latency measured by tail-flick assessment. (B) Time between initial tail-

stimulation and gastrocnemius EMG response. (C) Peak-trough amplitude of 

gastrocnemius EMG response to tail-stimulation (D) Duration of gastrocnemius EMG 

response to tail-stimulation. Data is displayed as group mean +/- SD. All data were 

analyzed using a mixed model ANOVA. No significant differences were found between 

groups at any measured point.  
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Immunohistochemistry  

Representative images of CGRP immunohistochemistry are shown for 

naltrexone-treated and control animals in Figures 5A and 5B, respectively, while the 

CGRP+ area used for calculations is shown in Figures 5C and 5D. There were no 

differences in CGRP-positive area between groups as demonstrated in Figures 5E and 

5F (F(1,36)=0.058, p>0.05).  

Representative images of c-Fos immunohistochemistry are shown for control and 

naltrexone-treated animals in Figure 6A and 6B, respectively. Heatmap visualizations of 

total neuron distribution from spinal L2-L5 (Figure 6C and 6D) demonstrate the spatial 

arrangement of the number of c-Fos positive nuclei (groupwise comparisons are in 

Figure 6E and 6F). Due to differences between left and right sides, counts were split for 

Mann-Whitney analysis (n1 = n2 = 12, two-tailed significance for all tests). On the left 

side, differences were seen between groups at spinal segments L2 (U = 7, p<0.001), L3 

(U = 3, p<0.001), L4 (U = 33.5, p<0.05), while right sided differences were seen at spinal 

segments L2 (U = 20, p<0.005), L3 (U = 22.5, p<0.005), L4 (U = 13.5, p<0.001), and L5 

(U = 31.5, p<0.05). Neuron distributions appear similar between both groups (Figure 6G-

N), although higher concentrations are seen in the naltrexone-treated group. 
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Figure 5. CGRP quantification and analysis of naltrexone and saline treated rats. 

A&B) show representative images from naltrexone and control animals, respectively. 

C&D) CGRP immunohistochemistry in the dorsal horn of the spinal cord (L3 segment). 

Data shown as means + standard deviation (One-way ANOVA, Tukey HSD post hoc).  
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Figure 6. c-Fos quantification and analysis of naltrexone and saline treated rats. 

A&B) Representative images from control and naltrexone animals (scale bar = 100 μm), 

respectively while C&D) show heatmaps representing the overall distribution of neurons 

from L2-L5 (each “pixel-bin”:100x100μm). E&F) quantifications of neurons divided into 

spinal level, where each bar represents an average number of c-Fos positive neurons 

from 3 sections at each level. Data is displayed as group mean +/- SD. All data were 

analyzed using a Mann-Whitney test, *P<.05, ** P <.01, *** P <.001. G-N) Scatter-

contour plots of for L2-L5 c-Fos neurons of control animals (G-J) and naltrexone animals 

(K-N), (scale bar = 500 μm).  
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Discussion 

Based on evidence that ablation of C-fibers reduces the detrimental locomotor 

effects of stretching after SCI [171], the goal of this study was to use a pharmacological 

approach to further elucidate the role of the nociceptive system in this phenomenon. 

Opioid receptors are widely distributed throughout nociceptive circuitry in the spinal cord 

as well as directly on sensory afferents, therefore endogenous opioids could play a role 

in modulating the information conveyed from nociceptors to populations of locomotor 

related interneurons. Consistent with previous studies, daily stretching led to a 

progressive decrease in locomotor function over the course of a single week. 

Additionally, typical stretch responses such as air stepping, spasms, and kicking were 

present following stretching as seen in previous studies [183]. Administration of 

naltrexone prior to stretching increased the rate of locomotor decline following stretching 

and greatly increased the spasticity and spastic hindlimb responses during and following 

stretch. Previously, we found that nociceptor-depleted animals had significantly reduced 

clonic-like hindlimb responses to stretch as compared to nociceptor-intact stretched rats. 

In addition, the latter group of animals had a significant correlation between the number 

of c-Fos+ neurons in the intermediate and ventral horn gray matter and the clonic-like 

hindlimb response severity scores [171]. These data suggest that endogenous opioids 

mitigate the inhibitory effect on locomotion induced by clinically modeled hindlimb 

stretching.  

Application of naltrexone in this study was systemic and could therefore be acting 

at multiple targets in the nociceptive circuitry, although the majority of µ-opioid receptors 

are expressed on central terminals of nociceptive afferents that primarily synapse in 

laminae I and II [185]. Endogenous opioid peptides activate μ-opioid receptors on these 

terminals and decrease neurotransmitter release by shortening repolarization time and 
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duration of action potentials via inhibition of adenyl cyclase/reductions of cAMP and 

decreasing conductance of Ca2+ channels [186]. Blocking this effect with naltrexone 

would result in greater synaptic efficacy, therefore amplifying the effects of stretching. 

However, if this were the sole mechanism of action the nociceptors involved in the tail-

flick reflex would also be altered and should lead to decreased response time, which 

was not the case. This discrepancy could simply be due to the difference in stimulus 

duration and scope; stretching is a prolonged, presumed-nociceptive stimulation over the 

course of two minutes for an entire muscle group, whereas the tail flick assay uses a 

brief and localized stimulus (2-3 seconds) with a pause between tests. This theory is 

supported by evidence demonstrating that opioid antagonists can modulate the 

response of deep dorsal horn interneurons to repetitive electrical stimulation of C-fibers, 

emphasizing the importance of timing and duration [187]. In addition, the dosage of 

naltrexone used here would antagonize not only μ-opioid receptors but also κ-opioid 

receptors. It has been demonstrated that κ-opioid receptors exert their effects post-

synaptically by inhibiting NMDAR synaptic currents [188], which could provide an 

additional mechanistic difference between stretch and tail-flick induced changes. 

Furthermore, specific antagonism of κ-2 opioid receptors is sufficient to inhibit the 

sensory-dependent modification of motor output in a model of instrumental learning in 

the spinal cord [189].   

Despite the robust increase in spasticity following stretching, administration of 

naltrexone did not alter the response in our tail flick assay or change EMG responses to 

stimulation of large diameter afferents at the base of the tail. Expression of opioid 

receptors on primary afferents is almost entirely restricted to small-diameter 

unmyelinated c-fibers [19], with only scarce expression demonstrated on large diameter 

axons [20]. Based on this expression pattern, it was not surprising that magnetic 
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stimulation – recruiting primarily large diameter afferents – was unchanged following 

administration of naltrexone. 

Increased expression of c-Fos positive neurons in the naltrexone animals after 

two days of stretching corresponds with the quicker decrease in locomotor function seen 

in this group. The distribution of these neurons appears to be concentrated in the deep 

dorsal horn, intermediate gray matter, and ventral horn. This distribution of is similar to 

previous stretching induced expression of c-Fos [171], suggesting activation of the same 

circuitry. However, despite the increase in c-Fos positive neurons, administration of 

naltrexone prior to stretching did not appear to influence sprouting of peptidergic C-fibers 

below the level of injury compared to stretching without naltrexone. These results are in 

apparent contrast to our earlier findings showing that increases in c-Fos+ nuclei and 

CGRP+ afferent processes were both present in the lumbar dorsal horns of stretched 

animals [171]. It is possible that the naltrexone-exacerbated stretching effect was 

insufficient to cause a change in sprouting, or that the sprouting observed previously 

was only indirectly related to muscle stretching. For example, it has been demonstrated 

that forced exercise can reduce nonpeptidergic C-fiber sprouting [56], suggesting a likely 

role for inactivity in sprouting. Additionally, the severity of injury has been shown to play 

a role in the amount of sprouting both rostral and caudal to the site of injury [190].  

Further investigation into the relationship between nociceptor sprouting and the effects 

on the spinal circuitry following stretching are warranted. Emphasis should be placed on 

the action of specific opioid receptor subtypes (e.g., µ vs κ) and how their effects differ 

on pre- and post-synaptic nociceptive circuitry.  

In conclusion, we have described the locomotor, behavioral, and histological 

effects of acutely blocking opioid receptors before hindlimb stretching post-SCI. Given 

generally negative effects associated with nociceptive afferent signaling following SCI, 
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the evidence in the current study suggests that endogenous opioids play an important 

role in modulating nociceptive inflow and/or processing. Interestingly, in a clinical trial, 

patients with SCI who received naloxone infusions experienced increased frequency and 

duration of spasticity during the period of infusion and these effects were not seen in 

able-bodied subjects [191]. While we did not observe spontaneous spasticity in response 

to naltrexone over the course of this study, the responses to stretch following 

administration of naltrexone are like those described in humans. These findings highlight 

physiologically similar responses in human patients and animal models of SCI to opioid 

receptor blockade and thus emphasize the potential clinical relevance of our 

observations.  

Whereas opioid receptor antagonism in the current study enhanced stretch-induced 

locomotor dysfunction, it is important to note that exogenous administration of opioid 

agonists post-SCI can also have a detrimental effect on locomotor recovery [48]. A 

potential physiological mechanism underlying this agonist-induced phenomenon is 

kappa opioid-mediated central sensitization resulting in excitotoxicity [192]. Other 

evidence suggests that endogenous opioids play a mixed role following SCI: 

pharmacological blockade can improve spinal cord perfusion and neurological function 

following SCI [193], however, endogenous opioids also play an important role to counter 

maladaptive hyperexcitability and states of hyperalgesia. While many of these published 

results appear contradictory, they highlight the complexity of the opioid system and our 

limited knowledge of the mechanisms of action, particularly in conditions like SCI which 

can broadly alter circuitry, receptor expression, and cell physiology.
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CHAPTER III 

CADENCE-MODULATED FORCES AND EMG RESPONSES IN A RAT MODEL OF 

MOTORIZED CYCLING 

 

Introduction 

Exercise and MC are used to target central nervous system plasticity and/or 

cardiovascular health post-SCI. Despite its use, clinical studies of MC have shown 

limited effects on spasticity [194, 195] and arterial peripheral circulation [157, 196]. 

Conversely, a rat model of MC has demonstrated effects on H-reflex habituation [197], 

wind-up of stretch reflexes [198], and electrophysiological properties of motoneurons 

[165]. These contradicting results suggest a fundamental difference between the animal 

model and clinical practice. 

A potential source of variability is the magnitude of muscle activation that occurs 

during MC. Although often termed “passive”, MC was shown to elicit rhythmic 

electromyography (EMG) activity in the soleus of a spinalized rat that corresponded with 

the flexion of the ankle [166]. This pattern suggests that spinally mediated muscle 

activation during MC is caused by reflex arcs below the level of lesion, potentially by 

muscle stretch reflexes. Because muscle spindles are responsive to length and rate of 

stretch [199], differences in biomechanics and/or cadence during MC could cause 

varying magnitudes and patterns of muscle activation between species or even 

individuals. This theory suggests that greater muscle activation could be achieved by 
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altering parameters such as range of motion or cadence, however any modifications 

must be considered in the context of SCI.  

Spasticity is a common issue in the SCI population that could be induced during 

MC due to its dependence on velocity and limb position [200, 201]. Although limb 

position during cycling is generally aimed to not overstretch muscle, increases in cycling 

cadence would increase muscle stretch velocity. Furthermore, maladaptive afferent input 

from hindlimb stretching has been shown to include eccentric muscle contractions [183] 

and reduce locomotor function in a rat model of SCI [171], even when applied in a 

phasic pattern [128]. The reduction in locomotor function was associated with an 

increased density of CGRP+ afferents in the dorsal horn [171], suggesting that 

maladaptive plasticity may play a role. While exercise has been shown to reduce the 

density of CGRP+ afferents in the dorsal horn [56], this is thought to be because of task 

specific training. Muscle contractions during MC would not only be eccentric but would 

be opposite of those seen in overground locomotion or active cycling. Furthermore, 

activity dependent plasticity can be increased by MC training by modifying PTEN/mTOR 

signaling [202], however whether these changes are adaptive or maladaptive are 

unknown. It is possible that the effects of mistimed afferent information from MC may 

have a negative effect on locomotion like stretching, as spinal learning is dependent on 

afferent input that is coordinated with limb position [203]. The significance of this effect 

has not yet been studied as the rat model typically utilizes a complete transection.  

