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SPINAL CORD INJURY AND PLASTICITY IN CERVICAL MOTOR SYSTEMS 

By 
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Chair: David D. Fuller 
Major: Rehabilitation Science 
 

Injury to the cervical spinal cord (cSCI) is often accompanied by impaired upper 

extremity and respiratory function. Though the potential for spontaneous recovery has 

been demonstrated, this is often limited. This dissertation presents original research 

exploring spontaneous plasticity and recovery in cervical motor systems following 

experimental cSCI and explores potential anatomical substrates. 

We first characterized upper extremity motor recovery over several months 

following lateral C2 hemisection. This model has been used extensively to study 

plasticity in the phrenic system. Early deficits followed by modest functional recovery 

were observed. Assessment of the neuroanatomical circuitry of the upper limb indicated 

a change in the distribution of pre-motor interneurons, which we hypothesized were 

likely candidates for mediating functional recovery. 

Next we assessed the serotonergic innervation of cervical motor systems. 

Serotonin, which is correlated with motor function, has been shown to be reduced 

following SCI. Studies have demonstrated that restoration of serotonin to motoneuron 

pools improves motor output, however whether serotonin also innervates interneurons 

has not been investigated. We demonstrated that serotonergic projections innervate 
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phrenic motoneurons and pre-motor interneurons and that 5-HT2A and 5-HT7 receptor 

subtypes are expressed on these neurons.  

The contribution of propriospinal interneurons to functional recovery (respiratory 

and upper extremity) following cervical hemisection was assessed. Early functional 

deficits were followed by spontaneous recovery and recent evidence (presented in this 

thesis) suggests this may be mediated by propriospinal interneurons. Focal ablation of 

propriospinal interneurons in the intermediate gray matter of the cervical cord of 

chronically injured rats attenuated upper extremity and respiratory functional recovery.  

In conclusion, the data presented here provide the following novel findings: 1) 

spontaneous recovery of upper extremity function occurs following cSCI and coincides 

with recruitment of pre-motor interneurons 2) serotonin innervates cervical motoneuron 

and pre-motor interneurons of the phrenic circuit, and 3) specific ablation of 

propriospinal cervical interneurons in the cervical cord further supports their role in 

mediating functional recovery. Therapeutic strategies that target this intraspinal network 

of interneurons and promote restoration of serotonergic innervation to motor circuitry 

may represent a promising avenue for optimizing functional recovery after SCI. 
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CHAPTER 1 
INTRODUCTION 

The Concept of Plasticity 

In 1906, Santiago Ramon y Cajal was awarded the Nobel Prize in Medicine and 

Physiology for elucidating the intricacies of the nervous system. His work confirmed that 

the nervous system was made up of individual cells, neurons, which can act in concert 

with one another and communicate via synapses. Viewed by many as the father of 

modern neuroscience, Ramón y Cajal put forth significant contributions to the 

understanding of the human nervous system, and much of his work has stood the test 

of time, save one theory; Ramón y Cajal asserted that the neural connections within the 

adult nervous system were “hard-wired, fixed, and immutable” and that once damaged, 

these neural pathways were irreparable (Ramon y Cajal, 1913-1914). For nearly a 

century, this dictum of a fixed adult nervous system created the nihilistic belief in the 

mind of scientists and clinicians alike, that damaged nervous systems were damaged 

permanently, and that no intervention could alter this fate. Thus the over-riding theme of 

neurorehabilitation and medicine for many years was to teach individuals to adapt to 

their fate and to compensate for the resulting impairments. Conversely, the concept of 

plasticity is not at all unfamiliar to those with an understanding of muscle biology and 

physiology. Indeed there is a tremendous body of evidence demonstrating the immense 

plastic potential of skeletal muscle. Recent decades have realized a change in this 

pessimistic dogma, which has been so pervasive in the field of neuroscience, with the 

emergence of a significant body of research to support the notion of plasticity in the 

adult central nervous system. Furthermore, given the considerable interconnectedness 

between nerves and muscle, it is not surprising that plasticity observed in one system 
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would also be evident to some extent in the other. Indeed, there is now considerable 

evidence that both skeletal muscle and the nervous system demonstrate tremendous 

adaptive plasticity in response to physiological perturbations such as inactivity, injury, 

exercise, etc.  

Plasticity, for the purposes of the present work, can be delineated into three 

distinct, but related categories: 1) neuroplasticity, defined as “a persistent change in a 

neural control system (morphology and/or function) based on experience” (Mitchell and 

Johnson, 2003); 2) functional plasticity, defined as a persistent change in motor function 

related to a defined behavior; and 3) muscle plasticity, defined as a change in whole 

muscle and/or myofiber morphology and/or phenotype (Hutchinson et al., 2001). Here, 

we present a detailed review of spinal cord injury, with specific emphasis on the neural, 

functional, and muscular consequences that occur following injury to the cervical spinal 

cord.  

Spinal Cord Injury 

Spinal cord injury (SCI) is a devastating neurological insult that leads to 

significant physical impairments including chronic paralysis and limitations in functional 

mobility. Motor vehicle accidents comprise the largest proportion of all SCIs (~40%), 

though in older adults (>50), falls have become the most prevalent cause (Jackson et 

al., 2004, DeVivo and Chen, 2011). The socioeconomic burden of SCI is staggering, 

with an estimated 12,000 Americans affected annually and a surviving cohort of 

250,000 individuals living with the chronic and disabling effects of SCI. Perhaps more 

concerning than the sheer number of individuals affected by SCI, is the tremendous 

price tag associated with post-injury medical and supportive care costs, which is 

estimated to exceed 10 billion dollars in the US alone. Such astounding demographics 
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underscore the tremendous need for improved therapeutic management of spinal cord 

injury (Anderson, 2004, Anderson et al., 2005, DeVivo and Chen, 2011, NSCID, 2011).  

Pathophysiology of Spinal Cord Injury  

Traumatic injury to the spinal cord (SCI) initiates a cascade of events that is 

characterized by an initial primary injury response, a prolonged secondary injury phase, 

and finally stabilizing and reaching a chronic homeostasis (Tator, 1995, Tator and 

Koyanagi, 1997, Silver and Miller, 2004, Donnelley and Popovich, 2008, Rowland et al., 

2008).   

Primary injury 

The immediate effects of SCI include mechanical damage to axons, neurons, 

glia, and blood vessels in response to the initial physical trauma. Common mechanisms 

of traumatic SCI include physical stresses such as contusion, crushing, shearing, 

stabbing, and or stretching of the spinal cord, all of which can disrupt the structural 

integrity of the spinal column, resulting in damage to the spinal cord. Damage to 

neurons leads to immediate functional deficits related to the specific neurons that are 

affected (Tator, 1995, Hagg and Oudega, 2006, Belegu et al., 2007, Rowland et al., 

2008).  

Secondary injury 

Following the initial primary injury, a number of pathophysiological processes are 

initiated that evolve over a period of minutes, days, and weeks and can contribute to 

both preservation and/or exacerbation of further tissue damage. These processes 

include vascular dysfunction, edema, ischemia, electrolyte imbalance, excitotoxicity, 

inflammatory processes, production of free radicals, and apoptosis. The early phase of 

secondary injury is generally considered to occur within the first few days following SCI 
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and is characterized by continuing hemorrhage, increasing edema, and inflammation 

and marks the onset of additional secondary injury processes including free radical 

production, ionic dysregulation, glutamate-mediated excitotoxicity, and immune- 

associated neurotoxicity that contribute to further axonal injury and cell death (Tator, 

1991, Hagg and Oudega, 2006, Belegu et al., 2007, Rowland et al., 2008).  

Inflammatory responses. Almost immediately after injury, a number of 

inflammatory responses are initiated. One factor contributing to the immediate release 

of these inflammatory mediators is the increased permeability of the blood brain barrier 

that occurs in response of SCI (Horner et al., 1996, Donnelley and Popovich, 2008). 

Inflammation-related responses include the activation and recruitment of a number of 

inflammatory cells, including microglia, leukocytes, neutrophils, monocytes, 

macrophages, and T cells (Popovich et al., 1997, Schnell et al., 1999a, Schnell et al., 

1999b, Donnelley and Popovich, 2008). In addition, there is an immediate upregulation 

in the production of pro-inflammatory cytokines such as Tumor Necrosis Factor-alpha 

(TNF-) and Interleukin-1-beta (IL-1). Although the production of these cytokines is 

normal even in healthy nervous systems, the sustained upregulation of these 

substances can lead to severe neuroinflammation and can ultimately lead to further cell 

death (Lee et al., 2000, Hermann et al., 2001, Shamash et al., 2002). Indeed, a number 

of studies have implicated these pro-inflammatory substances as playing a role in 

secondary tissue damage after SCI (Lacroix et al., 2002, Okada et al., 2004).  In the 

early phases of SCI, neutrophils and monocytes are recruited to the site of injury. 

Studies have demonstrated that activation and recruitment of these inflammatory 

molecules leads to recruitment of cytokines and chemokines that are involved in 
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mediating apoptotic cell death as well as contributing to vascular dysfunction and 

edema (Bareyre and Schwab, 2003).  

Excitotoxicity. Widespread neuronal depolarization leads to excessive release 

of excitatory amino acid neurotransmitters such as glutamate and aspartate. Release of 

excitatory neurotransmitters leads to hyperactivation of N-methyl-D-aspartate (NMDA) 

receptors as well as alpha-amino-3-hydroxy-5-methy-4-isoxazole-propionic acid 

(AMPA)/kainite glutamate receptors in post-synaptic neurons. Over-activation of these 

receptors leads to an influx of calcium ions, which contributes to dysfunction of 

membrane bound sodium/potassium pumps. This leads to a massive influx of sodium 

and calcium ions and an outflow of potassium ions. This results in a substantial 

imbalance in the normal ionic homeostasis, which can lead to significant edema, loss of 

cell membrane integrity, and the production of protein kinases that can ultimately 

contribute to apoptosis and cell death (Choi, 1992, Matyja et al., 2005).  

Production of free radicals. Free radicals (also known as reactive oxygen 

species (ROS)), are highly toxic scavengers that are produced by cellular metabolism. 

After injury, tissue necrosis and recruitment of inflammatory cells such as neutrophils, 

macrophages, and microglia contribute to the increased formation of ROS and the 

normal antioxidant mechanisms responsible for offsetting the toxic effects of ROS are 

overcome. Production of free radicals contributes to lipid peroxidation, which plays a 

role in axonal disruption and the death of both neurons and glia. Lipid peroxidation 

leads to cell membrane damage, intracellular organelle dysfunction, and ultimately 

results in cell lysis (Xiong et al., 2007). Further, production of ROS including superoxide 

and nitric oxide, which combine to form peroxynitrite, (Colton and Gilbert, 1987, Liu et 



 

24 

al., 2000, Chatzipanteli et al., 2002, Xiong et al., 2007) have been shown to induce 

cellular apoptosis and oxidation of proteins, lipids, and nucleic acids (Bao et al., 2003). 

Cell death and demyelination. Secondary cell death after SCI may occur by 

necrosis or apoptosis (Beattie et al., 2002a, Beattie et al., 2002b). In addition to death of 

neurons, oligodendrocytes, which are highly sensitive to ischemic injury, readily 

undergo apoptosis following SCI (Crowe et al., 1997). Oligodendrocytes are also 

susceptible to excitotoxic cell death following injury, and the loss of oligodendrocytes 

can lead to axonal demyelination, and exacerbation of secondary cell death.  

Axonal Regeneration Following Spinal Cord Injury 

Following injury to the adult mammalian spinal cord, axons fail to regrow and as 

a result, functional connectivity of the central nervous system is not fully restored. We 

now know that under certain conditions, axons of the adult central nervous system do in 

fact have the capacity to regenerate (David and Aguayo, 1981), however after injury 

there are a number of factors than limit this ability.   

One of the major limitations to axonal regeneration in the adult central nervous 

system seems to stem from the formation of the glial scar. The scar is composed of 

reactive astrocytes, microglia, oligodendrocyte precursor cells, macrophages, and 

extracellular matrix molecules (Fawcett and Asher, 1999). Formation of the glial scar 

begins in the subacute phases, in which astrocytes at the periphery of the lesion 

become hypertrophic and proliferative (a process called reactive gliosis). During this 

phase, a significant increase in the expression of the astrocytic intermediate filament 

glial fibrillary acidic protein is evident, and the astrocytes begin to form a compact and 

dense scar (Tator, 1995, Silver and Miller, 2004, Fitch and Silver, 2008, Rowland et al., 

2008).   
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Early studies indicated that this scar formed a mechanical barrier, through which 

axons were unable to traverse (Windle and Chambers, 1950). However, we now 

understand that the inability of axons to regrow after injury was not simply the result of a 

physical impediment, but in fact, partly due to factors inherent to the glial scar that are 

known to contribute to its inhibitory nature (Fitch and Silver, 2008, Silver, 2008) and to 

the development of an environment that is inhibitory to axonal growth and regeneration 

after injury. These factors include the presence of molecules such as myelin-associated 

glycoproteins (MAGs), chondroitin sulfate proteoglycans (CSPGs) and other inhibitory 

molecules (Fawcett and Asher, 1999).  

The extent to which endogenous inhibitory factors must be overcome, such that 

long-distance regeneration or regrowth of axons across a lesion can occur, has become 

somewhat of a controversial topic in recent years. In fact, there is growing evidence to 

suggest that alternative strategies, including promotion of endogenous plasticity and the 

formation of novel synaptic relays, may in fact provide more feasible therapeutic targets 

for optimizing functional recovery after spinal cord injury (Reier, 2004, Courtine et al., 

2008b, Edgerton et al., 2008).  

Gray Versus White Matter Pathology 

Spinal cord injury results in damage to both gray and white matter. However, 

most experimental models of SCI have focused on the interruption of ascending and 

descending white matter pathways, with little attention to the role of gray matter. Indeed, 

damage to the white matter, which contains ascending and descending axonal tracts, 

has been shown to cause significant sensorimotor functional impairments of the upper 

(Schrimsher and Reier, 1993, Onifer et al., 1997, Anderson et al., 2005, Onifer et al., 

2005) and lower extremities (Magnuson et al., 1999, Magnuson et al., 2005, Courtine et 
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al., 2008b), as well as the respiratory system (el-Bohy et al., 1998, Doperalski et al., 

2008, Fuller et al., 2008, Golder et al., 2011) in both humans as well as experimental 

animal models of SCI. Further evidence to suggest the relative importance of white 

matter versus gray matter was implicated by Goldstein and colleagues in a case report 

of an individual who developed a post-traumatic syrinx in the cervical spinal cord 

several years after suffering an incomplete spinal cord injury at T4. Upon his death, 

histological inspection of the spinal cord revealed substantial neuronal damage (gray 

matter destruction) that was not consistent with measures of upper extremity muscle 

function, which remained relatively preserved to a great extent (Goldstein et al., 1998).  

In addition, a number of studies have correlated the extent of residual function after 

spinal cord injury with the extent of axonal (white matter) tracts spared (Basso, 2000, 

Scholtes et al., 2011). Taken together, these studies might lead us to believe that the 

extent of white matter damage (or sparing) may be the primary factor contributing to 

functional outcomes after spinal cord injury (Anderson et al., 2005).  

Recently, increasing attention is being focused on the relative importance of gray 

matter damage to functional outcomes after SCI (Magnuson et al., 1999, Hadi et al., 

2000, Reier et al., 2002, Lane et al., 2008b). Similar to white matter damage, damage to 

the gray matter has also been shown to result in considerable functional deficits.  For 

example, Hadi and colleagues used Kainic acid (KA) to induce excitotoxic focal lesions 

within the gray matter of the lumbar spinal cord. Injection of KA into the spinal cord 

resulted in neuronal death within the intermediate gray matter without damage to the 

surrounding white matter tracts or to the motoneuron pools. They hypothesized that 

such injections would interrupt the circuitry of the locomotor central pattern generator, 
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leading to significant functional deficits. Indeed, KA lesions targeted at the L2 segment 

resulted in extreme deficits in locomotor function. Interestingly, these deficits were 

observed in spite of the fact that the descending motor pathways were found to be intact 

(as assessed by measuring the latency of motor evoked potentials using transcranial 

magnetic stimulation) (Hadi et al., 2000). 