It was the goal of this study to characterize the effects of daily MC training on 

EMG, cycling load, and locomotor/ sensory function in both a contusion and transection 

rat model. We hypothesized that EMG and cycling load would correspond to limb 

position and would increase with cycling cadence. Furthermore, we hypothesized that 

daily training would reduce hypersensitivity while having no effect on locomotor function. 
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Materials and Methods 

Experimental design 

  This goal of this study was to describe the biomechanics of a rat model of MC, 

and how these mechanics affect the magnitude and timing of EMG activity and force 

production during cycling. We furthermore sought to understand how daily cycle training 

affects locomotor and sensory function, and if these changes are reflected in the spinal 

cord. Cycling began one-week post-SCI and consisted of both training and evaluation 

cycling paradigms. Training was performed Tuesday-Thursday (30 min/day at 45 RPM), 

while evaluations were performed Monday and Friday (8-9 minutes). Other outcome 

measures were performed throughout the week before cycling began. Animals in the 

transection group were euthanized at 4 weeks post-injury, while animals in the contusion 

group were euthanized 5 weeks post-injury. This difference was due to time constraints, 

as animals had to be euthanized ~1 hour after their final cycling session for histological 

outcome measures (cFos). 

Animals, EMG transmitter implantation, and spinal cord injury 

 Twenty-three adult female Sprague-Dawley rats (225±16 g, Envigo, Indianapolis, 

IN) were used for this experiment. All procedures involving animals were approved by 

the Institutional Animal Care and Use Committee at the University of Louisville. Animals 

were acclimated in their home cages, then handled and exposed to all testing devices 

used in the study for two weeks before evaluations. Handling was continued throughout 

the experiment on days when the animals did not receive cycling. Following acclimation, 

animals were divided into four groups: contusion/cycling (n=9), contusion/no cycling 

(n=4), transection/cycling (n=6), and transection/no cycling (n=4). Of the 

contusion/cycling group, four animals were randomly selected to be implanted with EMG 
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transmitters three weeks before spinal cord injury. Animals were anesthetized for all 

surgeries using a ketamine (50 mg/kg)/xylazine (0.024mg/kg) cocktail to provide a 

surgical level of anesthesia as confirmed by the absence of paw withdrawal reflexes in 

response to a strong toe pinch. The upper back of each animal was shaved and treated 

to produce an aseptic incision area. A small skin incision was made between the 

shoulder blades to allow placement of the transmitter (HD-X02, DSI, St. Paul, MN). The 

transmitter wires were tunneled subcutaneously to the left hindlimb by separating the 

skin from the muscle layer using blunt dissection. A small incision was made over the 

thigh of the animal allowing the electrodes to be inserted into the main belly of the vastus 

lateralis and biceps femoris muscles. Sutures were used to hold the electrodes in place. 

The incisions were closed using sutures and animals were allowed to recover, receiving 

our standard post-operative care. Three weeks after this surgery the animals received 

either a moderate-severe spinal cord contusion injury (25 g/cm, NYU Mascis Impactor) 

or complete transection at the T10 level as previously described [180]. The animals were 

allowed to recover for seven days before cycling. 

Pedal design 

 A custom pedal was designed to measure forces during cycling. The goal of this 

design was to reliably measure the forces seen during MC, while keeping the foot 

position and trajectory as similar as possible to the pedals received with the purchase of 

the cycles. Various designs were tested based on these criteria. A progression of these 

designs can be seen in Figure 7. The first design featured a unidirectional force sensor 

that only detected forces in compression (Figure 7A). After testing various minor 

iterations of the design on anesthetized and awake rats it became evident that the 

design would not be suitable for two reasons. First, rats exhibited significant pulling 

forces that were not being captured by the force sensor. The foot plate was floating from 
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the force sensor to prevent rats from applying enough tension to break the sensor, 

however this had an unwanted effect of movement between the foot plate and sensor 

that created unreliable force readings. Second, the metatarsals of the rat were attached 

using a Velcro strap that proved to be incapable of securing the foot for the duration of a 

recording session. 

 The second design (Figure 7B) overcame these limitations by first using a sensor 

that measured forces in tension and compression (LCM100, FUTEK Advanced Sensor 

Technology, Irvine CA). Aluminum threaded ends were firmly secured in the new 

footplate and base, creating a reliable connection. Additionally, the new footplate 

allowed the metatarsals to be secured vertically to the sensor using tape, which was 

more reliable at keeping the paw secured during cycling. This design was improved 

upon in the final iteration (Figure 7C), which incorporated a tri-axial, multi-directional 

force sensor (Nano17 SI-12-0.12, ATI Industrial Automation, Apex, NC). Three 

hemispheres forming a right angle were added to the outside of the pedal, which could 

be tracked alongside other kinematic markers to calculate the point and direction of 

force. It should be noted that all designs were 3D printed using polylactic acid (PLA) 

filament (Hatchbox 3D, Pomona, CA) at 30% density, which was sufficient to not deform 

under the loads being applied. 
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Figure 7. 3D renderings of various designs used to measure force during 

motorized cycling.  
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Kinematic recordings, locomotor assessments, and pedal forces 

Locomotor function was assessed using the BBB locomotor scale [184]. Baseline 

measurements were taken pre-injury (pre- and post-transmitter implant), then bi-weekly 

on Monday and Friday.  

Hindlimb kinematics were recorded using two sagittal-oriented cameras (Basler 

AG, Ahrensburg, Germany) at 100Hz in a custom LabView program. Animals were 

marked using 3mm OptiTrack hemispherical reflective markers (Planar Systems, 

Beaverton, OR) placed on the skin over the iliac crest (anterior rim of the pelvis), hip 

(head of the greater trochanter), ankle (lateral malleolus), and toe (fifth 

metatarsophalangeal joint). Videos were digitized and converted into 3D coordinates 

using the MaxTraq software package (Innovision Systems Inc; Columbiaville, MI). It 

should be noted that the knee was not marked since excessive movement of the skin 

relative to the joint results in inaccurate information [204]. To account for this, the femur 

and tibia of each rat was dissected and measured postmortem. These measurements 

were used to scale custom models of each rat [205] in the OpenSim platform [206]. 

Inverse kinematics were calculated using the measured marker locations, which were 

then analyzed using custom MATLAB scripts (MathWorks, Natick, MA). Cycling 

kinematics were recorded during the evaluation cycling protocol, which consists of 

twenty cycles at six cadences (5, 10, 15, 30, 45, and 60 RPM) applied in a random 

order. Hindlimb cycling kinematics were collected in synchrony with EMG (described 

below) and forces (1000Hz) using a custom LabView script weekly on Monday and 

Friday. After applying markers as described, the hindpaws of the rat were attached to 

the pedals (Figure 7C) using tape and the rat was secured in place by a strap with 

velcro.   

Electromyographic (EMG) recordings 
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 EMGs were recorded at 1000Hz using LabChart 8 (ADInstruments, Sydney, 

Australia) during cycling evaluations and exported for further analysis to MATLAB. 

Kinematic recordings synchronized to the EMG recordings were used to divide EMG into 

gait cycles for further analysis. 

Forces 

 Forces were processed before analysis using a custom MATLAB script. Briefly, a 

second order zero-lag lowpass filter with a cutoff frequency of 6 Hz was applied to the 

raw data. The data was then separated into individual cadences and the fundamental 

frequency (f0) was identified at each cadence. A notch filter was applied at f0, then the 

subsequent two harmonics (2*f0 and 3*f0). The resultant force was used as the spastic 

force, while the non-spastic force was calculated as the difference between the original 

and spastic forces.  

 Non-spastic forces were divided into flexion and extension phases, and the 

normalized area under the curve (AUC) was used for analysis (total AUC/cycle length). 

This process was performed on the cycling rats under isoflurane pre-injury; these 

normalized values (greatest normalized AUC from each cycling cadence) were 

subtracted from awake cycling to approximate the effects of limb inertia and gravity. 

Spastic forces were also divided into flexion and extension, however peak values were 

used for analysis. Peaks >20% body weight were detected, and trials containing a 

spasm were identified as a trial that contained one or more peak. Heatmaps were 

created by defining the onset and termination of each spasm (individual spasms were 

defined as a gap > 1s between peaks) and representing activity as either “on” or “off”. 

EMG 
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After collection, the raw EMG signal was high pass filtered at 50 Hz to remove 

movement artifacts, then separated into flexion and extension phases for analysis. Root 

mean square values were calculated for each cycle to allow analysis of EMG magnitude. 

This technique was limited to analysis between cadences in individual animals at 

discrete timepoints due to non-physiologically relevant variations in EMG magnitude. As 

obtaining maximum voluntary activations in rats is not possible, EMG was instead 

normalized using the Teager-Kaiser Energy (TKE) operator combined with 

morphological operators as described by [207, 208]. The TKE operator is defined as 

𝜓(𝑛) = 𝑥2(𝑛) − 𝑥(𝑛 + 1)𝑥(𝑛 − 1) 

for the original EMG signal (x) where n is the sample number [208]. A period of muscle 

inactivity was recorded before each trial and used to set a threshold (T), defined as 

𝑇 = 𝜇0 + 𝑗 ∗ 𝛿0, 

where μ0 and δ0 are the mean and standard deviation, respectively and j is a scale factor 

[208]. This method then detects and classifies bursts of EMG activity as “on”, with 

periods of inactivity classified as “off”. The resultant signal is therefore classified on a 

scale of 0 to 1, where 0 represents no muscle activity and 1 represents muscle activity 

throughout the duration of the cycle. 

Sensory assessments 

A tail-flick assay was employed to assess thermal sensitivity using a radiant heat tail-flick 

device (Columbus Instruments, Columbus, Ohio, USA). A rat was placed on the platform 

and gently restrained, while the base of the tail was placed above the photocell for 

thermal stimulation. Intensity of the heat source was set to 10 out of 25, with a maximum 

duration of 10 s for each trial to avoid tissue damage. For each rat, tail-flick latency was 

measured three times with at least two minutes between measurements. A baseline 
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assessment was performed pre-injury, and subsequent tests were performed weekly on 

Tuesday. 

Euthanasia and tissue histology 

Animals were sacrificed 1-2 h after the last cycling evaluation using a ketamine (50 

mg/kg)/xylazine (0.024 mg/kg) cocktail and transcardially perfused with 4% PFA. Spinal 

cords were dissected and post-fixed in 4% PFA for 2 h, then transferred to 30% sucrose 

for cryoprotection. The injury epicenter was separated from the contusion animals, while 

the L1–L5 segments were separated from the rest of the spinal cord of all animals under 

a dissecting microscope and blocked in O.C.T. compound. The injury epicenter of the 

transected rats was determined complete by visual inspection. For the injury epicenters, 

transverse sections were cut at 50 μm on a cryostat.  

Transverse sections were cut at 20 μm on a cryostat for immunohistochemical analysis 

into 6 blocks. Immunohistochemistry was performed using CGRP and c-Fos antibodies 

as previously described [209]. Briefly, sections of L3 spinal cord were warmed and 

washed with PBS and 0.3% PBS-Triton (PBST), then blocked for 1 h with PBST, 5% 

bovine serum albumin (BSA), and 10% normal donkey serum (NDS). After blocking, 

slides were washed and incubated overnight with CGRP primary antibody (guinea pig 

polyclonal anti-CGRP, 1:1000, 20R-CP007, lot #P17101902, Fitzgerald), 5% BSA, and 

5% NDS at 4 °C. Following incubation, sections were washed and incubated with a 

secondary antibody (Alexa Fluor 594-conjugated Donkey anti guinea pig, 1:200, 706–

585–148, Lot #129041, Jackson ImmunoResearch Laboratories) for 1 h. For c-Fos, 

sections of L2–L4 spinal cord were warmed and washed with PBS and PBST. Sections 

were then incubated in antibody diluent reagent (Invitrogen # 00-3218, Lot1966331A) 

with c-Fos primary antibody (mouse monoclonal anti-c-Fos, 1:1000, cat#ab208942, 

Abcam) overnight at 4 °C. The next day, sections were washed and a secondary 
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antibody (donkey anti-mouse FITC, 1:250, cat#715-096-151, Jackson ImmunoResearch 

Laboratories) was combined with antibody diluent reagent for 1 h at room temperature. 

Following incubation, slides were washed and a secondary amplification process was 

performed using AlexaFluor 488 (mouse anti-FITC, 1:500, cat#200-542-037, Jackson 

ImmunoResearch Laboratories) in antibody diluent reagent for 1 h at room temperature. 