The location of gray matter disruption seems to be an important factor in 

determining the functional consequences associated with injury. Indeed, injection of KA 

into the lumbar region of the spinal cord (the suspected location of the locomotor central 

pattern generator circuitry) resulted in substantial damage to the gray matter as well as 

considerable functional (locomotor) deficits. These deficits were similar to those 

observed following contusion injuries to the thoracic cord, which have been shown to 

result in damage to both white and gray matter. Interestingly, KA injections to the 

thoracic gray matter at T9 also resulted in significant gray matter damage, however, 

locomotor function was minimally impaired (Magnuson et al., 1999).  

An understanding of the importance of local interneuronal circuitry is just 

beginning to be realized. Studies utilizing transneuronal tracing techniques have 

provided a mechanism by which this circuitry can be identified and studied (Lane et al., 

2008b). For example, recent studies have provided evidence of considerable 

remodeling within the local spinal cord circuitry after SCI (Fouad et al., 2001, Bareyre et 

al., 2004, Ballermann and Fouad, 2006, Courtine et al., 2008a, Fouad and Tse, 2008, 

Rosenzweig et al., 2010). Specifically, Courtine and colleagues performed staggered 

lesions to the thoracic spinal cord in mice (at T7 and T12 on opposite sides) resulting in 

complete disruption of descending long-tract axons. These injuries resulted in severe 
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deficits in locomotor function. Substantial spontaneous recovery of stepping was 

observed by 4 weeks after injury. Retrograde tracers injected in the lumbar region 

indicated minimal labeling in supraspinal (brainstem) regions. By comparison, 

considerable labeling within thoracic propriospinal neurons was observed (~40% of 

control) suggesting that local intrinsic circuitry may be involved in this recovery. This 

hypothesis was further supported by the finding that focal lesions to the intervening 

thoracic gray matter completely abolished locomotor function. These findings lend 

support to the notion that gray matter may play an important role in functional recovery 

after SCI. In particular, spinal gray matter may provide an important anatomical 

substrate for plasticity within the neural circuitry involved in motor function (Bareyre et 

al., 2004, Courtine et al., 2008a).    

These results indicate that interruption of gray matter, including segmental and 

intersegmental interneuronal circuitry, can have significant functional consequences. In 

particular, the segmental location of injury appears to be an important factor in 

determining the extent of functional deficits related to the injury, as evident in studies 

comparing gray matter damage in thoracic versus lumbar segments. Specifically, neural 

circuits involved in the control of a number of motor functions (i.e. central pattern 

generators) have been hypothesized to reside in the cervical and lumbar regions of the 

spinal cord (Cowley and Schmidt, 1997). As a result, in addition to disruption of 

ascending and descending pathways related to white matter disruption, damage to the 

gray matter within these regions likely disrupts this regional circuitry, contributing to the 

significant functional impairment observed (Magnuson et al., 1999, Hadi et al., 2000, 

Courtine et al., 2008a). Further, studies demonstrating the importance of gray matter 
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integrity to functional and anatomical plasticity after SCI provide evidence to suggest 

that the local neural circuitry of gray matter may provide an important substrate for 

neuroplasticity after spinal injury (Reier et al., 2002, Courtine et al., 2008a). 

While the majority of the current evidence regarding the importance of gray 

matter integrity after SCI has been focused primarily on hindlimb and locomotor 

function, similar findings might be expected in motor systems arising in the cervical 

region (respiratory and upper extremity motor systems) of the spinal cord. Indeed, 

injuries to the cervical spinal cord result in respiratory and forelimb motor deficits that 

are analogous to hindlimb deficits following thoracic and lumbar spinal cord injury 

(Anderson et al., 2009b, Anderson et al., 2009c). Further, a number of investigations 

have demonstrated the potential for some spontaneous functional recovery (plasticity) in 

these systems after incomplete injury, which may be mediated to some extent by the 

recruitment and plasticity within interneuronal circuitry (Fuller et al., 2008, Stackhouse et 

al., 2008).  

Cervical Spinal Cord Injury 

Injuries to the cervical spinal cord comprise nearly half of the 250,000 cases of 

spinal cord injury in the US (Anderson, 2004, Anderson et al., 2005, NSCID, 2011) and 

are characterized by significant consequences including paralysis, impaired mobility, 

respiratory insufficiency, pain, and loss of functional independence (NSCID, 2011). Two 

of the most devastating consequences of cervical SCI are impaired respiratory and 

upper extremity function. 

Upper extremity consequences of cervical spinal cord injury 

Impaired upper extremity function is one of the major functional consequences of 

cervical SCI. Importantly, the majority of individuals living with chronic tetraplegia 
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indicate that recovery of upper extremity function is their highest priority, stating that 

improved arm and hand function would most enrich their quality of life (Anderson, 

2004). Indeed, upper extremity function is essential to perform even simple tasks of 

daily life and even minor improvements in function may foster an improved sense of 

independence and autonomy (Anderson, 2004, Anderson et al., 2005, Anderson et al., 

2009a).  

Respiratory consequences of cervical spinal cord injury 

In humans, high cervical SCI interrupts the rhythmic drive to the spinal 

respiratory motoneurons and results in paralysis of the respiratory muscles. 

Consequently, persons with such injuries demonstrate significant respiratory deficits, 

and usually require long-term mechanical ventilatory support in order to sustain life 

(Brown et al., 2006). In persons with incomplete SCI, spontaneous respiration may be 

spared; however, they often exhibit a rapid and shallow pattern of breathing (i.e. their 

respiratory rate increases and tidal volume decreases) and they are required to expend 

increased energy to maintain normal breathing. Additionally, it is quite common for 

individuals with cervical SCI to have an ineffective cough and difficulty clearing 

secretions, which may predispose these individuals to atelectasis, mucus retention, and 

respiratory infections and may ultimately lead to significant morbidity and even mortality 

(Fishburn et al., 1990, DeVivo et al., 1993, Schilero et al., 2009).  In fact, respiratory-

related complications represent the leading cause of morbidity and mortality in persons 

with SCI (DeVivo et al., 1993, Winslow and Rozovsky, 2003, DeVivo and Chen, 2011).   

Experimental Models of cervical spinal cord injury 

While the detrimental effects of cSCI on UE function are well documented 

clinically, experimental models of cSCI have not yet elucidated the underlying 
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anatomical and physiological substrates. Further, studies of upper extremity function 

following experimental cervical SCI have been few in number. In contrast to the upper 

extremity, functional recovery within the phrenic (respiratory) motor system after 

experimental cSCI has been well characterized by our lab and others (Goshgarian et 

al., 1989, Golder et al., 2003, Fuller et al., 2006, Alilain et al., 2008, Doperalski et al., 

2008, Fuller et al., 2008, Lane et al., 2008a, Lane et al., 2008b, Fuller et al., 2009, Lane 

et al., 2009, Lane et al., 2012). Specifically, lateral spinal cord hemisection at C2 (C2Hx) 

is a well characterized a model of cervical SCI that disrupts descending brainstem 

projections to the phrenic motoneuron pool (C3-C6; See Figure 1-1 for illustration). 

Consequently, this injury immediately silences ipsilateral phrenic nerve activity resulting 

in immediate ipsilateral diaphragm (and respiratory) dysfunction. Over the course of 

several weeks to months after injury, gradual, though incomplete, functional recovery 

occurs. This spontaneous recovery has been studied extensively, and is associated with 

activation of crossed phrenic pathways and recruitment of propriospinal interneurons. 

These spontaneous neuroplastic changes have been collectively termed the 

spontaneous crossed phrenic phenomenon (sCPP) (Moreno et al., 1992, Fuller et al., 

2006, Huang and Goshgarian, 2009).  

Neural Control of Cervical Motor Function 

Injury to the cervical spinal cord often leads to significant deficits in both upper 

extremity and respiratory motor function (NSCID, 2011). These two motor systems are 

located within close proximity to one another within the cervical spinal cord (See Figure 

1-1), though they are functionally disparate motor systems, with differing neural control 

systems (Figures 1-2 and 1-3 for review). In the following chapters, we explore the 

hypothesis that spinal plasticity is a robust phenomenon that likely occurs across both 
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upper extremity and respiratory motor systems. Here, we provide a detailed overview of 

the neural control of upper extremity and respiratory function.  

Neural Control of Upper Extremity Motor Function 

Here, we provide an overview of the neural control of upper extremity function, 

which is also summarized in Figure 1-2. 

Supraspinal control of upper extremity function 

Corticospinal control of upper extremity function. Voluntary control of upper 

extremity function is primarily controlled by neurons located within the primary motor 

cortex (M1). The primary motor cortex is arranged in a topographic orientation, known 

as the motor homunculus. The area of the motor cortex innervating the muscles of the 

upper extremity comprises a relatively large portion of the motor homunculus and is 

located on the most rostral surface of the cortex. These neurons receive inputs from 

and project to supplementary and association motor areas, as well as the basal ganglia, 

sensory cortex, visual cortex, the cerebellum. These neurons transmit descending 

signals via mono- and poly-synaptic (corticospinal) connections with upper extremity 

motoneurons and propriospinal interneurons within the cervical spinal cord and 

brainstem. Corticospinal projections descend in the anterior and lateral white matter 

tracts in humans, primates, and cats, and in the dorsal white matter tracts in rats and 

mice (Armand, 1982). Direct monosynaptic projections from the motor cortex to the 

motoneurons controlling muscles of the upper limb (in particular, distal muscles) have 

been demonstrated to be involved in skilled motor tasks, specifically tasks that require 

fine motor activity(Pettersson et al., 1997, Alstermark and Isa, 2002, Isa et al., 2007). In 

rats, few, if any, monosynaptic connections from the motor cortex to spinal motoneurons 

have been demonstrated (Armand, 1982, Alstermark et al., 2004).   
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Rubrospinal control of upper extremity function. Neurons originating in the 

magnocellular red nucleus have extensive projections to spinal neurons. These neurons 

descend in the dorsolateral white matter tracts of the spinal cord in rats, and in humans. 

Dense terminations of rubrospinal projections have been demonstrated in the 

intermediate gray matter of the cervical spinal cord (laminae V-VII) as well as 

projections to motoneurons of the upper extremity (McCurdy et al., 1987). Rubrospinal 

projections have been shown to play a role in the production of coordinated, whole-arm 

movements. Specifically, these projections are believed to coordinate limb stability and 

reach accuracy during reach-to-grasp arm movements (Gibson et al., 1985, Levesque 

and Fabre-Thorpe, 1990, van Kan and McCurdy, 2002).  

Reticulospinal control of upper extremity function. Neurons arising in the 

reticular formation descend in the ventro-medial white matter tracts in rats, cats, 

primates, and humans. Reticulospinal neurons project primarily to segmental 

interneurons, though there is some evidence of monosynaptic projections to 

motoneurons (Holstege and Kuypers, 1982, Martin and R.P., 1985, Holstege and 

Kuypers, 1987, Riddle et al., 2009). These neurons have been shown to branch 

extensively in the spinal cord, with a single axon making synaptic contacts with neuron 

pools in multiple spinal segments (Peterson et al., 1975, Matsuyama et al., 1997). 

Reticulospinal influence on upper limb function has been shown to play a role in the 

coordination and control of proximal and axial musculature, and has been shown to be 

important to locomotor (Matsuyama and Drew, 2000), reaching (Schepens and Drew, 

2004, 2006), and postural behaviors (Prentice and Drew, 2001, Schepens and Drew, 

2004). 
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Spinal Control of Upper Extremity Function 

Descending upper extremity tracts. Motor commands originating in 

supraspinal centers are transmitted via descending axonal projections onto spinal 

interneurons and motoneurons, ultimately resulting in the activation of muscles of the 

upper extremity. Direct projections from the primary motor cortex to motoneurons of the 

forelimb are few in number in rodents, but have been shown to course along the 

corticospinal tracts located in the dorsolateral white matter in humans, and the 

dorsomedial white matter columns in rats (Armand, 1982).  Reticulospinal axons, 

carrying signals from the reticular nuclei in the brainstem to the forelimb motoneurons 

located in the ventral gray matter cross at the level of the medullary pyramids and 

descend in the dorsolateral and ventromedial white matter tracts. Rubrospinal axons, 

originating in the red nucleus of the brainstem, travel in the dorsolateral white matter 

columns and project to interneurons and motoneurons in the spinal cord, and transmit 

information related to posture and orientation of the body in space (Alstermark et al., 

1981b). 

Upper extremity motoneurons. The motoneurons innervating the muscles of 

the upper extremity are distributed in continuous columns of cells within the ventral gray 

matter of the cervical and upper thoracic levels of the spinal cord (C2-T2) in both 

humans and rats (McKenna et al., 2000, Tosolini and Morris, 2012). These 

motoneurons receive mono- and poly-synaptic input from brainstem and cortical motor 

areas including the primary motor cortex, supplementary motor area, premotor cortex, 

red nucleus, vestibular and reticular nuclei, as well as inputs from subcortical and 

projection regions of the brain and afferent input from peripheral receptors. Axonal 

projections from forelimb motoneurons exit the spinal cord via the C2-T1 ventral roots 



 

35 

and form a complex branching network of nerves known as the brachial plexus. The 

major branches arising from the brachial plexus to innervate the forelimb musculature 

include the median, ulnar, and radial nerves. The median nerve arises from the C5 to 

the C8 segments and innervates most of the distal flexor muscles of the upper extremity 

(except flexor carpi ulnaris). Specifically, the median nerve innervates pronator teres, 

flexor carpi radialis, Palmaris longus, flexor digitorum superficialis, part of flexor 

digitorum profundus, flexor pollicis longus and pronator quadrates. The ulnar nerve 

arises from the C7 to the T1 spinal cord segments, and innervates the flexor carpi 

ulnaris, part of the flexor digitorum profundus, Palmaris brevis, the hypothenar muscles, 

the palmar and dorsal interossei, the third and fourth lumbricals, and the adductor 

pollicis. The radial nerve arises from the C5 to T1 spinal cord segments, and innervates 

the triceps brachii, anconeus, brachioradialis, extensor carpi radialis longus and brevis, 

the supinator, extensor digitorum, extensor digiti minimi, extensor carpi ulnaris, abductor 

pollicis longus, extensor pollicis brevis, extensor pollicis longus, and the extensor indicis 

muscles (Standring, 2009).  

Segmental and propriospinal interneurons. Throughout the cervical and 

thoracic spinal cord are segmental and propriospinal interneurons located in the dorsal 

and ventral horns as well as in the intermediate gray matter. Segmental interneurons 

are defined as short-distance neurons that project to targets within the same spinal 

segment. Propriospinal are located within the spinal cord and project to other spinal 

regions. These neurons can subdivided into short versus long propriospinal 

interneurons, based on the length of their axons. Short propriospinal interneurons 

typically span 1-6 spinal segments, whereas long propriospinal neurons project over 
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greater than 6 spinal segments (Conta and Stelzner, 2009).  The presence of 

propriospinal interneurons in the cervical spinal cord has been documented in a number 

of species, including cats, rats, and primates. Alstermark and colleagues demonstrated 

that a population of propriospinal interneurons located in upper cervical segments (C3-

C4) are involved in corticospinal tract-dependent forelimb motor tasks (e.g. targeted 

reaching tasks). These neurons are commonly referred to as the C3-C4 propriospinal 

system, and are involved in the polysynaptic transmission of corticospinal tract inputs to 

motoneurons innervating muscles of the distal upper extremities and digits. These 

interneurons have been shown to also convey polysynaptic rubrospinal and 

reticulospinal inputs to upper limb motoneurons. Propriospinal neurons relay 

descending motor commands from higher brain centers. In addition, propriospinal 

neurons receive inputs from peripheral afferents (mostly via segmental interneurons) 

which enables the integration of sensory inputs and motor commands. Another target of 

cervical propriospinal neurons (long propriospinal interneurons) are more caudal spinal 

segments. These connections have been shown to coordinate preparatory movements 

required in order to perform upper extremity tasks such as targeted reaching 

(Alstermark et al., 1981a, Alstermark et al., 1981b, Alstermark et al., 1984a, b, 

Alstermark et al., 1990, Alstermark et al., 1991, Alstermark et al., 2007). In addition, 

reciprocal connections between of cervical and lumbar motor circuits are mediated by 

long distance propriospinal neurons. (Illert et al., 1977, Illert et al., 1978, Illert and 

Tanaka, 1978, Illert et al., 1981)  

Neural Control of Respiration 

Here, we provide an overview of the neural control of respiratory function, which 

is also summarized in Figure 1-3. The brainstem is the site of origin of respiratory 
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rhythm in mammals (Feldman, 1986, Feldman et al., 2003). Premotor respiratory 

centers, responsible for the generation and maintenance of respiratory rhythm, are 

primarily located within functionally and anatomically distinct nuclei within the medulla 

and pons (Alheid and McCrimmon, 2008). Descending rhythmic drive is transmitted 

from these centers to spinal and cranial motoneurons that control respiratory muscles. 