Sections were then washed with DAPI (1:1000) in PBST for 5 min. After a set of 3 

washes, Sudan Black B was dissolved (1 mg/ml) in 70% EtOH and applied for 15 min at 

room temperature. Slides were coverslipped using fluromount after a final set of washes. 

Image analysis 

Images of each section were acquired using a Nikon Ti2 microscope (Nikon 

Corporation, Tokyo, Japan) using a 20x objective for all histological analyses (resolution 

0.32 μm/pixel). An area encompassing each section was defined, and images were 

stitched such that the entire section was represented in one image.  Image analysis of c-

Fos and CGRP was performed as previously described [209]. Briefly, CGRP area was 

quantified in the dorsal horns excluding the dorsal root entry zones, which were removed 

manually from each image. Analysis of images was conducted using MATLAB 

(MathWorks, Natick, MA). For c-Fos analysis, each c-Fos positive nucleus was manually 

identified and marked based on overlap between c-Fos and DAPI using Nikon Elements 

software. To generate contour plots and heatmaps, previously marked neurons were 

exported from Nikon Elements. A custom-made MATLAB program was then developed 

to reconstruct and normalize the position of labeled neurons across sections. A 

reference axis was created for each image with the origin centered on the central canal, 

the y axis parallel to the spinal cord midline, and the x axis orthogonal to the y axis. 

Contour/scatter plots were constructed using R. Distribution contours were created by 

calculating the two-dimensional kernel density (using the kde2d function in the MASS 
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library), then connecting points of equal density values between 30% and 100% of the 

estimated density range in increments of 10%. 

Statistical analyses 

 Data were analyzed using SPSS (IBM SPSS Statistics for Windows, Versions 

26/27. IBM, Armonk, NY) except for the linear regressions shown in Figure XB&D, which 

were created using Prism, Version 9 (GraphPad Software, San Diego, CA). Distributions 

were checked for normality; if data were normal a repeated-measures analysis of 

variance (RMANOVA) was used for analysis, with strict post hoc t tests (Bonferroni t test 

for multiple comparisons). For these analyses, independent variables of group, cadence, 

week, and day were used. Group refers to the injury and cycling condition (e.g., cycle 

trained transection vs. non-cycled contusion). Cadences were divided into low (5, 10, 

and 15) and high (30, 45, and 60); significant effects in cadence represent a low-high 

difference. Week signifies the timepoint post-injury the evaluation occurred, whereas day 

refers to either the Monday or Friday that the evaluation was performed. In instances 

where data were not normal (c-Fos), a Mann-Whitney U test was used. Finally, RMS 

EMG values could not be compared between subjects and were therefore analyzed on a 

trial-by-trial basis using the sign test.  

Results 

Muscle activity during motorized cycling 

 An example trial is illustrated in Figure 8, where rectified EMG data for each 

cadence is shown in (8A), and EMG normalized using the Teager-Kaiser energy (TKE) 

operator is shown in (8B).  
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Figure 8. Example trial of EMG analysis.  

(A) Raw EMG data was high-pass filtered and rectified using a moving average filter 

(window size = 23ms); plots represent the average of 20 trials at each cadence. (B) 

Filtered EMG data was analyzed using a TKE operator algorithm (see Methods). This 

algorithm detects bursts of EMG and reinterprets the signal as “on” or “off”. Plots 

represent the average of 20 trials at each cadence, where a value of 0 represents no 

activity and 100 represents complete activity.  
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EMG analysis of the biceps femoris is shown in Figure 9. Sign test analysis of individual 

trials revealed significant differences in 13/27 trials (10/13 high>low cadence) in 

extension, and 14/27 trials (14/14 high>low cadence) in flexion (Figure 9A). EMG 

analysis of the vastus lateralis is shown in Figure 10. Sign test analysis of individual 

trials revealed significant differences in 12/27 trials (9/12 high>low cadence) in 

extension, and 15/27 trials (14/15 high>low cadence) in flexion (Figure 10A). Percent 

activation evaluated using TKE was evaluated for biceps femoris and vastus lateralis at 

each week to examine the effect of phase (flexion vs. extension) and cadence (low vs. 

high) using RM ANOVA. In the biceps femoris, significant effects of cadence were found 

at weeks two (F1,8=8.1, p<0.05), three (F1,7=9.1, p<0.05), and five (F1,12=16.0, p<0.01), 

although no effects were found for phase. Similarly, significant effects of cadence were 

found in the vastus lateralis at weeks two (F1,9=10.9, p<0.01), three (F1,11=12.3, p<0.01), 

and five (F1,11=28.7, p<0.001), however significant effects of phase were also found at 

weeks two (F1,9=7.0, p<0.05), three (F1,11=7.0, p<0.01), four (F1,5=8.0, p<0.05), and five 

(F1,9=9.4, p<0.05). Average TKE values with significant post-hoc values for the biceps 

femoris and vastus lateralis are shown in Figures 9B and 10B, respectively. Although the 

sample size is small (n=3), the data suggest that activation of both muscles occurs more 

on average for both the BF and VL at higher cadences, with more differences seen 

during extension. However, it appears as though the VL is preferentially activated during 

flexion, although an increased sample is warranted before definitive conclusions can be 

drawn. 
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Figure 9. Comparison of EMG responses in the biceps femoris during motorized 

cycling using RMS values and percent activation. 

A) Low and high values were compared for each rat at individual timepoints using the 

sign test. Values are represented as a heatmap according to the statistical significance 

found for each day. B) Average activation values calculated using the TKE algorithm 

(n=3) during extension and flexion. Data are displayed as group mean ± SD. Significant 

differences from Bonferroni corrected post-hoc t-tests are shown, *p<0.05.  
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Figure 10. Comparison of EMG responses in the vastus lateralis during MC using 

RMS values and percent activation.  

A) Low and high values were compared for each rat at individual timepoints using the 

sign test. Values are represented as a heatmap according to the statistical significance 

found for each day. B) Average activation values calculated using the TKE algorithm 

(n=3) during extension and flexion. Significant differences were found between 

cadences (low<high) and weeks (flexion>extension). Differences between cadences 

approached significance at week 5 during flexion and extension, while the difference 

between flexion and extension approached significance at week 5. Data are displayed 

as group mean ± SD. Significant differences from Bonferroni corrected post-hoc t-tests 

are shown, *p<0.05.  
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Spastic and non-spastic forces during motorized cycling 

 An example of the relationship between force (spastic and non-spastic) and EMG 

is shown in Figure 11 for high and low cadences. Figure 11A&C contain example force 

traces along with EMG activity in the VL and BF obtained during the same cycling 

session, with the flexion phase indicated by the gray box. During high cadence cycling, 

bursts of EMG in the VL are seen during flexion, which result in mild non-spastic force. 

EMG increases until a spasm is seen, however the muscle activity still appears to be 

primarily during flexion. This is reflected in the force trace, which contains both a spastic 

and non-spastic component. In contrast, the spasms during low cadence cycling (Figure 

11C, arrows) begin around the point of peak extension and are characterized by co-

activation of the BF and VL with high frequency (5-8 Hz) spikes in the EMG. Scatterplots 

between EMG and force are shown for this trial in Figure 11B&D, where forces are 

divided into non-spastic and spastic in the left and right columns, respectively. A 

relationship between the non-spastic force and EMG is seen for the VL at high cadences 

(R2=0.41) but at no other conditions. In contrast, a relationship between spastic forces 

and EMG is seen for the BF at high cadences (R2=0.52), but also for the VL and BF at 

low cadences (R2=0.33 and 0.51, respectively).  

A quantification of the average non-spastic forces is shown in Figure 12. During 

the flexion phase, RM ANOVA of non-spastic forces revealed an effect of GROUP 

(F2,130=6.5, p<0.005), CADENCE (F1,115=12.3, p<0.001), and WEEK (F4,56=22.8, 

p<0.001), but not DAY (Monday vs. Friday). Similarly, an effect of GROUP (F2,67=5.6, 

p<0.001), CADENCE (F1,61=9.0, p<0.01), and WEEK (F4,40=33.9, p<0.001), but not DAY 

was found during extension. 
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Figure 11. Example relationship between force and EMG.  

A) Spastic (red, dashed) and non-spastic (dark red, solid) forces are shown with EMG 

from the VL and BF during 45 RPM cycling. B) Scatterplots of RMS EMG vs. non-spastic 

(dark red, left) and spastic (red, right) per cycle are shown for the VL and BF. C) Spastic 

(blue, dashed) and non-spastic (dark blue, solid) forces are shown with EMG from the 

VL and BF during 5 RPM cycling. Arrows indicate spasm with a high frequency 

component (~8 Hz) D) Scatterplots of RMS EMG vs. non-spastic (dark blue, left) and 

spastic (blue, right) per cycle are shown for the VL and BF.  
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Figure 12. Average non-spastic forces (normalized AUC) for EMG cycling groups.  

A) Forces were lowest during week 1, then increased in the subsequent weeks during 

extension. Although forces were also the during week 1 in flexion, no significant 

difference was found between weeks. Forces were significantly higher during high 

cadence cycling at week 2 in flexion and extension. B) No significant post-hoc 

differences were found in cadence for the contusion group. Forces were significantly 

higher at week 5 compared to all other weeks in flexion and extension. C) Although 

forces were higher during high cadence cycling in flexion and extension, significant 

differences were only found during extension. Forces were lowest during week 1 and 

increased in subsequent weeks. Data are displayed as group mean ± SD.  Significant 

differences from Bonferroni corrected post-hoc t-tests are shown, *p<0.05, **p<0.01, 

***p<0.001. Red, blue, and black stars indicate significant differences were found during 

high, low, and at both cadences, respectively. 
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Figure 13. Spastic forces over the course of each cycle, pooled and represented 

as a heatmap.  

(A&B) Forces represented as a function of occurrence, where the scale represents the 

percentage of trials where a force was detected. (C&D) Forces normalized to cycling 

cadence, where the scale represents the amount of force per minute that is recorded. 

Scales in (A&C) and (B&D) are to highlight differences between groups and individual 

cadences, respectively.  
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Figure 14. Quantification of trials with spastic forces present.  

Results are shown for the (A) contusion/transmitter, (B) contusion, and (C) transection 

cycling groups. Spasticity was lowest at week 1 for all groups and increased in 

subsequent weeks. Low cadence trials were significantly more likely to contain a spasm 

for all injury groups, although this difference was only observed at weeks 3 and 4 in the 

transected animals. The contusion group contained more spasms than the transection 

group, while the contusion/transmitter group contained more spasms than contusion or 

transection groups. Data are displayed as group mean ± SD. Significant differences from 

Bonferroni corrected post-hoc t-tests are shown, *p<0.05, **p<0.01, ***p<0.001. Red, 

blue, and black stars indicate significant differences were found during high, low, and at 

both cadences, respectively. 
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Spastic forces are represented as heatmaps over the course of a gait cycle in Figure 13, 

where Figure 13 A&B represent the percentages of trials with a spasm present, while 

Figure 13 C&D represent the number of spasms per minute. A quantification of spasticity 

occurrence is shown in Figure 14, where cadences were divided into low and high 

groups. RMANOVA revealed significant effects of group (F2,62=83.9, p<0.001), cadence 

(F1,97=121.8, p<0.001), and week (F4,38=46.8, p<0.001), but not day. Several significant 

interactions also occurred: group-cadence (F2,77=6.5, p<0.01), group-week (F7,43=2.7, 

p<0.05), group-day (F2,95=3.8, p<0.05), week-day (F3,39=5.1, p<0.05), and group-

cadence-week (F7,48=3.3, p<0.01). All groups showed an effect of cadence, as trials at 

low cadences were significantly more likely to contain a spastic event. The spasticity 

mirrors the locomotor recovery in all groups, particularly at week 1 where animals with 

EMG transmitters had more trials with spasms than transection or contusion cycling 

groups. 

Histological outcomes 

The distribution of c-Fos positive neurons did not meet the criteria for normal, 

therefore Mann-Whitney U test was performed for c-Fos data. As this analysis 

encompass comparisons between five groups at three spinal levels, significant results 

are shown in Table 1 for ease of viewing. Significant differences between groups are 

represented in Figure 15B at individual levels, while heatmaps representing the 

distribution of c-Fos+ neurons from L2-L4 are shown in Figure 15A.  The results of this 

analysis indicate that cycling upregulated c-Fos expression in the lumbar spinal cord in 

both contusion and transection groups, although slightly more neurons were found in 

contusion animals that received cycling. The expression of c-Fos was mostly 

constrained to the dorsal horn, with most of the expression seen between laminae I-III. 

Locomotor function following motorized cycling training 
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Figure 16 contains BBB scores acquired over the course of the cycling evaluation. 

Repeated-measures ANOVA revealed an effect of group (F4,117=80.2, p<0.001), day 

(F9,27=26.8, p<0.001), and in the group-day interaction (F32,33=2.0, p<0.05). Bonferroni 

post hoc t-tests revealed that most of the differences were between contusion and 

transection groups, as expected. However, the CT-TR group consistently had higher 

BBB scores than all other groups, which were significantly higher than the CT-CY group 

at week 1M/F and week 5F. 

Sensory function following motorized cycling training 

Sensory function evaluated by tail-flick latency is shown in Figure 17. Repeated-

measures ANOVA revealed an effect of GROUP (F4,89=7.7, p<0.001), DAY (F5,27=3.5, 

p<0.05), and in the GROUPxDAY interaction (F18,34=1.9, p<0.05). Bonferroni post hoc t-

tests showed the cycling. Additionally, post hoc testing showed that response latency 

decreases at 2-, 3-, and 4-weeks post-injury in the TX-NC group compared to baseline. 
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Figure 15. c-Fos expression in the lumbar spinal cord.  

A-D) Heatmap visualizations of c-Fos distribution, L2-L4 pooled. No significant 

differences were found between contusion/cycling groups, which were pooled for 

visualization. E-G) quantifications of neuron counts divided into spinal level, where each 

bar represents and average number of c-Fos positive neurons from 5 sections at each 

level. Data are displayed as group mean ± SD. All data were analyzed using a Mann-

Whitney U test, *p<0.05, **p<0.01, ***p<0.001.   
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L2 CC CNC TC TNC 

CCT n.s. U = 53.0, p=0.001 U = 159.0, p<0.01 U = 18.5, p<0.01 

CC   U = 46.5, p<0.001 U = 257.0, p<0.01 U = 21.5, p<0.001 

CNC     n.s. n.s. 

TC       n.s. 

TNC         

          

L3 CC CNC TC TNC 

CCT n.s. U = 8.0, p<0.001 n.s. U = 4.0, p<0.001 

CC   U = 24.0, p<0.001 U = 289.0, p<0.01 U = 14.5, p<0.001 

CNC     
U = 121.0, 
p<0.001 n.s. 

TC       U = 64.5, p<0.01 

TNC         

          

L4 CC CNC TC TNC 

CCT n.s. U = 14.0, p<0.001 
U = 107.5, 
p<0.001 U = 0.0, p<0.001 

CC   U = 29.0, p<0.001 
U = 169.5, 
p<0.001 U = 0.0, p<0.001 

CNC     
U = 167.0, 
p<0.001 U = 47.0, p<0.05 

TC       U = 6.0, p<0.001 

TNC         

  

Legend:     

Contusion-Cycling Transmitter: CCT    

Contusion-Cycling: CC    

Contusion-No Cycling: CNC    

Transection-Cycling: TC    

Transection-No Cycling: TNC    
 
Table 1. Significant Mann-Whittney U values and their associated p-values. 
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Figure 16. BBB scores during cycling training.  

A) Both transection groups predictably lost locomotor function after injury, with slight 

distal limb movements appearing in the subsequent weeks. No significant difference was 

found between groups. B) Animals in the contusion-cycling group lost more locomotor 

function than the contusion-no cycling or contusion-cycling-transmitter group at week 1 

post-injury, which recovered by week 2. Animals that received a transmitter implantation 

before injury consistently had higher BBB scores than the other contusion groups, 

although this only achieved statistical significance on Friday of week 5. Data are 

displayed as group mean ± SD.  
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Figure 17. Tail-flick latency during cycling training, normalized to baseline.  

A) Both transection groups displayed the same initial decrease at week 1 post injury, 

however the latency of the cycling group plateaued after this initial decrease while the no 

cycling group decreased again at week 2 before plateauing. B) Animals that received a 

transmitter implant before contusion had consistently higher latencies than both groups 

who did not, with longer latencies compared to baseline. Data are displayed as group 

mean ± SD.  
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Discussion 

 Although muscle activity has been recorded in a rat model of MC, previous 

studies did not examine the relationship between PF and cadence in both a transection 

and contusion model of SCI in rats. Additionally, we developed a technique to separate 

kicking/spastic forces from non-spastic forces developed with the motion of the pedals. 

Using this technique, we found that higher cadences (≥30 RPM) significantly increase 

both non-spastic PF and the magnitude/duration of EMG activity, while lower cadences 

(≤15 RPM) increase the likelihood of inducing spastic/kicking forces. Although PF was 

higher in contusion animals, both spastic and non-spastic forces were present in 

transected animals. We propose that PF and muscle activity may play a significant role 

in outcome measures following MC training in rats. 

Muscle activity during motorized cycling 

 SCI causes a disruption of supraspinal pathways projecting onto locomotor 

centers, which causes locomotor control to disproportionately rely on sensory feedback 

[210-212]. Although not volitional, MC provides sensory information to the spinal cord 

(via sources such as cutaneous/ligament mechanoreceptors, muscle spindles, and golgi 

tendon organs) which can lead to reflexive muscle activation. Evidence from our study 

suggests that muscle activity can be induced during MC in rats and is modulated 

strongly by the cycling cadence. Overall, analysis of individual trials demonstrated that 

higher cadences were more likely to induce longer burst durations and stronger 

contractions. Of the trials where EMG was higher during low cadences, the majority of 

these (6/7) were during extension where a higher proportion of spastic forces are seen 

at lower cadences. Interestingly, muscle activity in biceps femoris and vastus lateralis is 

increased at higher cadences in both flexion and extension, although the response to 



83 
 

flexion in the vastus is slightly higher than in the biceps. These results suggest that 

although the monosynaptic stretch reflex likely plays a role, it is not the only factor.  

It is important to note that this study primarily investigated the activity of knee 

flexors/extensors. MC results in a complex movement involving the hip, knee, and ankle 

joint. Hip extension is known to play a role in activation of central pattern generators 

[213] and stepping in spinalized treadmill walking [214], implying a key role of the hip in 

the control of spinal locomotor circuitry. In human SCI, hip oscillations have been shown 

to drive leg reflex activity in a velocity dependent manner [215]. These multisegmental 

responses resemble a kicking motion we observed that was primarily induced during 

extension in addition to pulling or pushing to resist the motion of the pedal. Although rats 

are capable of hip extension their resting position is far more flexed than humans due to 

their quadrupedal nature and limb posture at stance [216], suggesting that extension of 

the hip may play a more pronounced role in rat MC. 

Forces during motorized cycling 

Interpretation of PF in MC possesses a unique challenge in that a motor provides 

an external moment that must be considered. Like clinical studies, we record a resting 

baseline to approximate passive joint moments [217]. However, small kinematic changes 

in rats lead to different force profiles, making it difficult to justify a simple subtraction of 

baseline from collected data. Our approach of computationally separating spastic from 

non-spastic forces offers a solution to this problem, and additionally extends their 

interpretation in the context of reflex activation. In particular, the stretch reflex in humans 

contains tonic and phasic components, defined as increased muscle tone and 

hyperreflexia/clonus, respectively [218, 219]. This definition offers and interesting 

parallel to the forces developed in our model. As non-spastic forces are developed in 

resistance to the motion of the pedal while spastic forces are the result of quick 
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hyperexcitable movements, a possible interpretation of this work is that they provide a 

representation of the tonic/phasic components of this reflex.  

Based on this interpretation, our results suggest that muscle tone increases in 

response to increasing cadence. While high variability resulted in few differences at 

discrete timepoints, an overall view of the data showed significant differences between 

low and high cadences, with transected animals having generally lower non-spastic 

forces than contusion animals. Spastic forces also showed a difference between 

cadences; however, it appears that lower cadences increase the occurrence of these 

forces. Although initially puzzling, it is important to consider that the stretch reflex stimuli 

are being applied repetitively during cycling. Stretch reflexes are subject to depression 

following repetitive activation [219], suggesting that more frequently stimulation at higher 

cadences would lead to different modulation. Heatmaps show an increase in time 

normalized forces above 30 RPM in all groups (Figure 13D) despite a higher per-trial 

frequency at lower cadences, particularly 5 RPM (Figure 13B). Interestingly, it has been 

demonstrated that monosynaptic reflex pathway depression is slightly present at a 

frequency of 0.1 Hz (6 per minute) but not 0.05 Hz (3 per minute) [220], which may 

explain why 5 RPM cycling elicits a proportionately higher number of trials containing 

spastic forces. 

Cycle training effects on locomotor and sensory ability 

 Although sensory information has been shown to affect spinal learning and 

locomotor output, the effects of passive cycling on locomotion have not been described 

as most studies use a transection model of spinal cord injury. Here, we performed MC 

using a moderate contusion model for the first time and describe the effect of MC on 

locomotion. BBB testing revealed that cycle training had limited effect on locomotor 

performance, although non-cycled rats had a significantly higher BBB score at Week 
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5/Friday compared to cycle-trained rats (non-transmitter). A sawtooth pattern emerges 

starting at week 4 in the contusion (non-transmitter) animals, where the BBB of cycled 

animals is lower on Friday following 4 days of cycling. This pattern is reminiscent of 

locomotor deficits caused by daily hindlimb stretching [126, 128], although the effect is 

much more robust following stretching. However, it has been demonstrated that animals 

without functional nociceptors have a milder decrease in BBB scores [171], with 

magnitudes comparable to the mild deficits reported in this study after cycling. This study 

also reported an increase in c-Fos positive neurons in the lumbar spinal cord or 

stretched rats, which we also observed in the cycling group. Interestingly, the c-Fos 

expression after stretching in the nociceptor depleted animals was mostly constrained to 

the dorsal horn, which we also found in our cycled rats. Taken together, these results 

suggest the responses we see during cycling are likely not nociceptive in nature. 

Finally, it should be noted that animals with transmitter implants were analyzed 

separately from the other contusion. Although this group had marginally higher BBB 

scores, we were most surprised to find the injury appeared to have no effect on tail flick 

latency, even showing a mild increase post-SCI.   

Functional Significance 

Although MC may show improvements in rats post-SCI such as increased 

myofiber cross-sectional area [166] or improved cardiovascular function [69], the 

effectiveness and translatability of these results clinically remains unclear. It has been 

demonstrated that physiologic responses are only elicited in human cycling when paired 

with muscle activity, and not during passive movements [155, 157]. Here we 

demonstrate that EMG can be elicited in response to MC in a rat, and that spastic and 

non-spastic forces are modulated in a cadence dependent manner in both transection 

and contusion models of SCI. It may be difficult to directly translate these results as 
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humans display reduced spinal excitability post-SCI compared to rodents as 

proprioceptive interneurons depend more on descending input [221]. However, various 

technologies currently exist that raise excitability in the spinal cord [222, 223] that could 

be paired with MC in patients that lack the strength for traditional locomotor training. 

Critically ill but spinally intact patients have shown increased peripheral muscle strength 

in response to MC [224].  About 20% of these patients showed signs of active muscle 

contractions during cycling, suggesting this may be an effective therapy if spinal 

excitability can be raised. Finally, observations from this study may be able to translate 

into active cycling post-SCI. Although functional electrical stimulation (FES) cycling may 

provide similar benefits as rodent MC such as increased muscle mass [225] and 

cardiovascular benefits [226] , it quickly subjects patients to fatigue. We noted that many 

of the muscle contractions in rats are eccentric due to the activation of the stretch reflex. 