Respiratory afferents convey inputs back to brainstem respiratory centers, facilitating 

feedback control of respiratory motor output. Neural control of respiration is summarized 

in Figure 1-3. 

Brainstem control of respiration 

Medullary respiratory nuclei. The medulla contains a number of discrete 

groups of neurons that are involved in the neural control of breathing in mammals. 

These populations of neurons are involved in both the generation of respiratory rhythm, 

as well as the transmission of respiratory signals to motor nuclei located in the 

brainstem and spinal cord. The medullary respiratory nuclei include the pre-Bötzinger 

complex, the Bötzinger complex, and the ventral and dorsal respiratory columns. 

Pre-Bötzinger complex (pre-BötC). The Pre-BötC is located in the ventrolateral 

medulla. Sometimes considered an extension of the rostral ventral respiratory column, 

this distinct groups of neurons is located between the obex and the facial nucleus, 

caudal to the Bötzinger Complex. Pre-BötC neurons are primarily interneuronal and are 

connected to cranial motor neurons and para-ambigual premotor neurons, which have 

descending projections to upper airway respiratory muscles and spinal motor neurons, 

respectively (Kalia, 1977, Merrill and Fedorko, 1984). The precise role of pre-BötC 

neurons is not clear, however, they are considered essential for the generation of 

rhythmic respiratory drive (Lipski and Merrill, 1980) as they demonstrate intrinsic 
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bursting that occurs in phase with the respiratory cycle (Feldman, 1986). Furthermore, 

lesions to the pre-BötC have been shown to abolish rhythmic breathing in mammals 

(Ramirez et al., 1998). Thus, the pre-BötC is often considered the “pacemaker” 

underlying respiratory rhythm (Smith et al., 1991). 

Bötzinger complex (BötC).  The BötC is located rostral to the Pre-BötC, and is 

comprised of neurons that are closely related to the expiratory phase of breathing 

(Ezure, 1990). BötC neurons are active during the expiratory phase of respiration, 

though it is unclear whether these neurons constitute an expiratory rhythm generator.  

Extensive inhibitory projections from the BötC to pre-motor interneurons and respiratory 

neurons in the brainstem and spinal cord have been demonstrated, Thus, BötC neurons 

are believed to play a role in actively inhibiting inspiratory motoneurons during 

expiration (Alheid and McCrimmon, 2008).  

Ventral respiratory column (VRC). The VRC is a population of pre-motor and 

motor respiratory neurons located in the ventrolateral medulla of the brainstem. The 

rostral part of the VRC (rVRC) extends from the level of the obex to the facial motor 

nucleus (Bianchi, 1971, Bianchi et al., 1973), and lies in close proximity to the nucleus 

ambiguus (Kalia, 1981). The caudal part of VRC (cVRC) extends from the level of the 

obex to the border between the spinal cord and medulla (Bianchi, 1971) and lies in 

close proximity to the nucleus retroambiguus (Merrill, 1975). 

The rVRC contains primarily inspiratory neurons (Bianchi, 1974), which cross 

midline rostral to obex and project to phrenic and intercostal motor nuclei in the spinal 

cord (Merrill, 1974). In addition to pre-motor neurons, the VRC includes laryngeal and 
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pharyngeal motoneurons as well as propriobulbar neurons which coordinate the activity 

within upper airway muscles (Ellenberger and Feldman, 1990).   

The cVRC contains primarily expiratory neurons, which demonstrate increased 

firing rates as expiration progresses (Merrill, 1970).  Projections from the cVRC cross 

the midline caudal to obex and project to expiratory intercostal and abdominal 

motoneurons in the contralateral spinal cord (Merrill, 1974).  

Dorsal respiratory column (DRC). The DRC, also referred to as the 

ventrolateral division of the Nucleus Tractus Solitarius, is located in the dorsal medulla 

(Baumgarten and Kanzow, 1958, Bastel and Lines, 1973, Alheid and McCrimmon, 

2008). Projections arising in the DRC terminate at various locations within medulla 

including the reticular formation, the ventral respiratory column, the nucleus ambiguous, 

the hypoglossal nucleus, and the dorsal motor nucleus of vagus nerve. In addition, 

projections from the DRC have been shown to extend to the contralateral phrenic 

motoneuron (PhMN) pool in the spinal cord via the lateral funiculus (Berger et al., 1984, 

Otake et al., 1989). DRC neurons receive afferent input from pulmonary stretch 

receptors, carotid and aortic chemoreceptors, and C-fiber nerve endings in the lung via 

the vagus nerve (Bianchi, 1971). In addition, DRC neurons receive input from the 

contralateral cVRC, contralateral pre-Böt C and ipsilateral pontine respiratory centers 

(Kalia et al., 1979, Bystrzycka, 1980). The majority of DRC neurons are active during 

the inspiratory phase of respiration (Bastel, 1964), thus DRC neurons are believed to 

play a role in the coordination of inspiratory bursting via transmission of respiratory-

related information to other respiratory groups within the brainstem (Otake et al., 1989, 

Alheid and McCrimmon, 2008).  
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Pontine respiratory nuclei. Respiratory centers located within the dorsolateral 

pons, include the nucleus parabrachialis medialis and Kölliker-Fuse nucleus (Baxter and 

Olszewski, 1955). Neurons within pontine respiratory centers appear to be modulated 

by the respiratory cycle and are believed to play a role in the transition between 

respiratory phases (Douse and Duffin, 1993, Alheid et al., 2004).   

Cortical control of respiration 

Humans are capable of consciously manipulating their breathing pattern in order 

to perform complex behaviors such as speaking, eating, singing, holding their breath, 

etc. Projections arising in cerebral cortex are believed to coordinate changes in 

respiratory pattern in order to facilitate such complex behaviors. Cortical projections to 

brainstem respiratory centers (Ramsay et al., 1993) and to spinal motoneurons 

(Rickard-Bell et al., 1985, Shea, 1996, Corfield et al., 1998) have been identified.  

Spinal Respiratory Control 

Descending respiratory tracts. Both involuntary (medullary) and voluntary 

(cortical) respiratory signals are relayed to motoneurons in the brainstem and spinal 

cord via white matter tracts. In humans, as well as animals, involuntary, rhythmic 

respiratory signals are transmitted via axons that originate in neurons in the medulla. 

These axons cross at the level of the brainstem and project to the ventrolateral column 

of the contralateral spinal cord (Gad and Marinesco, 1892, Davis and Plum, 1972). 

Within this column, the expiratory axons lie medially and inspiratory axons are located 

more laterally. At cervical levels, 25% of descending axons branch to make contacts 

with phrenic motoneurons, while the remaining axons descend toward intercostal and 

abdominal motoneurons (Merrill, 1974). Involuntary, non-rhythmic (tonic) drive travels 

from medial reticular nuclei to the spinal segments via the ventral and ventrolateral 
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columns of ipsilateral spinal cord (Pitts, 1940). Finally, descending spinal pathways 

associated with voluntary respiratory drive (corticospinal tracts) are located within the 

dorsolateral column of the spinal cord in humans or the dorsomedial column in rats 

(Aminoff and Sears, 1971).  

Phrenic motoneurons (PhMNs). PhMNs innervate the diaphragm and thus, are 

the primary motoneurons involved in respiration in mammals. These motoneurons 

constitute a narrow longitudinal column of motoneurons in the medial ventral horn of the 

cervical spinal cord (Duron et al., 1979). The PhMN pool extends from C3 - C5 in 

humans, C3 – C6 in rats, and C4 - C6 in cats (Webber et al., 1979, Kuzuhara and Chou, 

1980), and contains about ~200-300 motoneurons per side (Furicchia and Goshgarian, 

1987, Mantilla et al., 2009). Axons of PhMNs exit the spinal cord via the ventral roots on 

either side of the spinal cord to form the phrenic nerves, which each innervate one half 

of the diaphragm. PhMNs receive excitatory inputs during inspiration from inspiratory 

bulbospinal premotor neurons in the VRC and DRC (Berger, 1979). The bulbospinal 

pathways between pre-motor medullary respiratory neurons and PhMNs are either 

monosynaptic or polysynaptic, with synaptic relays formed with spinal respiratory 

interneurons (Cohen et al., 1974, Fedorko et al., 1981, Davies et al., 1985). PhMNs 

rhythmically activate the diaphragm via the phrenic nerves and demonstrate different 

firing patterns which distinguish them as neurons that fire either “early” or “late” in 

inspiration (St John and Bartlett, 1979, Lee et al., 2009).  

Intercostal and Abdominal motoneurons. Intercostal motoneurons also play a 

role in respiratory function extend the entire length of the thoracic spinal cord and are 

located laterally in the ventral gray matter (Larnicol et al., 1982a, b). They receive 
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mono-and poly-synaptic inputs from inspiratory and expiratory brainstem respiratory 

centers and innervate internal (expiratory) and external (inspiratory) intercostal muscles 

(Duffin and Lipski, 1987). The abdominal motoneurons reside in the lower thoracic and 

upper lumbar spinal cord, and information regarding their morphological characteristics 

and organization are not well defined. They receive synaptic input from pre-motor 

neurons in the cVRC (Miller et al., 1985) and are involved in controlling the abdominal 

muscles during expiration (Fedorko and Merrill, 1984, Long and Duffin, 1986).  

Segmental and propriospinal interneurons. The central respiratory drive to 

respiratory motoneurons is provided primarily via monosynaptic inputs from inspiratory 

bulbospinal neurons in the medullary respiratory column (reviewed above) (Cohen et 

al., 1974, Hilaire and Monteau, 1976). There is, however, growing evidence for 

polysynaptic descending inputs to spinal respiratory motoneurons. Recent studies have 

demonstrated anatomical connectivity between descending brainstem projections and 

retrogradely labeled phrenic motoneurons and pre-motor interneurons (Dobbins and 

Feldman, 1994, Lane et al., 2008b). Retrograde transynaptic tracing has revealed pre-

phrenic interneurons in laminae VII and X of the intermediate gray matter, as well as in 

the dorsal horn of the cervical spinal cord. Furthermore, descending projections from 

the VRC were shown to project to retrogradely labeled pre-phrenic interneurons, 

indicating the potential role of these interneurons as synaptic relays between pre-motor 

respiratory neurons in the brainstem and PhMNs. In addition, dual labeling experiments 

demonstrated bilaterally projecting interneurons innervating the PhMN pools, providing 

some evidence for a potential role in the integrating communication between the phrenic 

motoneuron pools as well as with other respiratory motor circuits (Lane et al., 2008b). 
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Neurophysiological  assessment of the relationship between firing of brainstem pre-

motoneurons and PhMN activity suggests the presence of both monosynaptic and poly-

synaptic connections to PhMNs (Davies et al., 1985).  

Neuromodulatory Control of Respiration 

Serotonin, or 5-hydroxytryptamine (5-HT), is a monoaminergic neurotransmitter 

that also demonstrates neuromodulatory effects (Hochman et al., 2001). For example, 

5-HT has been shown to modulate motoneuron excitability (Lindsay and Feldman, 

1993).  

Neuromodulatory Projections to Respiratory Motoneurons.  The majority of 

5-HT projections to the spinal cord originate in the raphe nuclei, which are located 

around the midline of the medulla, pons, and midbrain. The majority of 5-HT projections 

to the spinal cord originate in the raphe nuclei, which are located around the midline of 

the medulla, pons, and midbrain. The raphe nuclei can be divided into two major 

subsections: the rostral nuclei, which are located in the midbrain and in the rostral pons, 

and the caudal nuclei, which are located in the caudal pons and the medulla. The 

rostral, or dorsal, nuclei of the raphe include the caudal linear nucleus, the dorsal raphe 

nucleus, the median raphe nucleus and the nucleus raphe pontis. Projections from the 

rostral raphe nuclei project primarily innervate structures within the forebrain. The 

caudal, or ventral, raphe extends from the pons to the spinomedullary border and 

consists of the raphe pallidus, the raphe obscurus, the raphe magnus, the rostral 

ventrolateral medullary nucleus, and the lateral paragigantocellularis reticularis. 

Projections from the caudal raphe nuclei terminate primarily within the spinal cord as 

well as the brainstem. Respiratory motoneurons, PhMNs in particular, are highly 
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innervated by 5-HT, receiving projections primarily for the raphe pallidus and raphe 

obscurus nuclei. (Steinbusch, 1981; Hochman et al., 2001). 

5-HT Receptors.  There are seven families of 5-HT receptors (5-HT1-7), and 14 

different receptor sub-types (Hochman et al., 2001)   

5-HT1 receptors. The 5-HT1 receptor family is comprised of 5 receptor subtypes 

(5-HT1A,B,C, D,F), which are Gi/o protein coupled receptors that have been demonstrated in 

the spinal cord (primarily in the dorsal horn), as well as throughout the central nervous 

system and in blood vessels. 5-HT1 receptors act to inhibit target neurons by decreasing 

cellular cyclic adenosine monophosphate (cAMP) (Hochman et al., 2001).  

5-HT2 receptors. The 5-HT2 receptor family is comprised of three different 

receptor subtypes (5-HT2A,B,C) are Gq protein coupled receptors that have been 

demonstrated in the spinal cord, blood vessels and the gastrointestinal (GI) tract 

(Hochman et al., 2001). In particular, 5-HT2A receptors are expressed in the ventral 

motor regions of the spinal cord, specifically on PhMNs, where they have been shown 

to play a role in regulating phrenic motoneuron excitability (MacFarlane et al,. 2009, 

Fuller et al., 2005). 5-HT2 receptors activate proteins leading to the formation of inositol 

triphosphate, which leads to the activation of protein kinase C (PKC). Activation of 5-

HT2 receptors typically results in increased neuronal excitability via phosphorylation of 

glutamatergic synapses (Hochman et al., 2001). In addition, activation of 5-HT2 

receptors also increases in persistent inward currents, which also influences neuronal 

excitability.  

5-HT3 receptors. 5-HT3 receptors are ligand gated sodium (Na+) and potassium 

(K+) channel receptors that have been demonstrated in the spinal cord (primarily in the 
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dorsal horn) and in the GI tract. 5-HT3 receptors act to excite target neurons by fast 

cellular depolarization (Hochman et al., 2001).. 

5-HT4 receptors. 5-HT4 receptors are Gs protein coupled receptors that are 

located throughout the central nervous system and in the GI tract. 5-HT4 receptors act 

to excite target neurons by increasing cellular cAMP (Hochman et al., 2001)..   

5-HT5 receptors. The 5-HT5 receptor family are Gi/o protein coupled receptors 

that are located throughout the central nervous system. 5-HT5 receptors act to inhibit 

target neurons by decreasing cellular cAMP (Hochman et al., 2001)..  

5-HT6 receptors. The 5-HT7 receptor family are Gs protein coupled receptors 

that are located throughout the central nervous system. 5-HT6 receptors act to excite 

target neurons by increasing cellular cAMP (Hochman et al., 2001).  

5-HT7 receptors. The 5-HT7 receptor family are Gs protein coupled receptors 

that have been demonstrated in the spinal cord (primarily in the ventral horns), blood 

vessels and the GI tract. 5-HT7 receptors act to excite target neurons by increasing 

cellular cAMP (Hochman et al., 2001). 