Although intense eccentric exercise has been shown to cause muscle damage [227], 

mild eccentric exercise can increase muscle strength while putting less stress on the 

cardiovascular system [228]. Therefore, a milder FES paradigm paired with MC to resist 

the motion of the pedals may be an alternative to traditional FES cycling in some 

patients.
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CHAPTER IV 

INFLUENCE OF RANGE OF MOTION AND CADENCE ON FORCE AND 

CARDIOVASCULAR OUTCOMES IN A RAT MODEL OF MOTORIZED CYCLING 

 

Introduction 

 Cardiovascular disease (CVD) is a pervasive issue in the spinal cord injury (SCI) 

community, as this population is estimated to exhibit a three-fold greater risk of 

developing CVD relative to the able-bodied population [61, 229]. Lesion level and 

severity are factors that increase this risk, as individuals with tetraplegia show a 16% 

greater risk of CVD [62] and elevated risk factors such as blood pressure and serum lipid 

levels compared to individuals with paraplegia [230]. Physical inactivity plays a key role 

in the severity and lesion-level dependent development of CVD, as a sedentary lifestyle 

leads to risk factors such as obesity [231], decreased cardiorespiratory fitness [232], and 

glucose intolerance [233].  

 Aerobic exercise is an effective means of improving cardiovascular function, 

however options for individuals with SCI are limited by the level and severity of paralysis. 

Although paraplegic individuals can perform upper body exercise there is evidence in 

humans and rats suggesting that arm/forelimb exercise alone cannot prevent SCI-

induced deficits in cardiovascular function [168, 234, 235]. In contrast, lower limb 

exercise such as body weight supported treadmill training and functional electrical 

stimulation (FES) cycling have been shown to improve cardiovascular function in 

individuals with SCI, however these techniques require specialized equipment, trained 

personnel and are generally cost prohibitive. Motorized cycling (MC) has been proposed
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 as an alternative to FES cycling as it is considered safe and inexpensive to perform, 

however the ability of MC to induce meaningful cardiovascular benefits in SCI patients is 

controversial. Acutely, contradictory evidence has been published showing that passive 

movements can [158] and cannot [157, 236] induce meaningful changes in femoral 

artery blood velocity, however any changes seen were limited to an acute training effect. 

Chronically, it has been demonstrated that a 6-week MC intervention can improve 

hemodynamic response in the femoral artery, however it has also been demonstrated 

that MC is unable to induce the physiological responses such as increases in mean 

oxygen uptake and stroke volume that are seen in FES cycling [155]. 

Contrary to humans, rodent models of MC have shown significant effects in a 

variety of cardiovascular outcomes. A pioneering study demonstrated that daily, chronic 

MC training improved the key functional outcomes of stroke volume and CO, and 

concomitant improvements in cardiac structure (left ventricular diameter) [69], although 

these effects does not persist when training was stopped [167]. Furthermore, MC 

training has been shown to reduce the severity of autonomic dysreflexia and CGRP-

positive axon density in the lumbar spinal cord in rats [169]. The effects of MC training 

on cardiovascular outcomes are not reproduced when rats are subjected to swim 

training [168] – a forelimb-only exercise post-SCI – suggesting that the larger venous 

supply and muscle mass in the lower limbs plays a key role.  

A possible source of functional benefit during MC is the skeletal muscle pump, a 

well characterized mechanism whereby skeletal muscle contraction physically 

compresses blood vessels and promotes venous return [77, 237]. Despite speculation 

that passive movements could activate the skeletal muscle pump, the evidence is mixed, 

and direct comparisons show that exercise with skeletal muscle activation has a greater 

effect on physiological cardiovascular responses [155, 238]. Importantly, it has been 
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demonstrated that MC in rats elicits rhythmic electromyographical (EMG) bursting 

coinciding with limb position, suggesting that muscle activity during MC can be triggered 

by muscle lengthening, presumably via stretch reflexes. Activation of the stretch reflex is 

dependent on both rate and length of muscle stretch [170], which would be amplified 

post-SCI due the loss of descending control that manifests as hyperreflexia, spasticity 

and clonus.  

Despite evidence that muscle activity occurs during MC, the hindlimb loading at 

the pedal and its relation to cardiovascular dynamics has not been described. We 

speculated that some of the contrasting results between MC studies in humans and rats 

could be explained by differences in cycling biomechanics, where different muscles were 

stretched to different lengths and/or at different rates, thus resulting in different cycling 

loads. It was the goal of this study to characterize the hindlimb kinematics and kinetics 

(pedal reaction forces) at a variety of cadences and crank lengths in a rat model of MC, 

and to describe the real-time relationship between pedal reaction forces, blood pressure 

(BP) and heart rate (HR).   

Materials and Methods 

Experimental design 

 Ten adult female Sprague-Dawley rats (280±22 g, Envigo, Indianapolis, IN) were 

used for this experiment. All procedures involving animals were approved by the 

Institutional Animal Care and Use Committee at the University of Louisville. Animals 

were acclimated in their home cages, then handled and exposed to the cycling 

apparatus for two weeks before evaluations. Handling was continued throughout the 

experiment on days when the animals did not receive cycling. 



90 
 

A cycling protocol was developed with six cadences (5, 10, 15, 30, 45, and 60 

RPM) for 20 cycles/cadence, lasting approximately 8-9 minutes. Blood pressure and 

electrocardiography (ECG) was recorded in cage for four minutes prior to cycling and six 

minutes post-cycling, as well as during cycling. Following recovery from SCI, rats 

underwent this protocol twice per week for six weeks. Additionally, this protocol was 

performed post-device implantation but pre-SCI, with the cycling taking place under 

isoflurane (2% in oxygen) to record PF due to non-active muscles.  

Transmitter implantation 

 All animals were instrumented with HD-S11 single pressure/biopotential implants 

(Data Sciences International, St. Paul, MN) to allow the measurement and recording of 

arterial pressure and ECG as described previously. Briefly, rats were anesthetized under 

isoflurane (2% in oxygen) in a sterile surgical environment. A ventral midline incision was 

made through the skin and abdominal wall, allowing for placement of the transmitter 

body in the peritoneal cavity. After suturing the transmitter body to the abdominal wall, 

the abdominal aorta was briefly occluded to allow for insertion of the pressure-sensing 

cannula. The cannula was inserted into the abdominal aorta slightly rostral to the 

bifurcation of the iliac arteries, then advanced rostrally to the crossing of the left renal 

vein over the aorta. The catheter was fixed in place using VetBond tissue adhesive (3M 

Vetbond Tissue Adhesive, St. Paul, MN). Next, the biopotential leads were fed 

subcutaneously and sutured in place under the 12th left rib and over the right pectoralis 

major muscle to allow recording of ECG. After visually inspecting for signs of lower limb 

damage due to loss of blood flow, the abdominal wall musculature was closed using 4-0 

nylon sutures followed by closing of the skin using 4-0 silk sutures. Postoperative care 

included daily injections of gentamicin sulfate for 7 days post-injury (20 mg/kg, S.C.) and 

meloxicam for 3 days post-injury or as needed for pain and/or inflammation.  
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Spinal cord injury 

Rats received moderately-severe contusion injuries using the NYU impactor as 

previously described [239] allowing 4 weeks for recovery. Briefly, animals were 

anesthetized using a ketamine (50 mg/kg)/xylazine (0.024mg/kg) cocktail to provide a 

surgical level of anesthesia as confirmed by the absence of paw withdrawal reflexes in 

response to a strong toe pinch. A dorsal midline incision was made through the skin and 

muscle to expose the T1-T4 vertebrae. Next, a single level laminectomy was made at 

the T2 vertebral level, and the spine was prepared for contusion by attaching clamps to 

the T1 and T4 spinous processes.  Contusion injury was performed using a 35 g-cm 

weight drop, then the muscle and skin were sutured shut separately using 4-0 silk 

sutures. Rats were single-housed on heating pads and monitored overnight and were 

double-housed after 7 days of recovery (allowing for the incision to heal) for the 

remainder of the study. 

Pedal design and cycling protocol 

 Motorized cycles were purchased from the machine shop at Drexel University to 

ensure the overall dimensions were comparable with previously published studies. The 

crank length of these cycles is ~22mm (standard cranks), giving a crank to limb ratio of 

~1:3. Given that a typical crank to limb ratio in humans is ~1:5, custom cranks were 

fabricated at a length of 15mm to also be used in this study (short cranks). A custom 

pedal was designed using SolidWorks software. The goal of this design was to allow for 

the secure coupling of a single-axis force sensor (LCM100, FUTEK Advanced Sensor 

Technology, Irvine CA) to the rat’s distal limb while maintaining a similar trajectory to the 

existing pedals (Figure 7B). Rats were evaluated on standard and short cranks once per 

week each, with the order being switched for alternate weeks. Before cycling, spherical 

beads (4mm diameter) were placed on the skin over the iliac crest (anterior rim of the 
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pelvis), hip (head of the greater trochanter), ankle (lateral malleolus), and toe (fifth 

metatarsophalangeal joint). Additionally, two sagittally-oriented cameras (Basler AG, 

Ahrensburg, Germany) were positioned and calibrated to allow for triangulation of 

marked points using the MaxTraq software package (Innovision Systems Inc; 

Columbiaville, MI). During cycling, forces from the pedal were acquired at 1000Hz in 

synchrony with the two cameras at 100Hz using a custom LabView script, which were 

synchronized to telemetric data recorded at 1000Hz using LabChart8 (ADInstruments, 

Sydney, Australia).  

Euthanasia 

Animals were euthanized using a ketamine (50 mg/kg)/xylazine (0.024 mg/kg) cocktail 

and transcardially perfused with 4% PFA. Spinal cords were dissected and post-fixed in 

4% PFA for 2 h, then transferred to 30% sucrose for cryoprotection. Additionally, the 

femurs and tibias of each rat were dissected out and measured postmortem. These 

measurements were used to scale custom models of each rat [205] in the OpenSim 

platform [206]. 

Data processing 

 Systolic and diastolic pressures (SP and DP) were calculated by determining 

maximum and minimum values within each R-R interval in MATLAB. Heart rate (HR) 

was calculated as (60/ [beat interval time (s)]), where beat intervals were determined 

using the heart rate analysis module in LabChart 8. Mean values were taken of the 

entire in-cage recording periods and the on-bike periods where the bike was on. The 

relationship between mean arterial pressure (MAP) and HR was determined using 

convergent-cross mapping (CCM) analysis. Briefly, CCM is a nonlinear approach for 

estimating causality between two time series. The algorithm determines how much 
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information from one signal is encoded on another based on the degree in which the 

each signal can be approximated from a time delay series of the other, therefore giving 

bidirectional information of the strength of coupling between signals. For CCM analysis, 

beat-by-beat MAP values were determined by averaging the values in each R-R interval. 

A spline interpolation was applied to MAP and HR time series of 1000 Hz to create 

evenly sampled signals, and resampled to 10 Hz before CCM analysis [240]. Signals 

were analyzed using a CCM algorithm in MATLAB based on work from Sugihara et al. 

[241, 242]. The correlation coefficient value (magnitude from 0-1) was used as an 

indicator of the degree of causal information between variables. 

Forces were processed before analysis using a custom MATLAB script as 

described in Chapter III. Briefly, a second order zero-lag lowpass filter with a cutoff 

frequency of 6 Hz was applied to the raw data. The data was then separated into 

individual cadences and the fundamental frequency (f0) was identified at each cadence. 

A notch filter was applied at f0, then the subsequent two harmonics (2*f0 and 3*f0). The 

resultant signal described forces that were developed with the motion of the pedals and 

were termed non-spastic while the spastic force was calculated as the difference 

between the original and non-spastic forces.    

Statistical analyses  

 Data were analyzed using SPSS (IBM SPSS Statistics for Windows, Versions 

26/27. IBM, Armonk, NY). Five animals were lost over the course of the study due to 

complications from surgery, leaving five animals for analysis. Despite the smaller sample 

size, distributions were generally normal allowing use of repeated-measures ANOVA for 

analysis, with strict post hoc t tests (Bonferroni t test for multiple comparisons).  

Results 
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Average hip, knee, and ankle angular range-of-motion (ROM) profiles are represented in 

Figure 18A, C, and E, respectively. As expected, repeated-measures ANOVA revealed 

an effect of crank length for the hip (F1,3=114.2, p<0.01), knee (F1,3=487.4, p<0.001), and 

ankle joints (F1,3=22.7, p<0.05). Although significant, adjustment of crank length had a 

greater impact on the hip and knee ROM, as compared to the ankle, possibly due to how 

the foot was affixed to the pedal (weeks 1 and 6 did not show a significant difference in 

ankle ROM between the two cranks). Interestingly, there was also an effect of time 

(week) in the knee joint (F5,15=4.622, p<0.01). As knee ROM increased slightly over time, 

this is likely an effect of animals recovering and positioning (pushing themselves) further 

away from the ergometer. 
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Figure 18. Kinematics and range of motion analysis for the hip, knee, and ankle 

joints.  

A,C,E) Hip, knee, and ankle flexion represented over the course of a gait cycle. Error 

bars represent standard deviation. B,D,F) Boxplot representations of hip, knee, and 

ankle range of motion for short (blue) and standard (red) cranks. Crank length 

significantly affected ROM for all joints, although more significant differences were 

present in the hip and knee joints. All data were analyzed using repeated-measures 

ANOVA and Bonferroni corrected t-tests, *p < 0.05, ** p < 0.01, *** p < 0.001. 
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Non-spastic forces were analyzed in flexion and extension using repeated-measures 

ANOVA. In extension, significant differences were found for crank length (F1,3=20.6, 

p<0.05) and cadence, (F1,3=134.9, p=0.001), as well as the week-cadence interaction 

(F5,15=3.0, p<0.05). In flexion, significant differences were only found for cadence 

(F1,3=23.0, p<0.05). The results of this analysis are illustrated in Figure 19.  

  



98 
 

 

Figure 19. Analysis of non-spastic forces, represent as normalized area under the 

curve (AUC).  

A) Area under the curve measurements for short and standard cranks in extension. B) 

Area under the curve measurements for short and standard cranks in flexion. A 

significant difference was seen for cadence during both flexion and extension, while 

crank length was only significant during extension. All data were analyzed using 

repeated-measures ANOVA and Bonferroni corrected t-tests, *p < 0.05, ** p < 0.01. 
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Spastic forces are represented as heatmaps over the course of a gait cycle in Figure 20, 

where Figure 20 A&C represent the percentages of trials with a spasm present, while 

Figure 20 B & D represent the number of spasms per minute. In both short and standard 

crank lengths, 5 RPM cycling overwhelmingly exhibits the most trials with spastic forces 

present. However, the number of spastic force events per minute was greater at 

cadences >30 RPM using both short and standard crank lengths, with the standard 

crank length inducing almost twice as many events at these cadences compared to 

short. It should be noted that the force patterns are similar between cadences, i.e., 

starting during extension and peaking during full extension. Despite this similarity, the 

duration of force during the cycle is longer at 5 RPM cycling (lasting on average ~6 

seconds) while lasting between 0.5-1 second at cadences >30RPM. 
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Figure 20. Heatmap visualization of spastic forces averaged over one gait cycle.  

A) Spastic forces during short crank cycling B) Spastic forces during standard crank 

cycling. The top graph in each section represents how often a force occurred on a per-

trial basis, while the bottom graph represents how often a force was present on a per-

minute basis.  
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Figure 21. Average heart rate, systolic pressure, and diastolic pressure pre-, 

during, and post-cycling.  

A) HR differences were seen after week 1, where it was elevated during cycling at all 

timepoints and remained elevated post-cycling except during week 6. B) Systolic 

pressure was elevated during cycling after week 1, however it was only consistently 

different from post-cycling measures. C) Diastolic pressure followed a similar trend to 

systolic pressure with more significant differences seen between cycling and pre-cycling 

timepoints. All data were analyzed using mixed-model ANOVA and Bonferroni corrected 

t-tests, *p < 0.05, ** p < 0.01, *** p < 0.001. Dashed lines indicate significance in the 

short crank length group only.  
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Repeated measures ANOVA was used to investigate measurements of heart 

rate (HR, Figure 21A) and systolic/diastolic pressure (SP/DP, Figure 21B&C) between 

timepoints and crank lengths along the weeks of cycling. Significant differences were 

found for all outcome measures in timepoint (HR: F2,76=73.2, p<0.001; SP: F2,86=27.5, 

p<0.001; DP: F2,85=61.6, p<0.001). This difference was seen as an elevation in heart 

rate during cycling, which remained elevated post-cycling. Although cycling blood 

pressure was consistently higher than pre-cycling after week 1, post-hoc Bonferroni 

corrected t-tests did not find significant differences at all timepoints, rather on-bike blood 

pressure was consistently higher than post-cycling. In later weeks pre-cycling blood 

pressure was higher than post-cycling, suggesting a post-exercise hypotension effect. 

Differences between weeks were found in both blood pressure groups (SP: F5,38=2.7, 

p<0.05; DP: F5,36=5.1, p<0.05) as well as the timepoint x week interaction (SP: 

F10,36=3.4, p<0.01; DP: F10,31=4.8, p<0.001), representing a difference in blood pressures 

between week 1 and week 2. No direct effect of crank length was found for heart rate or 

systolic/diastolic pressure. However, it should be noted that the short crank length group 

showed more significant differences between timepoints in both systolic (significant drop 

from on-bike to post-bike at weeks 3 and 4) and diastolic pressure (significant drop from 

on-bike to post-bike at week 4, and from pre-bike to post-bike at weeks 5 and 6).  

Although seemingly counter-intuitive, these results highlight the instantaneous 

effects that force production during cycling has on the cardiovascular system. This 

relationship is highlighted in the example force, mean arterial pressure (MAP), and HR 

trace shown in Figure 22. Large, spastic-like force events (indicated by vertical dashed 

lines) typically lead to a brief spike in, followed by a decrease in MAP with a limited 

effect on heart rate. It is not until periods of higher cadence cycling without periods of 
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spasticity that MAP increases and remains elevated. Although heart rate does slightly 

decrease during the final elevation in MAP it remains above baseline for the duration. 

To quantify this relationship, convergent cross-mapping (CCM) was employed. 

RM AMOVA revealed no differences in either in-cage condition, however significant 

differences were found in the on-bike condition between HR-MAP/MAP-HR (F1,44=50.3, 

p<0.001) and week (F5,18=6.8, p<0.005). Post-hoc Wilcoxon signed rank testing revealed 

significant differences between HR-MAP and MAP-HR at five out of six timepoints for 

standard crank lengths, and four out of six timepoints for short crank lengths during 

cycling (Figure 23). During cycling, the effect of MAP on HR is consistently lower than 

HR on MAP, suggesting a one-sided disruption in the relationship. As seen in Figure 22, 

sharp changes observed in blood pressure that are caused by spastic force events have 

little effect on heart rate, while the overall effect of heart rate on blood pressure remains 

consistent.  
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Figure 22. Representative trial demonstrating instantaneous cardiovascular 
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effects.  

A) Forces recorded during cycling, where dashed lines indicate peaks of spastic force 

activity. B) Mean arterial pressure (MAP) during cycling. Notice drops in MAP during 

spastic force activity. C) Heart rate during cycling. Heart rate decreases occur during 

prolonged periods of elevated MAP, and only responds slightly do drops seen during 

periods of high intensity spasms. 

  



107 
 

 

Figure 23. Line graph representations of HR↔MAP causality pre-, during, and 

post-cycling for standard and short crank lengths.  

A&B) Influence of MAP on HR (A) and HR on MAP (B) during cycling under the 

standard crank condition. Values of the influence of MAP on HR approached statistical 

significance during cycling compared to both in-cage conditions at weeks 1, 2, 3, and 6 

post-injury. C&D) Influence of MAP on HR (C) and HR on MAP (D) during cycling under 

the short crank condition. Values of the influence of MAP on HR approached statistical 

significance during cycling compared to both in-cage conditions at weeks 2, 3, 5, and 6 

post-injury. Statistical significance was found using Bonferroni corrected post-hoc t-tests, 

* p < 0.05, ** p < 0.01.  
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Discussion 

 The translation of results from animal models to clinical practice is dependent on 

our understanding of the model system, and specifically the anatomical and/or 

physiological differences between animal and human that might affect translation. The 

goal of this study was to expand our understanding of the rat model of MC by 

investigating the effects PF has on the cardiovascular system, and how cycling ROM 

and cadence can be used to modulate these effects. Using a lower crank-limb ratio 

decreased ROM – particularly at the hip and knee – and reduced incidences of high 

frequency, high force spastic-like responses primarily seen during extension. Although 

the lower ROM cycling had a slight effect on non-spastic forces in the extension phase 

there was no effect during flexion, while cadence had a strong effect on non-spastic 

forces during both flexion and extension. 

 Overall, MC influenced HR, SP, and DP that extended into the acute post-cycling 

period. During the first week of cycling rats had difficulty maintaining blood pressure 

during cycling, likely due to spinal shock [243]. During the remaining evaluation periods 

cycling consistently induced an elevated heart rate and increased SP, consistent with 

increased CO and a mild exercise response [244, 245]. However, it should also be noted 

that DP also increased during cycling, which is atypical in able bodied subjects [246]. DP 

is dependent on CO and peripheral vascular resistance [247]; the increase in CO during 

exercise is generally accounted for by vasodilation of vessels in skeletal muscle. In our 

model, altered vascular dynamics post-SCI may play a role in this response. In cervical 

and high thoracic injuries, similar to those employed here, stimuli below the level of 

lesion can lead to spinally mediated reflex activation of sympathetic neurons causing 

vasoconstriction which may counteract exercise mediated vasodilation. Additionally, 

chronic stiffening (loss of compliance) of the arterial system can occur within the first 6 
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weeks post-SCI [248, 249]. Despite the increase in DP during exercise, blood pressure 

spikes did not reach levels needed to qualify as autonomic dysreflexia and were not 

associated with bradycardia.  

Effects of cycling on CV parameters were found using both short and standard 

cranks, however short crank length cycling induced more robust changes in both SP and 

DP compared to standard crank length cycling. Although seemingly counterintuitive, 

these results may be explained by the relationship of blood pressure to PF. Bursts of 

spastic muscle activity induced brief spikes followed by decreases in blood pressure, 

while non-spastic forces were associated with a gradual and prolonged elevation of 

blood pressure. An increased number of spastic bursts, as seen with the standard crank 

cycling, may not have an exercise effect, and perhaps may disrupt the balance between 

heart rate and blood pressure. CCM analysis suggests that while heart rate still 

maintains an effect on blood pressure during cycling that the effect of blood pressure on 

heart rate is reduced. As this relationship is further reduced during standard crank 

cycling, it is likely due to changes in blood pressure that occur too rapidly for a heart rate 

response to follow. 

Unfortunately, direct comparison between rat and human MC is currently difficult. 

Despite the wealth of information on active cycling biomechanics [250-252] relatively 

little information exists on MC biomechanics, particularly in-bed cycling. A recent 

protocol suggests starting knee flexion at 30° for in bed cycling [253] compared to 46° for 

upright cycling [254], although no other ROM values are reported. PF has been 

investigated during FES cycling [255, 256], however the purpose of these studies is to 

calculate muscle torque independent of inertial movement making information on PF 

during MC limited.  
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This current study provides insights into the relationship between PF and 

cardiovascular dynamics during MC in rats, however there are several limitations that 

must be considered. First, this study was designed to understand how PF was affected 

by cadence and therefore used a wide range of cadences with a fixed number of cycles. 

The number of rats used for this aim was low, which was further reduced by post-

surgical complications. Future studies should narrow the focus by investigating 

differences between one low and one high cadence using larger group sizes. Next, the 

cardiovascular responses were recorded in response to brief (8-10 minute) bouts of 

cycling, much of which was low cadence. Training studies using MC typically cycle rats 

in 30-minute bouts, therefore understanding how force affects cardiovascular responses 

over a longer period is critical. For the current study we did not intend to study the 

impact of MC training, but rather the changes in PF and CV responses over time post-

injury, thus we avoided long periods of high-cadence cycling. Finally, a contusion injury 

model was chosen for this study, which induced a wide range of PF. We chose the T2 

severe injury (35g-cm) due to its perceived clinical relevance, since most SCI patients 

have some white matter sparing, even if an injury is functionally complete [257]. 

However, rats with this level of injury are capable of locomotion and may thus exhibit 

stronger reflex activity in response to MC [258]. Previous work in Chapter III 

demonstrates that even fully transected rats can generate spastic forces during MC, and 

that levels of non-spastic forces are only slightly lower than contused rats. Therefore, 

questions of the clinical relevance of this model remain. An understanding of the 

magnitudes and causes behind PF during MC in both humans and rats will help future 

clinical translation.  
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CHAPTER V 

OVERALL DISCUSSION 

Summary 

 The main innovation of this work was the creation of a system to measure the 

forces during MC in the spinal cord injured rat, which was done in relation to cycle phase 

at a variety of cadences and two crank lengths. We used six cadences from 5-60 RPM 

with the intention of creating a “titration curve” of cadence versus force. Much like an 

actual titration curve, there appeared to be a tipping point between 15 and 30 RPM 

where forces greatly increased, however a much smaller effect was observed changing 

cadences from 5-15 RPM and 30-60 RPM. To further understand these forces, a novel 

filtering technique was developed to separate spastic from non-spastic forces and 

investigate their relationship to cardiovascular outcomes and hindlimb muscle EMG. 