Characterization of Functional Plasticity in Experimental SCI 

Assessment of Upper Extremity Function 

Gross motor function 

Assessment of gross motor function in rats is most commonly performed using 

the cylinder test, also known as the limb use asymmetry test. This test was originally 

designed for use in rodent models of stroke, but has since been applied to numerous 

models of nervous system dysfunction and injury. The cylinder test has been used 

extensively to investigate left/right asymmetries in upper limb use during vertical 

exploration. Administration of this test entails that a rat be placed in a clear Plexiglas 
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cylinder for a period of five minutes, during which the number of paw placements on the 

cylinder wall are counted (Hua et al., 2001, DeBow et al., 2003). This test has also been 

used in cervical spinal cord injury models and has been shown to be an effective 

indicator for recovery of gross motor function (Gensel et al., 2006). 

Fine motor manipulation 

Numerous behavioral tests have been developed for assessing fine motor 

manipulation in rodents, including various versions of pasta manipulations (Allred et al., 

2008, Tennant et al., 2010), skilled reaching (Montoya et al., 1991, Pagnussat Ade et 

al., 2009), and reach-to-grasp tasks (Stackhouse et al., 2008). The vermicelli pasta 

handling test is one such test, and was originally designed for use in rodent models of 

stroke. In this test, rodents are given seven-centimeter lengths of pasta to eat. This test 

assesses several parameters based on how the rat eats the pasta including the time it 

takes to eat the length of pasta, the number of adjustments made by each paw when 

eating the pasta, and the presence and extent of any abnormal behaviors observed 

while the animal is eating (Allred et al., 2008, Tennant et al., 2010). This test has been 

used in a number of neurological conditions, though its applicability in a cervical spinal 

cord injury model has not been thoroughly assessed (Khaing et al., 2012). 

Locomotor function 

Tests of both forelimb and hindlimb locomotion have been developed to 

investigate how injury to the nervous system may influence locomotor function. The 

most extensively used test of locomotor function in rodent spinal cord injury models is 

the Basso Beattie Breshnahan Open Field Locomotor Rating Scale (BBB). This test was 

originally developed to characterize locomotor deficits following thoracic contusion 

injuries in rats. This test has since been applied to a number of different species and 



 

47 

injury models, however it’s useful in cervical models of spinal cord injury is limited, as it 

does not specifically assess forelimb deficits in locomotion (Basso et al., 1995, Metz et 

al., 1998, Magnuson et al., 1999, Basso, 2000, Metz et al., 2000, Ma et al., 2001). 

A number of forelimb specific locomotor tests have been developed or modified 

for use in cervical spinal cord injury models, including the Forelimb Locomotor 

Assessment Scale (FLAS) (Anderson et al., 2009b), the Forelimb Locomotor Scale 

(FLS) (Sandrow et al., 2008), grid-walking and horizontal ladder walking tests (Metz and 

Whishaw, 2002, 2009), as well as a modified version of the BBB, which includes a 

forelimb specific scoring component (Martinez et al., 2009). The FLS is a locomotor test, 

which was developed by the Behavioral Analysis Core at Drexel University for the 

assessment of forelimb locomotor deficits following spinal cord injury. This test has 

been utilized in a number of investigations, and has been shown to be a reliable 

indicator of upper extremity dysfunction and recovery after spinal injury (Sandrow et al., 

2008, Khaing et al., 2012).   

Characterization of Ventilatory Function in Experimental SCI 

Assessment of ventilatory function in rats can be performed using a variety of 

techniques. These techniques range from direct to indirect assessments of ventilatory 

function, and include both non-invasive and invasive methods (Baekey et al., 2009).  

Ventilatory function  

Assessment of ventilatory function in rats is most commonly performed using 

whole-body plethysmography (Baekey et al., 2009). Whole body plethysmography 

enables the non-invasive quantitative measurement of respiratory ventilation. This 

method entails placing an animal in a sealed chamber and measuring changes in 

pressures within the chamber. As the animal inspires and expires, the gas pressure 
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inside the chamber increases and decreases, respectively (Stephenson and Gucciardi, 

2002). This method facilitates the quantification of ventilatory frequency as well as 

indirect measurements of tidal volume and minute ventilation, which are calculated 

using a complex algorithm, described by Drorbaugh and Fenn (Drorbaugh and Fenn, 

1955, Jacky, 1978). In addition, a number of parameters relevant to the pattern of 

ventilation (inspiratory duration, expiratory duration, etc.) can be assessed (Askanazi et 

al., 1980). Whole body plethysmography has been shown to be a valid and reliable 

measure for assessing respiratory function, and has been used in a number of 

experimental models of pathology and disease, including cervical SCI (Stephenson and 

Gucciardi, 2002).   

Respiratory electromyography 

Electromyographic (EMG) recordings of respiratory muscles including the 

diaphragm, abdominals and intercostals have been used to study respiratory muscle 

activity in both anaesthetized and unanaesthetized, spontaneously breathing 

preparations (Dougherty et al., 2012, Lane et al., 2012, Nicaise et al., 2012). EMG 

recordings provide more specific information regarding the contribution of specific 

muscle groups to respiratory output than can be interpreted from plethysmography, 

though there are numerous technical considerations that must be taken into account 

when interpreting EMG data including electrode placement, electrical noise, cross talk 

from other muscle fibers and movement artifact (Merletti, 1999). 

Phrenic nerve recordings 

Phrenic neurograms have been extensively used to study respiratory motor 

output in a number of experimental models of pathology and disease, including spinal 

cord injury (Fuller et al., 2005, Fuller et al., 2006). Phrenic neurograms provide specific 
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and easily interpretable information regarding the output of the phrenic nerve, however 

the interpretation of these results must take in to consideration that experimental 

preparations are conducted in anaesthetized, mechanically-ventilated, (and often 

vagotomized) preparations (Lee et al., 2010, Sandhu et al., 2010). Furthermore, phrenic 

neurograms are invasive, and are most often performed as terminal procedures, 

therefore repeated or long-term measurements are not possible (Baekey et al., 2009). 

Interaction of Muscle and Nerve 

The relationship between muscles and the nervous system was first realized in 

1791 when Luigi Galvani, an Italian physician, mistakenly discovered that electrical 

signals transmitted via nerves were capable of eliciting a muscular contraction. This 

discovery called into question the previous believe the muscles contracted by filling with 

fluid and introduced the notion of neuromuscular electrical signaling. In 1906, Santiago 

Ramón y Cajal was awarded the Nobel Prize for his work in characterizing the structure 

of the nervous system. His seminal work served to solidify neurons as the functional 

basis of the nervous system. Also in 1906, Dr. Charles Sherrington published a 

collection of lectures he had given entitled “The Integrative Action of the Nervous 

System”. In this work, Sherrington first referenced the notion of a “final common path” 

by which muscles are activated by neurons.  He also made first reference to the 

concept of the motor unit, suggesting that “by its branching, the motor neuron obtains 

hold of many muscle fibers. In 1925, Dr. Sherrington coined the term “motor unit” to 

refer to an alpha motor neuron and all the muscle fibers innervated by it (Burke, 2007). 

The concept of the motor unit is of major importance to understanding the basic 

substrates underlying movement, as it describes the fundamental relationship between 
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muscle and nerves and defines the most basic unit required for movement (Burke, 

2007). 

Components of the Motor Unit 

Alpha-motoneurons (-MNs) innervate extrafusal skeletal muscles and are 

located in the ventral horn of the spinal cord. Axonal projections from -MNs exit the 

spinal cord through the ventral roots and travel in peripheral nerves to synapse on their 

target muscle (Burke et al., 1977, Westbury, 1982). Extrafusal skeletal muscle fibers 

demonstrate considerable heterogeneity of structure (morphology) and function 

(physiology), which has been shown to be closely associated with the morphological 

and physiological characteristics of motoneuronal innervation.   

Motor Unit adaptations to spinal cord injury induced “inactivity”  

Skeletal muscle adaptations to spinal cord injury.  

Morphological Adaptions. Whole muscle atrophy is a major consequence of 

reduced neuromuscular activity following SCI, as evidenced by significantly decreased 

whole muscle mass beginning within days of injury and persisting weeks and even 

months after injury (Roy and Acosta, 1986, Landry et al., 2004, Liu et al., 2008, Biering-

Sorensen et al., 2009). The severity of these adaptations depends on the severity of the 

spinal cord injury model, with complete transection or spinal cord isolation injuries 

demonstrating the most severe atrophic effects, followed by contusion injuries and other 

incomplete injuries. This apparent atrophy is also evident at the level of the individual 

muscle fibers. Similar extent of muscle wasting and fiber atrophy is also apparent in 

humans with chronic SCI (Shah et al., 2006). In addition to a reduced proportion of lean 

muscle mass, neuromuscular inactivity following spinal cord also leads to increased 
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intramuscular fat content within skeletal muscle (Edgerton et al., 2002, Elder et al., 

2004).  

Furthermore, there appears to be a spectrum of inactivity induced muscle fiber 

atrophy that preferentially affects slow fiber phenotypes.  Muscles comprised of mostly 

slow muscle fibers demonstrate a greater decline in mass, and at the individual fiber 

lever, slow muscle fibers seem to atrophy to a greater extent that the faster fibers. 

Further, a shift in the muscle fiber phenotype from slow to fast fibers is also evident, 

however, a general decline in fiber size is evident prior to phenotype transformations 

(Round et al., 1993). The muscles that appear to be most susceptible to “inactivity”-

related atrophy and phenotype transitions are those that tend to be used most 

frequently under normal activity conditions. Specifically, the muscles that seem to be the 

most affected are muscles that demonstrate higher duty cycles (Edgerton et al., 2001, 

Edgerton et al., 2002, Harkema, 2008), such as postural or anti-gravity muscles, such 

as the vastus lateralis, soleus, quadriceps, and gastrocnemius. These muscles tend to 

be comprised of mostly slow phenotype fibers, and therefore demonstrate the greatest 

muscle atrophy as well as a shift toward fast muscle phenotype (Grossman et al., 1998, 

Haddad et al., 2003, Kelley et al., 2006, Biering-Sorensen et al., 2009, Liu et al., 2010).  

Physiological adaptations. Changes in the contractile properties of skeletal 

muscle are also evident following chronic spinal cord injury induced “inactivity. These 

adaptations again seem to preferentially affect slow phenotypes, with predominantly 

slow muscles, like the soleus demonstrating increases in specific tension and time to 

peak tension (Stevens et al., 2006). However if these adaptations are considered in 

reference to the slow to fast phenotype shift that occurs following chronic spinal cord 
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injury, it is not surprising that these muscles demonstrate contractile properties more in 

accordance with faster muscle phenotypes (Edgerton et al., 2002).  

Motoneuron adaptations to spinal cord injury induced “inactivity”: 

Morphologic adaptations. Spinal cord injury induced “inactivity” is associated 

with a reduction in the number of motoneurons within the motoneuron pool. (Bose et al., 

2005). Morphological changes in -MNs following chronic contusion spinal cord injury 

include increased somal area, perimeter, and diameter.  The distribution of -MNs 

based on somal area is also significantly altered by chronic spinal cord injury, with a 

larger proportion of large motoneurons and considerably fewer small and medium sized 

motoneurons as compared with uninjured animals (Ishihara et al., 1988, Ishihara et al., 

1995, Bose et al., 2005, Matsumoto et al., 2007, Roy et al., 2007). Changes in dendritic 

arborization are also a consequence of inactivity following spinal cord injury, as 

evidenced by fewer dendrites and decreased primary, secondary, and tertiary branches. 

Further, the primary branches of dendrites are longer and of larger diameter after 

chronic SCI (Bose et al., 2005). There is also evidence of expansion of the 

neuromuscular junction (Waerhaug and Lomo, 1994).  

Physiological adaptations. Spinal cord injury induced “inactivity” is associated 

with altered motoneuron excitability and axonal conduction velocity (Bose et al., 2005). 

These adaptations are likely related to the increase in motoneuron size associated with 

“inactivity”. An additional explanation for altered excitability and conductivity of alpha 

motoneurons after chronic spinal cord injury induced “inactivity” may be the observation 

that upregulation of serotonin sensitive postsynaptic sites on the -MNs (Doly et al., 

2004, Fuller et al., 2005, Ling, 2008, Mullner et al., 2008, Noga et al., 2009). 
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Furthermore, there is emerging evidence that both neural and muscular activity play a 

role in the regulation of trophic factors such as brain derived neurotrophic factor 

(BDNF), NT4/5 and glial derived neurotrophic factor (GDNF), all of which have the 

potential to lead to modulation of synaptic efficacy and/or modulating protein 

transcription and translation (Houenou et al., 1996, Kinkead et al., 1998, Fuller et al., 

2003, Mantilla and Sieck, 2003).  
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Figure 1-1.  Schematic depiction of experimental model of cervical spinal cord injury. 

Lateral C2 Spinal Cord Hemisection (C2Hx) disrupts the descending inputs to 
phrenic and upper extremity motoneuron pools located in the cervical spinal 
cord, resulting in paralysis of affected muscle groups, ipsilateral to the injury.  
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Figure 1-2.  Schematic depiction of the neural control of upper extremity motor function. 

Motor commands originate in cortical and brainstem centers and are 
transmitted to motoneurons innervating postural and upper limb muscles. 
Afferent feedback is transmitted back to the spinal cord, brainstem, and 
higher brain centers where appropriate alterations in neural commands can 
be made to adjust motor output according to the task demands.  



 

56 

 

 
Figure 1-3.  Schematic depiction of the neural control of breathing. Respiratory rhythm 

is generated in brainstem respiratory centers and transmitted to motoneurons 
in the brainstem and spinal cord innervating muscles of the upper airway, 
thorax and abdomen. Afferent and chemosensory feedback is transmitted 
back to the spinal cord, brainstem, and higher brain centers where 
appropriate alterations in neural commands can be made to adjust ventilation 
according to the task demands (Adapted from (Feldman, 1986)). 
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CHAPTER 2 
OUTLINE OF EXPERIMENTS  

It is now recognized that the neuroplastic potential of the injured spinal cord 

offers novel opportunities for interventions designed to promote functional 

improvements via spared pathways and intraspinal circuits (Bareyre et al., 2004, 

Courtine et al., 2008a). Growing evidence suggests that there is also robust potential for 

spontaneous plasticity following injury to the adult spinal cord. This capacity for 

spontaneous plasticity following incomplete spinal cord injury has been demonstrated in 

a number of experimental models (Bareyre et al., 2004, Ballermann and Fouad, 2006, 

Courtine et al., 2008a, Rosenzweig et al., 2010). Existing work, however, has focused 

primarily on respiratory function and lower extremity function. The capacity for and 

relative extent of upper extremity plasticity following injury to the cervical spinal cord has 

not been carefully characterized. Furthermore, whether spontaneous functional 

recovery following spinal cord injury is reflected by changes in the underlying neural 

circuitry is a fundamental consideration, and with few exceptions, the neuroanatomical 

organization of specific intraspinal circuits has not been fully demonstrated (Lane et al., 

2008b). Accordingly, the major goals of the present work were to characterize the 

inherent neuroplastic potential of the spinal cord following injury with emphasis on the 

forelimb and respiratory motor circuits. The overriding hypothesis for this work is that 

plasticity within the cervical spinal cord occurs across multiple motor systems and that 

propriospinal interneurons are an important component of the recovery process.  

Aim 1 of this dissertation was designed to characterize the impact of incomplete 

cervical spinal cord injury on the upper extremities. Specific emphasis was placed on 

identifying the time course and extent of plasticity and recovery of upper extremity 
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function, skeletal muscle morphology, and neuroanatomical circuitry. The specific 

hypotheses being tested in Aim 1 were the following:1) following incomplete high 

cervical spinal cord injury, there is a progressive, but incomplete functional recovery of 

ipsilateral upper limb function; 2) that this time-dependent recovery of ipsilateral upper 

extremity function is associated with similar changes in muscle morphology; and that 3) 

spontaneous upper extremity functional plasticity is associated with plasticity in the 

neuroanatomical circuitry controlling the upper limb. More specifically, we hypothesized 

that spinal interneurons are anatomically positioned to serve as the primary substrate 

for neuroanatomical plasticity and functional recovery following incomplete cervical 

spinal cord injury. A battery of behavioral assessments were used to characterize upper 

extremity function across a range of functional behaviors. Immunocytochemical 

techniques were employed to characterize changes in muscle fiber size and type that 

were occurring in parallel with upper extremity plasticity after chronic incomplete 

cervical spinal cord injury. We also utilized transynaptic neuroanatomical tracing 

techniques to characterize the spinal network associated with a specific forelimb muscle 

in spinal-intact and spinal cord injured rats.  