Overall, MC in our contusion model caused an elevation of SP, DP, and HR. It appeared 

that rhythmic cycling with non-spastic forces elevated BP in a prolonged manner, while 

large magnitude spasms caused a brief elevation in MAP followed by a longer decrease 

that appeared to disrupt the relationship between HR and MAP. Furthermore, our results 

suggest that cadences ≥30 RPM can increase non-spastic forces that coincide with 

relatively small, rhythmic bursting of EMG, while cadences ≤15 RPM increase spastic 

forces that are related to high frequency bursting of EMG. Although repeated measures 

ANOVA revealed significant effects of cadence on non-spastic force in both T2 and T10 

injury models there were relatively few post-hoc results due to a larger than expected 

variability. However, these results overall demonstrate hindlimb loading during cycling
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related to muscle activity and provide a possible mechanism for explaining differences 

between the animal model and clinical MC. 

Spasticity During Cycling 

 This existence of this spasticity raises an obvious question: is it possible to alter 

cycling parameters and/or other external factors such that the occurrence of spasticity 

can be modified? Our initial hypothesis was that muscle activity would be driven by 

velocity-dependent stretch reflexes, which largely appears to be true. A complication to 

this finding was the relatively large amplitude forces observed in our model of MC 

characterized by high frequency (4-8 Hz) oscillations. We described these as “spastic” 

because the frequency component of these forces mimics clonic spasms observed in 

patients and rats [183], however this is an incomplete view of spasticity. Spasticity after 

SCI is often broadly divided and defined as tonic or phasic [259], where tonic spasticity 

is defined as increased muscle tone in response to stretch, while phasic spasticity is 

oscillatory responses to a muscle stretch. Although we refer to forces in this study as 

spastic and non-spastic, it may be more appropriate to consider non-spastic forces as 

tonic given that they are representing a resistance to muscle stretch.  

Spastic forces: phasic spasticity? 

 In humans, phasic spasticity is generally synonymous with tendon hyperreflexia 

and clonus [260], which is characterized as an involuntary rhythmic contraction with a 

frequency of 5-8 Hz that is generally thought to be elicited by a rapid stretch of a muscle 

[261, 262]. Although our spastic forces were often due to EMG patterns in a similar 

frequency band to clonus, we found that spasms were most likely to occur during 5 RPM 

cycling, which consistently had the highest occurrence of spastic forces in both our T2 

and T10 injury models. This is surprising based on our hypothesis that the activation of 
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these spasms is stretch reflex dependent, as they bear a similar frequency to clonus in 

humans. If our spasms are mechanistically related to clonus in humans, there are two 

schools of thought. The first is the theory of recurrent activation of stretch reflexes [262], 

where first a rapid muscle stretch activates 1a afferents that results in a brief contraction. 

As the muscle relaxes, the natural movement of the limb causes the muscle to be 

stretched again, causing it to enter a phasic stretch-relax-stretch loop. This is possible 

after SCI as descending inhibition on alpha and gamma motor neurons is disrupted 

causing the stretch reflex circuit to be hyperexcitable [263]. In addition to seeing spasms 

more frequently during slow stretch, the spasms in this model generally begin in early to 

middle extension, meaning that the spasms occur despite the muscle lengthening. 

However, a second theory postulates that clonus may not be entirely stretch reflex 

dependent and may depend on central circuitry [261]. This began with work from 

Geoffrey Walsh, who demonstrated that ankle angle was not a determining factor by 

using a device to provide a rhythmic force to the foot during clonus, which failed to 

entrain a superimposed rhythm [264]. This effect was elaborated on by Dimitrijevic et al. 

who also failed to entrain a rhythm to clonus using tendon taps from 1-15 Hz [265]. 

Interestingly, it has also been demonstrated that clonus may not need stretch to be 

activated, as Beres-Jones et al. demonstrated that synchronous clonus-like EMG activity 

can occur in the soleus, medial gastric, and tibialis anterior during isometric contractions 

[266].  

 Recent work in animals supports the theory that spasms are centrally mediated. 

Notably, Lin et al. demonstrated the role of V3 interneurons by demonstrating that 

optogenetic activation excitation of this population not only increased spasms in mice but 

was able to elicit them [267]. The involvement of V3 interneurons in spasticity is intuitive 

given that they project across the midline [268] and are involved in coordinating 
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locomotion [269, 270], suggesting that they may play a role in coordinating spasticity as 

well. It has been demonstrated that V3 interneurons cluster into distinct dorsal and 

ventral groups (in laminae IV-V and VI-VII, respectively) [271]; the excitatory dorsal V3 

interneurons have been shown to receive direct sensory input from Ib and II sensory 

afferents [272, 273]. Our results demonstrate that c-Fos is upregulated in these areas, 

particularly in laminae IV-V. However, we also see c-Fos expression in the upper dorsal 

horn. While low-threshold mechanoreceptors synapse in these areas [274], we see c-

Fos expression in Lamina I which is known to receive inputs from nociceptors and 

modulate pain [275]. Care was taken to ensure the paw was always in contact with a soft 

surface/was non-irritated and vocalizations during cycling were minimal, however we 

cannot definitively rule out an effect from skin or muscle nociceptors. It should be noted 

that decreases in locomotor capacity following MC training were present, although very 

slight as they only approached significance at week 5 (Figure 16B). These levels are 

comparable to CGRP+ depleted rats that underwent daily hindlimb stretching [171], 

suggesting that at least the effect of stretch during cycling is not sufficient to cause c-

fiber mediated nociceptive input. 

  A final caveat is that when normalizing to time it becomes clear that higher 

cadences elicit more spasms per minute, although it is difficult to interpret this result as 

stimuli are unevenly applied. Future studies could test this by looking at individual cycles 

with regular intervals of rest in between. Additionally, future studies could address the 

issue of possible nociceptive input during cycling. This could be addressed generally by 

using rats that have depleted nociceptors [171], or target skin specifically by using a 

topical anesthetic to reduce signal propagation in Aδ and C fibers such as lidocaine 

[276]. 

Non-spastic forces: tonic spasticity? 
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 Tonic spasticity is thought of as the increase of muscle tone, often in response to 

a passive stretch and is rate dependent. We hoped to quantify this by filtering out the 

components of force that were outside of the cycling cadence harmonics. This technique 

was largely successful, and results suggest that cycling cadence can affect muscle tone 

during both flexion and extension despite a high degree of variability in the data. The 

source of this variability is likely from multiple sources, the most obvious being the 

variable nature of passive cycling itself. Despite our best efforts, rats are naturally adept 

at escaping tight spaces and were able to move during the recording. Small changes in 

position can greatly change limb trajectory and therefore alter the rate of stretch between 

rats. Additionally, there exists a mixed literature regarding the development of increased 

muscle tone in rats. For example, Chang et al. investigated the development of muscle 

tension in response to stretch using a similar apparatus to our passive cycle [277], 

however they used a protocol where the hindlimb was carefully positioned while the rat 

was under isoflurane and torque was continuously recorded as the rat began to wake 

up. They then used the amount of torque that was recorded ten seconds prior to the rat 

struggling against the machine. Despite using this tightly controlled protocol their 

recorded muscle tension post-SCI (T8 hemisection) was highly variable, ranging from 

slightly above baseline levels to nearly a 500% increase. Similarly, Bose et al. measured 

velocity dependent changes in hindlimb torque and EMG of the triceps surae after a 

moderate T8 contusion [278]. Interestingly, they found a significant increase in torque 

and EMG at week 1 post-SCI, however the largest percent change from baseline in 

EMG was observed at the slowest angular velocities. They also observed a marked 

decrease in torque at weeks 2 and 3 post-SCI, however a velocity dependent increase 

over baseline was found at week 5 and lasted through week 12. This may explain why 

we saw a sharp increase in non-spastic forces at week 5 in our T10 contusion model, 

although our results are not completely comparable as we observed a flaccid paralysis 
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at week 1. It should also be noted that the T10 transection group had lower non-spastic 

forces compared to T10 contusions, however that does not mean that transected 

animals will not experience spasticity. Wind up of stretch reflexes has been 

demonstrated in the hindlimbs of T10 transected rats [198], while gabapentin sensitive 

tail spasticity has been demonstrated in both a T4 [279] and S2 transection [280]. It is 

likely that this reduction in force came from muscular atrophy, as SCI animals had 

reduced muscle weight that did not reach the levels of animals in the contusion group. 

Cardiovascular Effects of Motorized Cycling 

 We demonstrated a consistent increase in heart rate and blood pressure during 

MC. HR remained slightly elevated post-cycling while BP tended to drop, suggesting a 

potential post-exercise hypotension [244]. This is contrary to the results of West et al., 

who reported no change in SP and a slight decrease in HR during MC [69]. Although 

they used a different strain and sex (male Wistar rats) than we did the reported body 

weights are similar suggesting similar biomechanics during cycling, although our use of 

a force sensing pedal likely altered paw placement slightly.  It should also be noted that 

the largest decrease in heart rate seen in the West et al. study occurred after ~15 

minutes of MC, which was longer than any of our sessions. Furthermore, his reported 

decreased HR was 531±12 b.p.m, which was higher than we ever observed during MC.  

 Our hypothesis was that the skeletal muscle pump plays a role in cardiovascular 

improvements seen using MC. This theory is based on the idea that a contraction of 

skeletal muscle increases venous pressure and ventricular filling, which increases pre-

load and CO. The pressure measurements in our study do not directly measure venous 

pressure, as the pressure cannula resided in the abdominal aorta. Additionally, the 

BP/HR changes we observed in response to spastic and rhythmic contractions were 
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different; these responses should be considered individually although some mechanistic 

overlap may exist.  

Rats generally exhibited an increase in BP/HR during MC, which occurred during 

periods of non-spastic cycling. This is consistent with a healthy exercise response where 

an initial sympathetic outflow increases HR, which then leads to a gradual increase in 

SP [281]. However, we also observed an increase in DP which is atypical during 

exercise and likely results from an excessively high CO or impaired vasodilation in 

skeletal muscles [282]. Although we cannot definitively state the mechanism that is 

causing this, it is well known that stimulation of afferents below the lesion after high 

thoracic/cervical injury leads to unregulated activation of sympathetic pre-ganglionic 

neurons that can cause exaggerated vasoconstriction in the peripheral vasculature, a 

phenomenon known as autonomic dysreflexia (AD) [283].  Contraction of skeletal 

muscle during exercise normally results in local vasodilation due to a combination of 

multiple factors which blunts sympathetic vasoconstriction, allowing an increase of blood 

flow to the contracting muscle [284]. Metabolic factors are thought to play a role, such as 

the release of potassium ions [285], nitric oxide [286], and prostaglandins [287] that are 

generated and released by contracting skeletal muscle [284]. It is possible that release 

of metabolic factors is limited during MC as muscle contractions are relatively weak, 

therefore elevated sympathetic activity limits any vasodilatory effect. However, we 

observed a sharp decline in MAP during large spastic contractions which could also be 

related to vasculature. For example, one theory suggests that muscle contraction 

induces vasodilation by activating mechanosensors in the vasculature [288]. Supporting 

this hypothesis, it has been demonstrated that pharmacological blockade of integrin 

receptors can mitigate the effects of compression induced vasodilation [289]. 

Interestingly, this study demonstrated an increase in dilation during periods of increased 
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transmural pressure that peaked after compression and lasted ~30 seconds like our 

observed time course of contraction induced hypotension. 

Overall, it appears as though MC may induce an exercise response, although 

some aspects of the response are abnormal, and the mechanisms causing the response 

are not fully understood. The potential involvement of vascular regulation has important 

clinical implications. Although no rats in our study exhibited signs of AD, the stimulation 

of cutaneous or muscular afferents during MC is a potential trigger for patients and 

further investigations are warranted. 