Serotonin has been shown to be a potent modulator of motoneuron excitability 

and has been specifically implicated in mediating plasticity following spinal cord injury 

(Mitchell et al., 2001, Fuller et al., 2005, Courtine et al., 2009). Recent studies have 

demonstrated populations of propriospinal interneurons are integrated with motor 

circuits and may be involved in mediating motor output (Lane et al., 2008b). Whether 

serotonin also modulates interneuronal activity has not been specifically investigated. 

Accordingly, Aim 2 tested the hypotheses that spinal interneurons receive robust 
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serotonergic innervation and explored specific serotonin receptor subtypes that may be 

expressed on these interneurons. Thus we used immunohistochemical techniques to 

characterize the serotonergic innervation of a population of interneurons that are 

believed to play a role in a defined model of spinal plasticity.  

Recent studies have highlighted the potential role of propriospinal interneurons in 

mediating motor function and plasticity following injury to the spinal cord, however to 

what extent these interneurons participate in functional recovery has not been 

thoroughly investigated. Aim 3 tested the hypothesis that damage to the intermediate 

gray matter (interneurons) would attenuate functional plasticity observed following 

cervical spinal cord injury. Thus, we utilized excitotoxic lesions to create focal lesions in 

the intermediate gray matter of chronically injured rats to assess the role of spinal 

interneurons in mediating upper extremity and ventilatory functional recovery in the 

weeks following cervical spinal cord injury.  

In summary, these aims characterize the extent of spontaneous spinal plasticity 

in various motor systems and explore potential candidate substrates (propriospinal pre-

motor interneurons) that may mediate this plasticity.  

Overall Objectives 

1. To determine the inherent capacity for functional, muscular, and neuroanatomical 
plasticity in the upper extremity following incomplete high cervical spinal cord injury.  

2. To explore the serotonergic innervation of cervical motoneurons and pre-motor 
interneurons associated with the phrenic motor circuitry.  

3. To examine the contribution of propriospinal interneurons to recovery of forelimb and 
respiratory function following cervical spinal cord injury. 
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Aim One 

Objective 

Determine the impact of incomplete high cervical spinal cord injury on upper 

extremity functional plasticity. 

Rationale 

High cervical spinal cord injury is characterized by a disruption of the descending 

axonal projections innervating the upper extremity motoneuron pools, leading to 

decreased neural drive to the muscles of the upper limb, resulting in paralysis. While a 

number of investigations have demonstrated the potential for spontaneous functional 

recovery in other motor systems following C2Hx injury (Sandhu et al., 2009), it is not 

clear whether similar recovery occurs in the upper extremity. Further, the associated 

muscular and neural adaptations that correspond with upper extremity dysfunction 

following C2Hx injury have not been defined. 

Hypothesis I: Disruption of descending axonal projections innervating upper 

extremity motoneuron pools will result in significant functional deficits and associated 

muscular atrophy. 

Hypothesis II: Modest spontaneous recovery of upper extremity function and 

muscle fiber size will occur in the weeks-months post-injury. 

Hypothesis III: Recruitment of pre-motor spinal interneurons into the 

neuroanatomical circuitry controlling the forelimb will correspond with improved upper 

extremity function following injury.   

Experimental Design 

Adult female Sprague-Dawley rats were received lateral C2 hemisection injuries 

and were allowed to recovery for 1-16 weeks.  Forelimb function was assessed using 
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behavioral tests examining a range of motor behaviors, including measures of gross 

upper limb use, fine motor manipulation, and forelimb function during locomotion. 

Assessments were conducted prior to, and at 1-, 2-, 4-, 6-, 8-, 12-, 14-, and 16-weeks 

post-cervical spinal cord injury. Muscles of the forelimb were harvested in a subset of 

rats in order to assess changes in muscle morphology associated with spinal injury. In 

another subset of rats, the neuroanatomical circuitry controlling the extensor carpi 

radialis longus muscle was characterized using pseudorabies virus, a transynaptic 

retrograde neuroanatomical tracer. This circuitry was assessed in both uninjured rats, 

as well as in rats that were 16-weeks post-injury, in order to assess changes in the 

neural circuitry controlling the muscles of the upper limb that coincided with observed 

functional recovery. At the pre-defined experimental endpoint, were perfused and 

cervical spinal cords were dissected and processed for immunohistochemical analyses. 

Aim Two 

Objective 

Characterize the serotonergic innervation of phrenic motoneurons and pre-motor 

interneurons and explore the specific serotonin receptor subtypes that are present on 

these neurons. 

Rationale 

The concept that cervical interneurons can contribute to phrenic motor plasticity 

has not received formal evaluation. However, accumulating evidence suggests that 

cervical interneurons are synaptically coupled to motor neurons controlling the 

diaphragm (Lane et al., 2008b, Lane et al., 2009). Previous studies have shown that 

these cells may modulate phrenic output under certain conditions (Sandhu et al., 2009). 

Studies in the lumbar spinal cord show that spinal serotonin (5-HT) is a powerful 
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regulator of propriospinal interneuron activity, and can even trigger locomotor output 

from hindlimb muscles (Ichiyama et al., 2008). The influence of 5-HT on cervical 

interneurons is of interest because spinal 5-HT receptor activation is both necessary 

and sufficient to trigger persistent increases in phrenic motor output. However, existing 

models of 5-HT dependent phrenic motor plasticity (e.g., phrenic long-term facilitation), 

(MacFarlane et al., 2009, Wilkerson and Mitchell, 2009) focus on the impact of spinal 5-

HT on motoneurons, with little focus on the contribution of pre-phrenic interneurons to 

phrenic plasticity (Mitchell et al., 2001, Baker-Herman et al., 2004, MacFarlane et al., 

2009, Dale-Nagle et al., 2010c).  

Hypothesis I: Pre-phrenic cervical interneurons are robustly innervated by 5-HT.  

Hypothesis II: Pre-phrenic cervical interneurons express both 5-HT2A and 5-HT7 

receptor subtypes. 

Experimental Design 

Pseudorabies virus was administered bilaterally to the diaphragm of adult 

Sprague-Dawley rats in order to trace the phrenic motor circuitry.  Dual labeling 

immunohistochemistry was conducted using antibodies to PRV and either 5-HT, 5-HT2A, 

or 5-HT7 receptor subtypes.  

Aim Three 

Objective 

Examine the role of pre-motor cervical interneurons in spontaneous functional 

plasticity occurring following incomplete cervical spinal cord injury in adult rats.  

Rationale 

Following C2Hx, ipsilateral diaphragm function improves over weeks-months 

post-injury (Lane et al., 2009). This time-dependent recovery of ipsilateral diaphragm 
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activity following chronic C2Hx has been attributed to the activation of descending motor 

pathways, which cross the spinal midline caudal to the injury. In addition, we have 

demonstrated a similar pattern of upper extremity functional recovery following chronic 

C2Hx in rats. Recent neuroanatomical data from our lab suggests that descending 

control of both phrenic and upper limb motoneurons in the rat spinal cord also involves 

pre-motor propriospinal cervical interneurons. We reasoned that if recovery of ipsilateral 

motor activity following chronic C2Hx involves activation of propriospinal cervical 

interneurons, then subsequent damage to these pre-motor interneurons (gray matter 

injury) would significantly attenuate functional recovery.  

Hypothesis I: Recovery of respiratory function observed following chronic C2Hx 

injury will be significantly attenuated following focal deletion of propriospinal 

interneurons in the intermediate gray matter of the cervical spinal cord.  

Hypothesis II: Recovery of upper extremity function observed following chronic 

C2Hx injury will be significantly attenuated following focal deletion of propriospinal 

interneurons in the intermediate gray matter of the cervical spinal cord.  

Experimental Design  

Adult female Sprague-Dawley rats received lateral C2Hx injuries and were 

allowed to recovery for 8 weeks. Focal lesions of the intermediate gray matter were 

made via bilateral intraspinal injections of kainic acid injections from C4-C5. Weekly 

measures of ventilatory function, assessed by whole-body plethysmography, and 

forelimb function, assessed by the forelimb locomotor scale and cylinder test, were 

conducted. Rats were perfused one week after kainic acid delivery and cervical spinal 

cords were dissected and processed for immunohistochemical analyses. 
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CHAPTER 3 
CHARACTERIZATION OF FORELIMB PLASTICITY FOLLOWING INCOMPLETE 

HIGH CERVICAL SPINAL CORD INJURY IN ADULT RATS 

Injuries to the cervical spinal cord comprise the greatest proportion of all spinal 

cord injuries. One of the most devastating consequences of cervical spinal cord injury is 

impaired upper extremity function. Impaired upper extremity function results in an 

inability to perform even basic activities of daily living, and has been shown to contribute 

to reduced quality of life and development of major depressive disorder.  Indeed, a 

survey conducted by Anderson and colleagues revealed that recovery of arm and hand 

function was of the highest priority for individuals with chronic tetraplegia secondary to 

cervical spinal cord injury (Anderson, 2004). 

Unfortunately, despite its significance, upper extremity dysfunction following 

spinal cord injury has received relatively little attention, and experimental models of SCI 

have tended to focus on thoracic and lumbar models of spinal injury. Thus, there is a 

great need for the development and characterization of cervical models of spinal cord 

injury specific to upper extremity function (Anderson et al., 2005). 

Hemisection from the midline to lateral edge of the cervical spinal cord has been 

used extensively to study respiratory plasticity following spinal cord injury (Lane et al., 

2008a, Sandhu et al., 2009). The basic premise is that C2 hemisection (C2Hx) 

interrupts descending motor pathways from the brain and brainstem to cervical 

motoneurons located ipsilateral (IL) to the injury. Thus, the muscles ipsilateral to the 

side of injury are transiently paralyzed while contralateral (CL) activity persists. 

Interestingly, partial recovery of IL hemidiaphragm function has been shown to occur 

spontaneously over a period of weeks (Fuller et al., 2003, 2006; Golder and Mitchell, 

2005; Vinit et al., 2007) to months (Golder et al., 2001) after a C2Hx injury. This 
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spontaneous recovery of diaphragm function has been termed the “spontaneous 

crossed-phrenic phenomenon” (sCPP) and has been attributed to reorganization of the 

intraspinal circuitry innervating the IL hemidiaphragm. This reorganization has been 

shown to include the activation of axon collaterals from intact, contralateral descending 

mono- and poly-synaptic projections to IL PhMNs (Goshgarian et al., 1991; Moreno et 

al., 1992, Bellingham, 1999; Yates et al., 1999, Lane, et al., 2008a). This model has 

been extensively characterized and has provided a great deal of insight into the 

potential for spontaneous plasticity in the respiratory system. 

Importantly, however, it is not clear how C2Hx injury may also impact upper 

extremity function, despite the fact that the motoneurons controlling the forelimb are 

located in close proximity to the phrenic motoneuron pool (McKenna et al., 2000, 

Tosolini and Morris, 2012). Previous studies investigating upper extremity function 

following experimental cervical spinal cord injury have typically utilized models of injury 

to the mid-lower cervical levels (i.e. C3-C6) (Anderson et al, 2005, Anderson et al., 

2009b, Anderson et al., 2009c, Khaing et al., 2012).  For the most part, these studies 

have demonstrated a very limited potential for spontaneous functional recovery of the 

upper extremity after injury to the cervical spinal cord, unlike what has been shown in 

regards to the respiratory system. There are two potential reasons why this has been 

the case. First, motoneuron pools innervating the muscles of the upper extremity have 

been shown to extend from approximately C2 to T1. Thus injuries to mid-lower cervical 

regions will likely result in some damage to the motoneuron pools, resulting in lower 

motoneuron injuries, which may limit the potential for functional recovery. Another 

possibility is that there are, in fact differences in cervical motor systems, in regards to 
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the potential for spontaneous plasticity. In this case, it is possible that the phrenic motor 

system is inherently more plastic than the upper extremity motor system, which would 

explain why limited functional recovery is observed in the upper extremity following 

injury. By investigating the potential for upper extremity recovery using a model of high 

cervical spinal cord injury (C2Hx), it is possible to dennervate the motoneuron pools 

controlling the upper extremity, without concurrent damage to the motoneurons 

themselves, which will enable the study of the potential for plasticity with in this cervical 

motor system.   

Recent evidence has led to an increasing appreciation for the injured spinal 

cord’s inherent potential for neuroplasticity (Pearson, 2001; Bareyre et al., 2004; 

Edgerton et al., 2004; Ballermann and Fouad, 2006). It is now recognized that 

interneurons can play an important role in mediating recovery of locomotor function after 

spinal cord injury by establishing intraspinal relay pathways (Bareyre et al., 2004; 

Courtine et al., 2008; Harkema, 2008). However, with few exceptions, the intraspinal 

circuitry involved in the control of defined motor systems has not been extensively 

investigated (Lane et al., 2008a). In addition, the neural substrates underlying functional 

recovery after cervical SCI are poorly defined. A better understanding of the intraspinal 

circuitries associated with defined motor systems in the intact nervous system as well 

as following chronic SCI is important, as it will reveal the potential for neuroplasticity 

after SCI (Pearson, 2001; Fouad and Pearson, 2004) and will enable more thorough 

interpretation of the outcomes of experimental interventions. 

Accordingly, our first goal was to determine the extent and time course of upper 

extremity functional and muscular plasticity following high cervical hemisection injury. In 
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addition, we sought to characterize the intraspinal pre-motor circuitry associated with a 

muscle of the upper extremity, the extensor carpi radialis longus muscle (ECRL), and to 

determine whether changes in this circuitry corresponded with observed plasticity. 

Materials and Methods 

All experimental procedures were approved by the Institutional Animal Care and 

Use Committee of the University of Florida and were conducted in accordance with NIH 

guidelines. 

Animals 

A total of 60 adult, female Sprague-Dawley rats (200-250 g; ~16 weeks of age) 

were obtained from Harlan Laboratories Inc. (Indianapolis, IN, USA). Animals were 

housed in the Animal Care Facility at the McKnight Brain Institute at the University of 

Florida. Animals were assigned to one of two groups: Neuroanatomical Tracing Study or 

Muscle Study. Within the neuroanatomical tracing study, animals were assigned to 

control group or hemisection group. Within the control group, animals were assigned to 

either: 1) 24 hour control (n=2), 2) 48 hour control (n=4), 3) 72 hour control (n=8), 4) 96 

hour control (n=8), or 5) 120 hour control (n=4). Within the chronic hemisection group 

(16 weeks post-hemisection), animals were assigned to either 1) 72 hour hemisected 

(n=6) or 2) 96 hour hemisected (n=8). Within the muscle study, animals were assigned 

to one of four groups: 1) uninjured (n=7), 2) 1 week hemisected (n=6), 3) 2 week 

hemisected (n=7), or 4) 8 week hemisected (n=9). Animals in the chronic hemisection 

group (n=14) were analyzed for forelimb function. 

General Surgical Methods 

Anesthesia and injury methods have been previously described (Doperalski et 

al., 2008, Fuller et al., 2008, Fuller et al., 2009). Briefly, rats were anesthetized by 
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injection of xylazine (10mg/kg, s.q.) and ketamine (140 mg/kg, i.p., Fort Dodge Animal 

Health, IA, USA). Following completion of the surgical procedure, anesthesia was 

reversed via injection of yohimbine (1.2 mg/kg s.q.). Upon recovery, animals were given 

injections of buprenorphine (0.03 mg/kg s.q., Hospira, IL, USA) for analgesia and sterile 

lactated Ringers solution (5 ml s.q.) to prevent dehydration. Post-surgical care included 

administration of buprenorphine (0.03 mg/kg, s.q.) for the initial 48 hours post-injury and 

delivery of lactate Ringers solution (5ml/day, s.q.) and oral Nutri-cal supplements (1-3 

ml, Webster Veterinary, MA, USA) until adequate volitional drinking and eating 

resumed.  

Spinal Cord Hemisection Injury  

Injury methods have been previously described (Doperalski et al., 2008, Fuller et 

al., 2008, Fuller et al., 2009). Briefly, a 1-inch midline dorsal incision was made from the 

base of the skull extending caudally to approximately the fourth cervical segment (C4). 

A laminectomy was performed at the second cervical segment (C2) to expose the spinal 

cord. A small incision was then made in the dura and a lateral hemisection performed 

on the left side of the spinal cord using a microscalpel, followed by gentle aspiration. 

Using this approach, the completeness of the lesion was readily visible and the extent of 

the lesion was reproducible. The dura was then closed with interrupted 9-0 sutures and 

durafilm was placed over the dura. The overlying muscle was then sutured in layers and 

the skin was closed with stainless steel surgical wound clips.   

Behavioral Testing of Forelimb Function 

Prior to initiation of experimental testing, rats were handled for 3-5 minutes daily 

by lab personnel to familiarize them with test administrators.  
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Limb-use asymmetry (cylinder) test 

The cylinder test was conducted on awake, unrestrained animals. Testing 

consisted of a single trial in which rats were placed in a clear Plexiglas cylinder (20 cm 

in diameter, 20 cm high) for 5 minutes. Forelimb use was measured during vertical 

exploration as the number of individual and simultaneous forepaw contacts with the 

cylinder wall (Hua et al., 2001, DeBow et al., 2003, Gensel et al., 2006). Testing was 

videotaped for later quantification.  

Vermicelli pasta handling test 

Rats were given 7 cm lengths of uncooked vermicelli pasta, marked at 1.75cm 

intervals with a marker to facilitate visualization of paw and pasta movement. Prior to 

initiation of behavioral testing, all rats were given the vermicelli pasta pieces in their 

home cages in order to familiarize them with the pasta handling. Testing consisted of 5 

trials in which the rats were given a single piece of pasta per trial while still in the clear 

Plexiglas cylinder. Rats were food restricted overnight prior to testing. Trials were 

videotaped for later quantification.  The primary method of quantification of the test 

involved counting the number of adjustments made by each forepaw as well as any 

asymmetry in the number adjustments made (left versus right), the time to eat the 

length of the pasta, and documentation of any atypical behaviors. Adjustments were 

defined as any visually confirmed release and re-grasp of the length of pasta (Allred et 

al., 2008, Tennant et al., 2010, Khaing et al., 2012).  

Forelimb locomotor scale (FLS) 

Rats were placed in an open-field plastic enclosure measuring 2.5 ft. x 3 ft. and 

were observed for a period lasting no longer than 5 minutes.  Trials were scored in real-

time by an examiner, and were also videotaped for later viewing and scoring. Scoring 
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was based on the Forelimb Locomotor Scale (FLS) developed by the behavioral core 

facility at Drexel University, which was based on observed patterns of recovery in 

cervically injured rats (Sandrow et al., 2008). The FLS is 17-point scale that defines 

deficits based on range of motion, level of weight support, and whether the paw is 

parallel to the body, similar to the hindlimb BBB rating scale (See Table 3-2).  

Muscle Protocols 

Muscle tissue harvest 

At the predefined experimental endpoint, the triceps (TRI), biceps (BI), and 

extensor carpi radialis longus (ECRL), and flexor carpi radialis (FCR) muscles were 

dissected, carefully rinsed in phosphate buffered saline (PBS) to remove excess blood, 

and snap frozen at resting length in isopentane, pre-cooled in liquid nitrogen and stored 

at -80oC. 

Muscle immunohistochemistry  

Transverse cryostat sections (10 m) were prepared from the central portion 

(belly) of each muscle and mounted on SuperFrost Premium gelatin-coated glass 

slides. Immunocytochemical reactions were performed with anti-dystrophin and anti-

MHC antibodies at various dilutions. Rabbit anti-dystrophin (ThermoScientific, Waltham, 

MA, USA) was used to outline muscle fibers for quantification of cross-sectional area. 

Two anti-MHC monoclonal antibodies were selected on the basis of their reactivity 

toward adult MHC: A4-840 (1:15; Invitrogen Life Technologies, Grand Island, NY, USA) 

and SC-71 (1:50; Invitrogen Life Technologies, Grand Island, NY, USA). Sections were 

co-incubated with rabbit anti-dystrophin and the two anti-MHC antibodies (4oC) for two 

hours, followed by incubation with rhodamine-conjugated goat anti-rabbit IgG (1:40; 

Invitrogen Life Technologies, Grand Island, NY, USA), Alexafluor 488 goat anti-mouse 
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IgG (1:333; Invitrogen Life Technologies, Grand Island, NY, USA), and Alexafluor 350 

(goat anti-mouse IgM (1:333; Invitrogen Life Technologies, Grand Island, NY, USA). 

Stained sections were covered with glass coverslips using Dako Fluorescent Mounting 

Medium, and were stored at 4oC to prevent fading. Stained cross sections were 

photographed at 10x magnification using a Leica microscope and digital camera (Leica 

Microsystems, Solms, Germany).  

Muscle fiber size measurements   

Muscle fiber cross sectional area (CSA) was analyzed using LAS image analysis 

software. The average fiber CSA of fast and slow fibers was determined from a sample 

of 250-500 fibers.  A region of the stained sections from each muscle was randomly 

selected for MHC composition analysis. The proportions of each fiber type were 

determined from a sample of 200-300 fibers across the entire section of each muscle. 

Anatomical Tracing Protocols 

Recombinants of the Bartha strain of pseudorabies virus (PRV) or cholera toxin B 

subunit (CT-B) 0.1% in distilled water were used as anatomical tracers to examine the 

neural circuitry associated with the ECRL muscle in cohorts of uninjured and injured 

rats. CT-B is a monosynaptic tracer and thus, will only label those cells projecting to the 

site of the tracer application (i.e. ECRL) (Yates et al., 1999), whereas PRV is 

transynaptically transported and will label the entire motor circuitry over time. 

Propagation and culture methods for PRV have been extensively detailed (Lane et al., 

2008b). The two PRV recombinants used in this study were PRV152 (8.0-9.9 x 108 

pfu/ml) or PRV614 (2.0 x 108 pfu/ml). Motoneuron projections to the extensor carpi 

radialis were retrogradely labeled using PRV (10l injections). A subset of animals also 

underwent concurrent unilateral or bilateral superior cervical ganglionectomy in order to 
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mitigate the extent of pre-sympathetic interneuronal labeling in the cervical spinal cord. 

In addition, in a different subset, the left radial nerve was severed prior to its innervation 

of the extensor carpi radialis muscle, which was then injected with PRV. This set of 

experiments was designed to determine whether any observed cervical labeling arose 

from labeling of pre-sympathetic neurons, as all labeling would be due to transmission 

of PRV via sympathetic innervation of blood vessels, not via retrograde infection from 

ECRL motoneurons. A small incision was made in the skin of the distal forelimb above 

the extensor carpi radialis longus muscle in spinal intact and spinal injured rats. The 

skin and fascia overlying the ECRL were dissected to expose the ECRL muscle belly. 

10l of PRV was injected into the ECRL via Hamilton syringe (Hamilton Company, 

Reno, NV). Animals were left to survive between 24 and 120 hours following tracer 

injection. A careful time course study was conducted in uninjured rats in order to 

determine the appropriate post-injection time point for PRV incubation, in which primary 

ECRL motoneuron labeling and transneuronal labeling of pre-motor ECRL interneurons 

was observed.   

Spinal Cord Histology 

All C2Hx lesions were confirmed to extend to the spinal midline (anatomically 

complete) only if there was a complete absence of apparently healthy white matter in 

the ipsilateral spinal cord at the lesion epicenter as previously described (Doperalski et 

al., 2008, Fuller et al., 2008, Fuller et al., 2009, Sandhu et al., 2009). After the desired 

muscles were harvested, rats were euthanized by systemic perfusion with saline 

followed by 4% paraformaldehyde (Sigma, St. Louis, MO, USA). For lesion verification 

studies, the spinal cord was dissected and removed, embedded in paraffin, and 5 m 
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transverse sections were prepared. Spinal cord sections were mounted on glass slides 

(Fisher Scientific, Pittsburgh, PA, USA), stained with Cresyl violet, and evaluated using 

light microscopy. A histological example of a C2Hx lesion is shown in Figure 3-1. 

Consistent with our previous publications, the apparent absence of healthy white matter 

in the ipsilateral spinal cord was taken as confirmation of an anatomically complete 

C2Hx (Doperalski et al., 2008, Fuller et al., 2008, Lane et al., 2008b, Fuller et al., 2009, 

Sandhu et al., 2009).  

For anatomical tracing studies, the cervical spinal cord was removed, and 40m 

sections were made in the longitudinal plane using a vibratome. A subset of tissue was 

sectioned in the transverse plane (40m vibratome sections) for assessment of 

distribution of labeled neurons in spinal cord cross section. Brainstem and brain tissue 

from a subset of animals was also sectioned in the transverse plane (40m vibratome 

sections) for assessment of the distribution of supraspinal circuitry related to the ECRL 

muscle. For immunocytochemical analyses of PRV or CTB labeling, longitudinal 

vibratome sections were washed in PBS (0.1M, pH 7.4, 3 x 5 minutes), blocked against 

endogenous peroxidase activity (30% methanol, 0.6% hydrogen peroxide in 0.1 M PBS, 

incubated for 1-2 hours), rewashed in PBS, and blocked against nonspecific protein 

labeling (10% normal goat serum in 0.1 M PBS with 0.03% Triton-X). Sections were 

then incubated at 4o C overnight with primary antibodies against PRV (rabbit anti-PRV; 

Rb133/134, raised against whole purified PRV particles that were acetone inactivated; 

1:10,000; generously provided by Dr. Lynn Enquist). The following day, tissue was 

washed in PBS (0.1 M, 3 x 5 minutes), incubated for 2 hours at room temperature in a 

biotinylated secondary antibody (goat anti-rabbit; Jackson Immunocytochemicals, West 
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Grove, PA; 1:200) and rewashed in PBS (3 x 5 minutes). Sections were further 

incubated for 2 hours in an avidin-biotin complex (ABC Elite Vectastain Kit; Vector 

Laboratories, Burlingame, CA), and given a third series of washes in PBS, and 

processed for antigen visualization with diaminobenzidine (DAB; Sigma, St. Louis, MO). 

A subset of tissue sections were counterstained with Cresyl violet for visualization of 

neuronal cell bodies.  

Data Analysis 

Forelimb testing data were analyzed according to previously published guidelines 

and were compared between groups. 

Statistical Analysis 

All statistical analyses were performed using SigmaStat statistical software 

(Sigma Stat, SPSS, Chicago, IL). Research hypotheses were tested at an alpha level of 

0.05. T-tests, as well as one- and two- way analyses of variance (ANOVAs) were 

performed to determine differences between groups. For animals in the behavioral 

testing cohort, repeated measures (RM) one- and two-way ANOVAs were performed. 

Post hoc tests were performed using the Student-Newman-Keuls method to correct for 

multiple pair-wise comparisons. One-way RM ANOVAs were used to assess changes in 

body weight, cylinder test scores, FLS test scores, and the time to eat and atypical 

behavior scores on the vermicelli pasta handling test. 2-way repeated measures 

ANOVA and the Student-Newman-Keuls post-hoc tests were conducted for the number 

adjustments in the vermicelli pasta test. For this ANOVA, factor 1 was “treatment” (i.e. 

pre-injury or the various post-C2Hx time points) and factor 2 was “side” (i.e. relative to 

the side of injury-contralateral vs. ipsilateral). Average muscle fiber size was calculated 

across the three muscle fiber types. One-way, independent samples t-tests were used 
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to compare muscle wet weights and average fiber cross sectional area between groups. 

Statistical analyses were performed using commercially available software (Sigma Stat, 

SPSS, Chicago, IL). All data are presented as the mean +/- standard error. A P-value of 

<0.05 was considered statistically significant. 

Results 

Anatomical Characterization of C2Hx Lesions 

Spinal cord sections from rats receiving C2Hx injuries were visualized with light 

microscopy once stained for Cresyl violet. Anatomical completeness of C2Hx lesions 

were verified and confirmed to extend from the lateral border to the spinal midline 

(Figure 3-1). Animals that did not have a confirmed complete hemisection lesion were 

excluded from all analyses (n=2). 

Effect of C2Hx on Body Mass  

A time-dependent change in body mass occurred following C2Hx (Figure 3-2), 

similar to previous reports (Doperalski et al., 2008, Fuller et al., 2008, Fuller et al., 

2009). At 1- and 2-weeks post-C2HX, rats weighed less than they did prior to injury 

(P<0.05). By 4-weeks post-injury, rats were of similar weight to pre-injury. From 6-16 

weeks post-injury, rats weighed more than they did prior to injury (P<0.05). A one-way 

ANOVA was performed on the subset of animals that were assigned to the muscle 

analysis study. The 1-week post-injury group weighed less than control (P<0.0001), but 

the 2- and 8-week post-injury groups were no different from control.  

Effects of C2Hx on Upper Extremity Function  

To determine the extent and time course of C2Hx injury on forelimb function, a 

battery of functional assessments were performed prior to-, and at 1-, 2-, 4-, 6-, 8-, 10-, 

12-, 14-, and 16-weeks post-C2Hx.  
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Quantitative assessment of gross upper limb motor function was assessed using 

the cylinder (limb-use asymmetry) test (Figure 3-3). One way repeated measures 

ANOVA revealed significant main effects of time on ipsilateral forelimb use and 

locomotor function (P<0.001 and P<0.001 respectively). Post-hoc analyses revealed 

significant differences in ipsilateral forelimb use and locomotor function at multiple time 

points post injury (summarized in Table 3-1). There were significant differences in 

ipsilateral forelimb use (% of ipsilateral paw placements relative to total placements) 

occurring in the weeks post-injury (Figure 3-3, Table 3-1).  Specifically, one week 

following left lateral C2Hx injury, a significant reduction in ipsilateral forelimb use was 

evident (P<0.001). Progressive increases in ipsilateral forelimb use were observed over 

several weeks, though ipsilateral forelimb use never returned to pre-injury levels 

(P<0.001 at all time points compared to pre-injury, Figure 3-3, Table 3-1). 

Quantitative assessment of forelimb locomotion was investigated using the FLS 

(Table 3-2 for description). One way repeated measures ANOVA revealed significant 

main effects of time on locomotor function (P<0.001). Post-hoc analyses revealed 

significant differences ipsilateral locomotor function at multiple time points post injury 

(summarized in Table 3-3, Figure 3-4). Specifically, locomotor function differed from 

pre-injury at all post-injury time points (P<0.05 for all, see Table 3-3 for summary). In 

addition, significant differences were revealed between 1-week post-injury and 16-

weeks post-injury (P<0.05) and between 2-weeks and 16-weeks post-injury (P<0.05).  

Figure 3-4, Table 3-3). These findings were consistent with qualitative assessments of 

locomotor function (Figure 3-5), as uninjured rats demonstrated full range of motion, 

weight bearing on the plantar surface of the paw during stance, and adequate to 
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clearance during swing. One week following injury, rats demonstrated reduced range of 

motion at all joints of the upper limb during locomotion, as well as an inability to place or 

weight bear on the plantar surface of the limb and an inability to clear the toes during 

swing. 16-weeks after C2Hx injury, however, rats demonstrated improved toe 

clearance, and were able to place the limb and bear weight during stance, though some 

deficits persisted (lacked full toe clearance consistently, internal and external rotation of 

the limb, etc.).  

Quantitative assessment of fine motor manipulation was assessed using the 

vermicelli pasta handling test. A two way repeated measures ANOVA revealed a 

significant interaction between time and side on the average number of adjustments of 

the pasta (P<0.001). Post-hoc analyses revealed significant differences ipsilateral 

adjustments at multiple time points post injury (summarized in Table 3-5, Figure 3-6). 