Effects of Transmitter Implant on SCI Recovery 

 An interesting observation we made, which, while not the focus of this work, 

deserves a brief mention, is the apparent impact of transmitter implantation on functional 

recovery. In our final experiment the locomotor and sensory response to MC training 

was investigated using weekly BBB and tail-flick evaluations, respectively. Transmitter 

implanted animals had higher BBB scores compared to the non-implanted transmitter 

group, but perhaps more surprisingly the injury appeared to have no effect on tail-flick 

latency, even showing a mild increase post-SCI. Although we allowed the animals three 

weeks between implantation and SCI, it is possible that there was still a lingering 

inflammatory response to the initial incision/surgery and/or the foreign body. It has been 

shown that trauma disrupts the homeostasis of the immune system leading to a 

decrease in circulating immune cells [290, 291]. Normally this is associated with 

negative outcomes; for example, non-SCI patients with polytrauma exhibit poor wound 

healing, which has been associated with a decrease in circulating leukocytes [292, 293]. 

Although this is an undesirable outcome for peripheral wound healing the contributions 

of inflammatory mediators to SCI are mixed [294], and the general consensus is that 

inflammatory damage is a large contributor to secondary injury [295]. In this way, the 
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transmitter implantation may have inadvertently directed immune response away from 

the SCI resulting in better functional outcomes. Unfortunately, our study was not 

designed to measure circulating immune cells or any related outcomes and therefore 

any relationship between prior immune response and outcome post-SCI is purely 

conjecture. Still, future studies involving chronic device implantation and SCI should be 

mindful of the order in which surgeries are performed. 

Clinical translation: potential hurdles  

One of the most obvious hurdles for overcoming the translation of animal models 

of exercise to humans is the biomechanical differences, as humans are bipedal while 

animals are quadrupedal thus inherently making comparisons difficult. As a starting 

point, one might consider how joint ranges of motion (ROM) compare between cycling 

and overground walking in rats and humans. In rats, it has been reported that hip, knee, 

and ankle ROM during overground walking are 39.2±7.0°, 52.9±10.2°, and 53.9±10.1°, 

respectively [296]. Hip and knee ROM are higher than overground approximately 10 

degrees each (52.0±5.1° and 63.4±6.9°, respectively) during standard crank cycling 

while remaining comparable using the short crank (38.9±3.3° and 47.9±6.4°, 

respectively), while ankle flexion is reduced in both standard (42.3±6.7°) and short 

(34.0±5.5°) crank cycling compared to overground locomotion. Active cycling in humans 

reportedly produces a similar ROM (38° hip, 66° knee, and 24° ankle flexion) compared 

to overground locomotion for all joints [254]. Based on this information alone, one might 

conclude that since the ROM of short crank cycling is roughly equivalent to that 

observed during overground walking in rats then it must be roughly equivalent to human 

cycling, where the same statement is true.  

However, this view is omitting key differences which can be conceptualized 

through threshold control theory. This can be thought of in terms of the steady state 
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interaction between an organism and the external environment, where motor actions 

occur when some component of the system is disturbed [297]. These perturbations can 

originate from the organism itself (e.g., your brain giving a neural command to lift your 

arm) or from the environment (an external force acting on a limb, such as the pedal of a 

MC ergometer) [298]. In this view there is a threshold in which an external force can 

break the equilibrium point of the system and elicit a motor action, for example the length 

at which a muscle begins to be excited while being passively stretched [299]. Taking this 

theory into account, consider the neutral hip position of rats (neutral at ~90° and limited 

by the skeletal and muscular structure around the ischia [216], Figure 24A) to that of 

humans (neutral closer to 0°, Figure 24C). In rat MC, hip extension often reaches or 

slightly exceeds 90° (Figure 24B), while in human cycling the hip typically does not 

exceed 40° (Figure 24D). Therefore, MC in rats may be inherently more likely to move 

beyond an equilibrium point in the hip that would trigger stretch reflexes. Hip extension is 

especially important as it has been shown to activate stretch reflexes that are known to 

facilitate locomotion post-SCI [214].  
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Figure 24. Illustration of relative differences in neutral and cycling hip positions of 

rats and humans. 

A) Neutral position of a rat hindlimb. B) Rat hindlimb during MC. C) Neutral position of a 

human lower limb. D) Human hindlimb during cycling. A&C and D were adapted from 

[216] and [300], respectively. 
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 The points above reflect the effect of the environment on the organism; 

additionally, the organism itself is able to adjust the threshold at which muscle is 

activated by stretch [301]. The ability to modulate reflexes is governed by a combination 

of factors and interactions between primary afferents, interneurons, motor neurons, and 

the descending pathways that influence them [302]. This is particularly relevant to SCI, 

as the disruption of descending input causes drastic temporal changes in reflex 

sensitivity [303]. Although gamma motor neurons that control the gain of the stretch 

reflex do not appear to directly contribute to hyperexcitability after SCI, it has been 

suggested that the intrinsic properties of larger alpha motor neurons may play a role in 

spasticity through changes in persistent inward currents (PIC) [304]. These changes are 

mediated by a loss of descending serotonergic input that increases the expression of 

constitutively active 5-HT2C receptors, which causes increased PIC that create an 

exaggerated response to synaptic afferent inputs such as those from muscle stretch 

[305]. As this phenomenon occurs in rats [306] and humans [307], it is important to 

consider when attempting to translate results from MC studies as increased excitability 

could lead to increased reflex activation during cycling. In rats, these reflexes have been 

shown to increase after only two weeks post-transection and coincide with the 

development of spasticity [308]. This corresponds to our results, which demonstrate an 

increase in force starting at two weeks post-injury. Although reflexes may reappear as 

early as two weeks after injury in humans, clinical signs of spasticity usually do not 

appear until two to six months after injury [123, 309]. Therefore, it may be difficult to 

translate the results of a rat model of MC to acute cycling in humans as there is only a 

narrow window where the cycling itself is relevant, although this needs to be validated by 

examining force and EMG during human MC. Additionally, some consideration should 

be given to the injury model itself. While we primarily used a contusion model of SCI due 

to the relevance of this kind of injury to humans, some evidence suggests that 
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transected rather than contused rats exhibit more spasticity, which is the opposite of 

what occurs in humans [308, 310, 311]. Although the contusion group in our study 

exhibited more spastic forces during cycling it also showed little cadence dependent 

changes in non-spastic forces, suggesting that the tonic component of the stretch reflex 

may not have been activated. Additionally, the spastic forces in this study could also be 

due to a kicking or fighting of the bike due to input from the brain as some locomotor 

capacity was retained in the contusion group, therefore the relevance of these forces to 

human MC is unlikely. In summary, the choice of SCI model must be from a balance 

between the pathology of the injury with how clinically relevant the response to treatment 

is. The increase in tonic spasticity, immobility resulting in no in-cage hindlimb loading, 

and lack of large forces observed may make a transection injury of MC more clinically 

relevant despite differences in the injury profile. 

Future Directions and Potential Clinical Translations 

 This discussion has considered the relationship between human and rat MC, 

however without an understanding of the forces, EMG, and cardiovascular response 

during clinical MC any conclusions will remain speculation. There is progress being 

made in this regard, as a promising method to assess clinical MC acutely post-SCI has 

been developed at the Université de Montréal [253], and our labs are working closely to 

devise comparable outcome measures. In the meantime, one of the main lessons that 

can be immediately adapted from this work is the idea of eccentric cycle training – 

targeting activation of the muscles during lengthening – specifically applied to FES 

cycling. A substantial limitation to FES cycling is rapid muscle fatigue given that patients 

with SCI have reduced capacity for exercise [312] and FES recruits fatigable fast-twitch 

fibers, opposite from that of a volitional contraction [313]. As eccentric cycling has been 

shown to be less metabolically demanding at the same work [314, 315], clinicians could 



124 
 

utilize a procedure where a milder stimulation is applied during the lengthening phase 

while patients are on a motorized ergometer. Stimulated resistance training has already 

been performed on SCI patients using weighted knee extensions and has shown 

benefits in skeletal muscle size [316] and glucose tolerance [317]. Our results 

demonstrating a BP/HR response to rhythmic MC in rats work suggests that eccentric 

FES cycling may offer a cardiovascular benefit in addition to the benefits of resistance 

training. 

 Although no direct comparison can currently be made between rat and human 

MC, there are still steps that can be taken to improve our understanding of the rat model 

due to limitations of the current work. Our study on cardiovascular outcomes was 

focused on the instantaneous relationship to force and cadence which influenced the 

design of our evaluation. A consequence of this design was the short time of the 

evaluation (about one third of published training methods), therefore we do not know 

how force relates to a possible training effect. Additionally, we do not know what the 

cardiovascular-force relationship is in a transection model of SCI. Future studies could 

investigate the relationship between forces, HR, and BP over an extended training 

session and how differences during cycling relate to long-term cardiovascular outcomes. 

To induce differences in force production, animals could be trained at different 

cadences. Additionally, an anti-spastic drug such as baclofen could be administered to 

separate the contributions of spastic and non-spastic forces.  

 Finally, our interpretation of EMG results is limited as results were obtained in 

rats with a contusion injury, and as mentioned previously this group exhibited slightly 

abnormal recovery following SCI compared to animals that did not receive an implant. 

While we were able to illustrate EMG patterns at a wide variety of forces, we cannot 

definitively say that the relationship would be the same in animals with a transection. An 
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additional limitation was the evaluation design. Our use of six cadences was intended to 

be thorough, however it reduced statistical power and complicated analyses. As a 

pattern of low/high cadences was observed, future studies should use one of each as 

opposed to all six.  

 This work was performed with the intention of translating benefits of MC seen in 

rats to the clinic. For this to occur, a deeper understanding of the biomechanics and their 

relation to physiologic responses in both rats and humans must be attained. It may be 

that a rat model only applies to chronic SCI, as the timeframe of reflex recovery in rats is 

too short for meaningful intervention. It is also possible that inherent differences in rat vs. 

human anatomy require a redesign of the rat cycle to be relevant, or possibly these 

differences will be such that a direct translation is not possible. Regardless, insights from 

the animal model can still be used to influence clinical practice in a meaningful way. If 

MC can be applied clinically in a manner that elicits rhythmic muscle activity and 

meaningful hindlimb loading it may be a useful rehabilitation strategy for mitigating the 

loss of muscle mass and cardiovascular function post-SCI.
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LIST OF ABBREVIATIONS AND SYMBOLS 

 

AD autonomic dysreflexia 

ANOVA analysis of variance 

AUC area under the curve 

BBB Basso, Beattie, and Bresnahan locomotor rating scale 

BF biceps femoris 

BP blood pressure 

BSA bovine serum albumin 

BWS body weight support 

BWSTT body weight supported treadmill training 

CGRP calcitonin gene related peptide 

CO cardiac output 

CPG central pattern generator 

CV cardiovascular 

CVD cardiovascular disease 

DAPI 4-,6-diamidino-2-phenylindole 

DP diastolic pressure 

DRG dorsal root ganglia 

EMG electromyography 

EtOH ethanol 

f0 fundamental frequency 

FES functional electrical stimulation 

FITC fluorescein isothiocyanate 

GABA gamma-aminobutyric acid 

HR heart rate 

Hz hertz
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IGF-1 insulin-like growth factor 1 

j scale factor 

KCC2 potassium chloride cotransporter 2 

l length 

L1-L5 lumbar level one-five 

MAP mean arterial pressure 

MAP-kinase mitogen-activated protein kinase 

MC motorized cycling 

n sample number 

NDS normal donkey serum 

NF-κB nuclear factor kappa b 

NRG-1 neuregulin-1 

O.C.T optimal cutting temperature 

Pa arterial pressure 

PBS phosphate-buffered saline 

PBST phosphate-buffered saline with Triton 

PF pedal force 

PFA paraformaldehyde 

PIC persistent inward currents 

Pv venous pressure 

Q blood flow 

r radius 

R resistance 

RAST robot assisted gait training 

RMANOVA repeated measures analysis of variance 

RMS root mean square 

ROM range of motion 

RPM rotations per minute 

SCI spinal cord injury 

SD standard deviation 
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T threshold 

T10 thoracic level ten 

T2 thoracic level two 

T5 thoracic level five 

TKE Teager-Kaiser Energy  

TRPV1 transient receptor potential cation channel subfamily V member 1 

VL vastus lateralis 

x electromyography signal 

δ0 standard deviation 

Δp change in pressure 

η viscosity 

μ0 mean 

ψ Taiger-Kaiser energy operator 
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