Specifically, the number of ipsilateral adjustments differed from contralateral at all post-

injury time points except pre-injury (P<0.05 for all, see Table 3-5 for summary). One 

way repeated measures ANOVA revealed significant main effects of time on the 

average time to eat the length of pasta (P=0.003). Post-hoc analyses revealed 

significant differences in time to eat pasta at multiple time points post injury 

(summarized in Table 3-6, Figure 3-7). Specifically, time to eat the pasta differed 

between 4-weeks and 12-weeks, and between 6-weeks and 12-weeks (P<0.05 for both, 

see Table 3-6 for summary). One way repeated measures ANOVA revealed significant 

main effects of time on the average number of atypical behaviors observed per trial 

(P<0.001). Post-hoc analyses revealed significant differences in the average number of 

atypical behaviors observed per trial at multiple time points post injury (summarized in 
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Table 3-7, Figure 3-11). Specifically, the average number of atypical behaviors 

observed per trial (described in Table 3-4, Figure 3-9) differed between pre-injury and 

all post-injury time points (P<0.05 for all, see Figure 3-11 and Table 3-7 for summary).  

Effects of C2Hx on Upper Extremity Muscle Morphology  

To determine the extent to which incomplete high cervical spinal cord injury 

impacted forelimb muscle size, muscle wet weights and average muscle fiber cross 

sectional area were assessed.  

Independent samples t-tests (one-tailed) revealed that muscles of the ipsilateral 

upper limb were smaller than muscles in the contralateral upper limb following C2Hx 

(Figure 3-10, Table 3-8) across all muscles evaluated (ECRL: P<0.02; FCR: P<0.03; 

BIC: P<0.04; TRI: P<0.02).  Furthermore, significant differences in ipsilateral and 

contralateral muscle size were evident at numerous time points in all four muscles 

evaluated (P<0.05).  One-tailed, independent samples t-tests analyses were conducted 

to identify changes in muscle size at each of the time points investigated (Table 3-8 for 

summary, Figure 3-10).  

For the ipsilateral extensor carpi radialis muscle, significant differences were 

observed between control and 1-week post-C2Hx (P<0.001), between control and 2-

weeks post-C2Hx (P<0.001), between 1-week and 2-weeks post-C2Hx (P=0.03), 

between 1-week and 8-weeks post-C2HX (P<0.001), and between 2-weeks and 8-

weeks post-C2Hx (P=0.005). Differences between control and 8-weeks post-C2Hx were 

not significant (P=0.11). For the contralateral extensor carpi radialis muscle, significant 

differences were observed between control and 1-week post-C2Hx (P<0.001), between 

control and 2-weeks post-C2Hx (P<0.05), between 1-week and 2-weeks post-C2Hx 

(P<0.001), between 1-week and 8-weeks post-C2HX (P<0.001), and between 2-weeks 
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and 8-weeks post-C2Hx (P=0.001). Differences between control and 8-weeks post-

C2Hx were not significant (P=0.10). See table 3-8 for summary. 

For the ipsilateral triceps muscle, significant differences were observed between 

control and 1-week post-C2Hx (P<0.001), between control and 2-weeks post-C2Hx 

(P=0.002), between 1-week and 2-weeks post-C2Hx (P<0.001), between 1-week and 8-

weeks post-C2HX (P<0.001), and between 2-weeks and 8-weeks post-C2Hx (P<0.001). 

Differences between control and 8-weeks post-C2Hx were not significant (P=0.011). For 

the contralateral triceps muscle, significant differences were observed between control 

and 1-week post-C2Hx (P=0.002), between 1-week and 2-weeks post-C2Hx (P=0.001), 

between 1-week and 8-weeks post-C2HX (P<0.001), and between 2-weeks and 8-

weeks post-C2Hx (P=0.002). Differences between control and 8-weeks post-C2Hx and 

between control and 2-weeks post-C2Hx were not significant (P=0.011and P=0.002 

respectively). See table 3-8 for summary.  

For the ipsilateral biceps muscle, significant differences were observed between 

control and 1-week post-C2Hx (P<0.005), between control and 8-weeks post-C2Hx 

(P<0.01), between 1-week and 2-weeks post-C2Hx (P=0.04), between 1-week and 8-

weeks post-C2HX (P<0.001), and between 2-weeks and 8-weeks post-C2Hx (P=0.003). 

Differences between control and two weeks were not significant (P=0.15). For the 

contralateral biceps muscle, significant differences were observed between control and 

1-week post-C2Hx (P=0.05), between control and 8-weeks post-C2Hx (P=0.002), 

between 1-week and 2-weeks post-C2Hx (P=0.002), between 1-week and 8-weeks 

post-C2HX (P<0.001), and between 2-weeks and 8-weeks post-C2Hx (P=0.003). 
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Differences between control and two weeks were not significant (P=0.18).See table 3-8 

for summary. 

For the ipsilateral flexor carpi radialis muscle, significant differences were 

observed between control and 1-week post-C2Hx (P=.01), between 1-week and 8-

weeks post-C2Hx (P=0.014), and between 2-weeks and 8-weeks post-C2Hx (P=0.03). 

No significant differences were found between control and 2-weeks post-C2Hx 

(P=0.08), between 1-week and 2-weeks post C2Hx (P=.38) and between control and 8-

week post-C2Hx (P=0.2). For the contralateral flexor carpi radialis muscle, significant 

differences were observed between 2-weeks and 8-weeks post-C2Hx (P=0.03) and 

between control and 8-week post-C2Hx (P=0.008). No significant differences were 

found between control and 2-weeks post-C2Hx (P=0.26), between 1-week and 2-weeks 

post C2Hx (P=.39), between control and 1-week post-C2Hx (P=.21), between 1-week 

and 8-weeks post-C2Hx (P=0.08). See table 3-8 for summary.  

Representative examples of cross sections through the ECRL muscle are 

depicted in Figures 3-11, 3-12, and 3-13. Mean ipsilateral ECRL muscle fiber cross 

sectional area across all muscle fibers (Figures 3-11 and 3-14, Table 3-9) was smaller 

than contralateral ECRL muscle fibers at 2 weeks-post-C2Hx (P=0.007). Analysis of 

type I muscle fiber size (Figures 3-12 and 3-15, Table 3-9) revealed significant 

differences between ipsilateral and contralateral ECRL fibers at 2-weeks post-C2Hx 

(P=0.04). Analysis of type IIa muscle fiber size (Figures 3-13 and 3-16, Table 3-9) did 

not reveal significant differences between ipsilateral and contralateral ECRL fibers at 2-

weeks post-C2Hx (P=0.07). Significant differences in ipsilateral ECRL (Table 3-9) 

muscle fiber size were observed between control and 2-weeks post-C2Hx across all 



 

81 

fibers (P=0.02), as well as across type I fibers (P=0.004), and type IIa fibers (P=0.008). 

Differences in ipsilateral ECRL CSA were also observed between 1-and 2-weeks post-

C2Hx in type I muscle fibers (P=0.03). In addition, differences in ipsilateral ECRL 

muscle fiber CSA were observed between control and 8-weeks post-C2Hx across type I 

and type IIa muscle fibers (P=0.03 P=0.04 respectively). Significant differences in 

contralateral ECRL muscle fiber size (Table 3-9) were observed between control and 8-

weeks post-C2Hx across type I fibers (P=0.006), and type IIa fibers (P=0.04).  

Characterization of the Neuroanatomical Circuitry of the ECRL in Uninjured Rats  

No labeling of ECRL circuitry was evident 24 hours following administration of 

PRV to the left ECRL (Figure 3-17). Only 1 PRV-infected ECRL motoneurons was 

observed in the ipsilateral ventral horn of the spinal cord 48 hours following 

administration of PRV to the left ECRL (Figure 3-18), indicating that at 48 hours, primary 

motoneuron infection was in its earliest stages. There was no evidence of bilateral 

ECRL motoneuron pool labeling at any survival interval. 72 hours following application 

of PRV to the left ECRL, the number of infected ECRL motoneurons increased 

significantly as compared to that seen at 48 hours post-application of PRV (Figure 3-

19). No evidence of glial cell infection was observed at this time. However, by 96 hours, 

there was a noticeable infiltration of mononuclear cells around infected ECRL 

motoneurons (Figure 3-20). Evidence suggestive of early lysis of infected motoneurons 

was observed at this time point.  By 120 hours, extensive labeling was seen extending 

throughout the cervical spinal cord (Figure 3-21). 96 hours after PRV delivery, ECRL 

motoneuron labeling appeared equally robust, and there appeared to be less variability 

in motoneuron labeling between animals as compared to 72 hours. 96 hours after PRV 

delivery, there was considerable variability in the extent of pre-motor interneuronal 
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labeling, which limited our ability to distinguish between secondary, tertiary, etc. 

infection. Therefore, quantitative findings were limited to the 72 hour survival interval.  

PRV Infection of Cervical Spinal Interneurons 

At both 72 and 96 hours after delivery of PRV, transynaptic infection of pre-motor 

cervical interneurons was observed primarily in lamina VII, near the laminae VII-X 

border, dorsal to the central canal in lamina X, and in the dorsal horns. While labeling of 

ECRL motoneurons was only observed ipsilateral to the side of injection, second-order 

cells were bilaterally distributed throughout the cervical spinal cord, although the 

majority of labeling was observed ipsilateral to the infected ECRL nucleus at this time 

point (Figures 3-19 and 3-22).  

Most cervical interneuron labeling was largely restricted to the level of the ECRL 

motoneuron pool. There were, however, some interneurons labeled as far rostrally as 

C1, as well as labeling observed several segments caudal to the ECRL motoneuron 

pool, though these neurons were fewer in number (Figures 3-19 and 3-22).   

ECRL motoneuron diameter ranged from 100-150m. Pre-motor neurons around 

the central canal and in the dorsal horn were relatively smaller on average, ranging in 

size from 40-50m. Designation of these second/third-order infected cells as putative 

interneurons is consistent with their size range and their gray matter locations. Further 

confirmation that these were second/third-order infected cells, was supported by the 

observation that they were infected at a later time point, evidenced by the lack of 

mononuclear (glial) cell accumulation that was described around ECRL motoneurons 

(Figure 3-22). The Rexed laminar distribution of cells was confirmed from transverse 

tissue sections (Figure 3-23). Serial horizontal (longitudinal) tissue sections 
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demonstrated the relative number and rostral-caudal distribution of PRV-labeled cells, 

which spanned the entire length of the cervical spinal cord (Figure 3-17 through 3-21). 

Examination of thoracic sections from all animals revealed significant labeling of 

sympathetic pre-ganglionic neurons in the interomediolateral gray matter of the upper 

thoracic cord, ipsilateral to the limb injected (Figure 3-27). 

Control Experiments Demonstrate Extensor Carpi Radialis Longus-dependent 
Second Order Labeling of Cervical Interneurons 

The second-order (non-motoneuron) labeling observed at 72+ hours suggested 

the presence of a population of pre-motor interneurons. To confirm that these were, in 

fact pre-motor second-order interneurons, experiments were performed in which both 

PRV and CT- were simultaneously injected into the left ECRL (not shown). In this 

case, neurons that were labeled with both PRV and CT- labeling would be considered 

ECRL motoneurons, while only pre-motor interneurons would be labeled with PRV 

alone, as PRV is a transynaptic tracer, while CT- is monosynaptic. Dual retrograde 

labeling of the ECRL motoneuron pool was clearly evident at 96 hours, but none of the 

second-order PRV positive cells labeled with CT-. 

Additional control experiments were conducted to eliminate the possibility of 

labeling of putative ECRL interneurons from non-ECRL motoneuron sources.  First, 

unilateral, as well as bilateral, superior cervical ganglionectomies (ipsilateral and 

contralateral) to the PRV labeled left ECRL were performed in order to factor out any 

possible contribution to our original labeling results from sympathetic innervation of 

blood vessels into the ECRL. After these lesions, significant labeling of neurons was 

observed in the ipsilateral intermediolateral cell column in the thoracic cord as well as 

labeling of interneurons in the thoracic and cervical cord (as described above). To verify 
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that cervical neurons were not infected by diffusion of virus to non-ECRL structures, and 

to confirm that the presence of sympathetic labeling was not confounding our 

interpretation that interneuronal labeling in the cervical spinal cord was due solely to 

delivery of PRV to the ECRL, the left radial nerve was cut prior to PRV delivery in 4 

animals. With this approach, no PRV-infected cells were detected at cervical levels 

(Figure 3-26). However, sympathetic labeling of thoracic neurons in the 

intermediolateral gray matter was still evident. Even at late post-infection intervals (96 

hours), where significant labeling of sympathetic neurons in the thoracic cord was 

evident, no labeling in the cervical cord (pre-motor to the sympathetic labeling in the 

thoracic cord) was observed. Thus it is unlikely that cervical interneurons were infected 

secondary to sympathetic nervous system circuitry, rather, it is more likely that labeling 

of cervical interneurons originated from primary (first-order) infection of ECRL 

motoneurons. 

Characterization of Supraspinal ECRL Circuitry in Uninjured Rats  

The supraspinal distribution of PRV labeled neurons associated with the ECRL 

was characterized in a subset of animals. Transverse sections through the brain 

revealed minimal cortical labeling 96 hours after injection of PRV to the left ECRL.  By 

120 hours, bilateral labeling was observed in layer V of the motor cortex (Figure 3-25). 

Transverse sections through the brainstem revealed bilateral labeling within the reticular 

and raphe nuclei 96 hours after injection of PRV (Figure 3-24).  

Changes in the Neuroanatomical Circuitry of the ECRL Muscle Following C2Hx 

To determine if changes in ipsilateral forelimb function were related to changes in 

the neuroanatomical circuitry controlling the ECRL, we assessed the distribution of PRV 

labeling in rats that were 16-weeks post-C2Hx. On average, fewer motoneurons were 
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labeled compared with uninjured animals at both 72 and 96 hour time points (Figures 3-

28 and 3-29 compared to 3-19 and 3-20, see 3-22 for higher power comparison). In fact, 

at 72 hours post-PRV, no labeling was observed in chronically injured rats. 96 hours 

after injection of PRV, bilaterally distributed pre-motor interneurons were observed 

throughout the cervical spinal cord. Similar to uninjured animals, interneuronal labeling 

was observed within Rexed laminae VII and X, as well as in the dorsal horns. In 

contrast to uninjured animals, 96 hours after injection of PRV, the greatest density of 

interneuronal labeled was caudal to injury, but rostral to the motoneuron pool (Figure 3-

29).  

Discussion 

This study provides the first comprehensive characterization of the functional, 

muscular and neuroanatomical sequelae following lateral C2Hx in rats. These data 

demonstrate a robust potential for spontaneous upper extremity plasticity, which has 

previously been demonstrated in studies of the phrenic motor system. Furthermore, the 

results presented here are the first to characterize neuroanatomical changes in a 

defined intraspinal network following chronic spinal cord injury and provide evidence of 

a potential anatomical substrate mediating upper limb functional recovery and plasticity.  

Progressive Recovery of Ipsilateral Forelimb Function Following C2Hx  

Modest spontaneous recovery of ipsilateral forelimb function occurred over the 

weeks and months following lateral C2Hx injury. This recovery appeared to plateau by 2 

months post-injury. These data suggest a similar extent and time course of recovery to 

that observed in respiratory recovery following lateral C2 hemisection injury (Golder et 

al., 2003, Fuller et al., 2006, Fuller et al., 2008, Fuller et al., 2009). Modest recovery of 

upper extremity function occurs in the weeks and months post-injury.  Interestingly, 
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recovery appears to be most evident in gross motor behaviors, with chronic deficits 

persisting in more fine motor behaviors, specifically, toe clearance and paw rotation 

during locomotion. Furthermore, assessment of fine motor manipulation using the 

vermicelli pasta handling test revealed that rats demonstrated a remarkable ability to 

perform the task, even after injury. Rats developed numerous alternative strategies to 

accomplish the task, which made quantification of results challenging (discussed 

below).    

A Possible Anatomical Substrate for a “Crossed Forelimb” Pathway  

It has been well documented that in rodents, the majority of descending 

supraspinal inputs to upper extremity motoneurons are polysynaptic relays through 

segmental interneurons. This organization within the neural circuitry controlling the 

upper limbs is logical, considering the capacity for the range of complex behaviors that 

are possible (i.e. interlimb coordination for reaching, grasping, locomotion, etc.; intralimb 

coordination for bimanual tasks such as feeding, object manipulation and locomotion). 

These interneurons provide the common pathway for coordination between agonist 

muscles, antagonist muscles, and limbs in order to facilitate efficient performance of 

such behaviors. In addition, there is evidence to suggest that these interneurons may be 

a part of a spinal pattern generation network involved in the control of locomotion. The 

present study provides further evidence for the existence of these interneurons and 

characterizes the distribution of these interneurons within the neuroanatomical circuitry 

controlling the upper limb.  

One possibility is that these neurons may represent a possible anatomical 

substrate for a “crossed forelimb” pathway. The notion of a “crossed” pathway arises out 

of a significant body of work in the respiratory system, which has characterized a similar 
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pattern of functional recovery of respiratory function in the weeks and months following 

lateral C2Hx injury, known as the “crossed phrenic phenomenon” (CPP) (Fuller et al., 

2003, Fuller et al., 2006, Moreno et al., 1992, Porter, 1895). The basic premise of the 

CPP is that lateral C2Hx injury disrupts the descending bulbospinal inputs to the phrenic 

motoneuron pool ipsilateral to the injury, and that, over a period of several weeks, 

previously latent, crossed pathways are activated, resulting in restoration of ipsilateral 

motor output. The present study demonstrated a similar pattern of upper extremity 

functional recovery occurring in the weeks post-injury. In addition, a population of pre-

motor cervical interneurons was identified. Interestingly, in chronically injured rats, a 

change in the distribution of pre-motor cervical interneurons was evident, such that a 

relative increase in interneuronal labeling was observed caudal to the hemisection injury 

in chronically injured rats. These results provide evidence for a possible 

neuroanatomical substrate that may be related to recovery of upper extremity function 

following hemisection injury, though the functional significance of these interneurons, 

however is not clear.  

A recent study by Courtine et al. (2008) investigated the potential role of 

propriospinal interneurons in mediating functional recovery following thoracic spinal cord 

injury. In this study, staggered thoracic hemisection lesions were performed on opposite 

sides of the spinal cord (left sided hemisection at T7 and right sided hemisection at 

T12). These lesions essentially severed all descending long-tract projections innervating 

motoneuron pools in the lumbar spinal cord of mice. However, because the lesions 

were separated by several spinal segments, a zone of intact spinal cord was spared 

between them, in which local, short-distance spinal circuitry remained intact. When the 
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hemisections were performed several weeks apart, locomotor function recovered over a 

period of several weeks. However, if the hemisections were performed simultaneously, 

functional recovery did not occur. Retrograde tracing from L1-L2 indicated no 

differences in supraspinal labeling between staggered and simultaneously hemisected 

groups that could explain differences in functional recovery (e.g. spared or regenerated 

supraspinal projections were not responsible for recovery observed in the staggered 

hemisection group). There were, however, a greater proportion of retrogradely labeled 

propriospinal neurons located between T8 and T10 in the staggered group as compared 

to the simultaneous group. These results were consistent with a time-dependent 

reorganization of short-distance, intraspinal circuitry that served to bypass the 

staggered lesions. Furthermore, delivery of NMDA to the intervening spinal cord 

between the hemisections resulted in selective lesions to propriospinal interneurons and 

significantly attenuated recovered locomotor function bilaterally. The authors posit that 

these data confirm that the locomotor recovery that occurred following the staggered 

hemisection could not have been the result of long distance regrowth of supraspinal 

axons, but rather, short-distance propriospinal interneurons located between the lesions 

created relays by which transmission of descending neural drive was re-established.  

A similar study conducted by Cowley and colleagues (2008) using an isolated 

neonatal rat spinal cord preparation, demonstrated that following staggered lateral 

hemisections, locomotor-like activity could still be elicited in the lumbar spinal cord with 

stimulation of the brainstem. These results are consistent with the notion that 

descending signals could still be transmitted to motoneurons below an injury via spared 
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intraspinal circuits (propriospinal interneurons) located within the region between lesions 

(Cowley et al., 2008, 2010). 

Whether a similar potential for intraspinal reorganization exists within the cervical 

spinal cord is an intriguing possibility. The results of the present study are consistent 

with this possibility, and the relative increase in interneuronal labeling caudal to the 

injury may represent a possible neuroanatomical substrate by which this reorganization 

may be taking place. The ability to systematically assess this potential in vivo, using 

methods like those employed by Courtine, however, is technically challenging in regards 

to the cervical spinal cord. First, the ability to create staggered hemisections far enough 

apart to spare intrinsic spinal circuits is challenging in the cervical cord. Second, the 

phrenic motor system, which supplies innervation to the diaphragm (the primary muscle 

of respiration) is located in the mid-cervical spinal cord, performing simultaneous 

hemisections would likely result in an inability to maintain adequate ventilation to sustain 

life. Lastly, the cervical spinal cord, unlike the thoracic spinal cord, contains numerous 

motoneuron pools. As such, lesions to this cervical spinal cord, (even if they are quite 

small), would likely result in some degree of disruption to motoneuron pools. This would 

complicate interpretation of results (e.g. are deficits related to the severing of 

projections innervating motoneurons vs. damage to motoneurons themselves?).  

Thus, whether the apparent reorganization within the ECRL circuitry that appears 

to coincide with functional recovery in the present study is indeed associated this 

recovery remains to be seen. Furthermore, the mechanisms underlying functional 

recovery associated with reorganization of intraspinal circuits have not been specifically 

investigated. Two potential mechanisms by which this may occur include plasticity 
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within neuroanatomical circuits and synaptic plasticity. The first involves sprouting of 

axon collaterals and/or expansion of dendritic fields (Raineteau and Schwab, 2001). In 

the present study, the apparent change in the distribution of interneuronal labeling pre-

motor to ECRL motoneurons may provide some evidence for this, as one possible 

mechanism by which this distribution may be altered is sprouting of axon collaterals 

from descending motor tracts such as the corticospinal and/or Reticulospinal tracts 

(Bareyre et al., 2004, Ballermann and Fouad, 2006).  

The second potential mechanism underlying reorganization of intraspinal circuitry 

involves alterations in the strength of existing neural circuits, possibly mediated by 

changes in neurotransmitter release or post-synaptic receptor density. For example, 

serotonin has been shown to be associated with motoneuron excitability. Following 

spinal cord injury, serotonergic projections innervating motoneuron pools below the 

injury are significantly reduced. Interestingly, recovery of motor function has been 

shown to correlate with restoration of serotonin to the spinal cord (Golder and Mitchell, 

2005a). Synaptic plasticity within propriospinal neurons has not been extensively 

studied. Furthermore, whether spinal cord injury alters neuromodulatory inputs to/post-

synaptic receptor density on propriospinal interneurons in the cervical spinal cord is not 

known. Future studies to assess whether changes in the distribution of pre-motor ECRL 

interneuronal labeling should investigate changes in the dendritic arborization of 

neurons caudal to the injury, as well as sprouting within spared descending pathways 

following C2Hx injury.  Additionally, investigation of changes in post-synaptic receptors, 

(such as serotonin or glutamate receptors) within the ECRL circuitry may reveal 
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evidence of potential synaptic plasticity that may underscore observed functional 

recovery.  

Commentary on Methods 

Here we provide a brief discussion regarding the assessment of forelimb function 

and the interpretation of results in regards to recovery of upper extremity function in the 

months following C2Hx injury. As with the majority of functional assessments of 

spontaneous movements in the upper extremity, tests are subject to a number of issues 

that can make interpretation of results difficult if taken at face value. The first issue 

relates to test selection. Tests should be selected based upon the behavior of interest. 

Upper extremity function, even in rodents can be assessed across a wide range of 

behaviors including gross motor function, fine motor manipulation, reaching and 

grasping behaviors, general locomotor function and complex locomotor function. A 

number of different assessments have been developed to assess each of these 

behaviors, and the selection of the appropriate test can be quite challenging. First, 

some tests require pre-training. Pre-training can be as simple as familiarizing the animal 

to being handled, or as complicated as training the animal to want to eat a pellet 

(reward) or length of pasta, to be comfortable in tight enclosures, to reach and grasp a 

pellet, to run across a cat walk or stair case, to not turn away from a camera when being 

filmed, etc. The ability to train animals can be influenced by the test environment, the 

time of day, the species and strain of the animals being used, handedness, etc. In 

addition, for some tasks, some animals do not ever become acclimated to performing 

the task of interest, thus must be excluded from analysis, which raises questions 

regarding when to include and exclude animals from a study. Another issue related to 

pre-training has to do with the time it takes for an animal to be fully trained. Long 
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training requirements for a given test may influence whether or not experimenters 

choose to use it. In addition, determination of when an animal has been trained can be 

difficult. In some cases, a plateau is evident, while in other tests, the training itself can in 

fact influence the outcomes on the test, complicating interpretation of subsequent 

results.  

In addition to initial test selection, whether or not a test can be administered on 

repeated occasions is not always clear. For example, if be being tested on repeated 

occasions, an animal improves functional abilities simply because they are learning to 

perform the task better, interpretation of results becomes difficult, as it is difficult to 

determine whether functional improvements are related to spontaneous functional 

recovery versus motor learning.  

Lastly, assessment of upper extremity function can be quite complicated, as most 

functional tasks of the upper extremity involve complex coordination between multiple 

muscles and multiple joints within a limb, as well as the ability to stabilize the limb 

appropriately in order to perform the desired task as well as coordination between limbs. 

Furthermore, one of the goals of using standardized assessments of functional abilities 

is to facilitate comparison across groups of animals or across different time points. 

However, in applying a quantification rubric to any given test, limits the ability to assess 

subjective measures related to the task being assessed. For example, the vermicelli 

pasta test entails the quantification of the time it takes to eat a length of pasta, the 

number of left and right adjustments made on the pasta, and the number of defined 

atypical behaviors that were observed in a given trial. In the present study, rats 

demonstrated a remarkable ability to perform the pasta eating task. Interestingly, they 
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were able to accomplish the task by using a wide array of different movement strategies 

that were not able to be quantified using the rubric defined by the test. Thus, while 

scores on the test may have indicated a lack of recovery (specifically related to the time 

it takes to eat the pasta), it was evident to the rater that over the period of weeks and 

months post-injury, rats were actually modifying the way they were performing the test. 

This highlights the importance of selecting tests that will be sensitive to functional 

changes in order to provide the most accurate assessments.  

Interestingly, although differences in muscle fiber size between limbs were noted, 

they were not as robust as might have been expected, given the severity of the injury. 

One potential explanation for this finding may have to do with the muscle studied. For 

these experiments, the ECRL muscle was selected, primarily based upon its size as 

well as the observation that distal deficits were most prominent following C2Hx injury. 

However, had we selected a muscle that was more involved in weight bearing activities, 

such as the triceps, perhaps observed differences between ipsilateral and contralateral 

muscle may have been more pronounced. Importantly, there were very few published 

reports investigating muscle biology in the upper extremity in rodents, therefore several 

muscles of the upper limb were also harvested and processed for quantification in both 

uninjured and injured rats, and quantification is ongoing.  

Another important consideration is that following injury, the majority of rats are 

quite lethargic and sedentary in the days following injury, which may contribute 

significantly to the extent of muscle atrophy observed. Relative to the findings of the 

present study, it is possible, that the lack of activity that occurs in the days following 

injury, as well as the generalized weight loss that occurs in the first few weeks after 
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injury, may have led to changes (atrophy) in not just the ipsilateral limb, but the 

contralateral limb as well. In fact, the majority of upper extremity behaviors 

demonstrated in rats involve bi-manual limb use (such as locomotion, grooming, eating, 

etc.), therefore, the fact that animals are relatively sedentary during the days post-injury, 

may have also led to some atrophy in the contralateral limb as well. Future studies 

investigating markers of muscle atrophy should also consider this possibility and 

investigate whether there is evidence of muscle atrophy occurring across the 

contralateral limb, but also in other muscle groups that would be seemingly less affected 

by the injury (such as the hindlimb). 

Commentary on Injury Model for Studying Forelimb Function After cSCI 

A discussion regarding the choice of injury model utilized in this study is 

warranted as there are important issues that should be taken into consideration when 

interpreting these data. In humans, the majority of cSCIs occur at mid-cervical levels 

and are generally the result of combined contusive and compressive forces. In contrast, 

the present study used a high (C2) hemisection injury. While this may seem counter-

intuitive in regards to the development of clinically relevant models of cSCI, this model 

actually provides a number of benefits. Firstly, C2Hx injures result in robust functional 

deficits that are highly reproducible. Second, the goal of the present study was to 

investigate whether functional plasticity observed in respiratory motor systems following 

hemisection injury was also evident in other cervical motor systems. For this reason, we 

selected a model of injury that has demonstrated the potential for robust plasticity that 

would facilitate “proof of principle” results. Future studies to investigate plasticity in 

cervical motor systems in more clinically relevant models of cervical spinal cord injury 

are necessary. 
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Summary 

Significant impairments in upper extremity function occur immediately following 

incomplete high cervical hemisection injury. Modest spontaneous functional recovery 

occurs in the weeks-months following injury. This early dysfunction and subsequent 

spontaneous recovery are mirrored by changes in upper limb muscle morphology, 

characterized by initial reduction and subsequent recovery of muscle size. Retrograde 

neuroanatomical tracing of the spinal motor circuitry controlling the extensor carpi 

radialis longus muscle in uninjured rats revealed primary (motoneuron) labeling in the 

ventrolateral gray matter extending from ~C4-C6. Secondary and tertiary (pre-motor 

interneuronal) labeling was observed bilaterally, extending throughout the cervical 

spinal cord, primarily in laminae VII and X, as well as in the dorsal horn. 

Characterization of ECRL motor circuitry following C2 hemisection revealed a bilaterally 

distributed population of interneurons, caudal to the injury and rostral to the motoneuron 

pool, which extends for approximately 1-2 segments. These interneurons may provide 

an anatomical substrate mediating the observed functional and muscular plasticity.  
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Figure 3-1.  Representative histological sections illustrating C2Hx lesions. These 40um 

transverse sections were taken from the second cervical segment (C2) of 
Sprague-Dawley rats, 1-week (A), 2-weeks (B), and 8-weeks post-injury (C) 
and were stained with Cresyl violet. The absence of healthy white and gray 
matter in the ipsilateral spinal cord suggests anatomically complete C2Hx 
lesions. CC: central canal; DH: dorsal horn; VH: ventral horn. Scale Bar: 
200um. 
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Figure 3-2.  The impact of C2Hx on body mass. A time dependent change in body mass 
was observed following C2Hx injury, characterized by initial weight loss 
followed by progressive recovery over the first four weeks after injury. Values 
are mean + SE using One-way ANOVA. P<0.05. *significantly different from 
pre-injury. 
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Figure 3-3.  The impact of C2Hx on ipsilateral upper extremity gross motor use during 
vertical exploration. Ipsilateral upper extremity use was determined using the 
Cylinder test. Ipsilateral paw placements observed during a 5 minute period of 
cylinder exploration were calculated and represented as the percentage of 
ipsilateral placements relative to the total number of placements on the 
cylinder wall. Initial deficits in upper limb were observed, followed by modest 
spontaneous recovery of gross motor function. Values are mean + SE using 
One-way RM ANOVA. P<0.05. *significantly different from pre-injury. 
#significantly different from 1-week post-C2Hx. @significantly different from 2-
weeks post-C2Hx. &significantly different from 4-weeks post-C2Hx. 
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Figure 3-4.  The impact of C2Hx on ipsilateral locomotor function. FLS scores were 

determined in uninjured rats and at 1-, 2-, 4-, 6-, 8-, 10-, 12-, 14-, and 16-
weeks post-C2Hx injury. Initial deficits in ipsilateral locomotor function were 
observed. Modest spontaneous recovery of ipsilateral function was observed 
over the course of 16-weeks post-injury. Values are mean + SE using One-
way RM ANOVA. P<0.05. *significantly different from pre-injury. #significantly 
different from 1-week post-C2Hx. @significantly different from 2-weeks post-
C2Hx. 
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Figure 3-5.  The impact of C2Hx on ipsilateral upper extremity function during 

locomotion. Representative examples of ipsilateral upper limb kinematics of 
during open-field locomotion in an uninjured rat and at 1-week post-C2Hx 
injury, and 16 weeks after C2Hx injury.  Uninjured rats demonstrated full 
range of motion, weight bearing on the plantar surface of the paw during 
stance, and adequate to clearance during swing. Significantly impaired 
ipsilateral upper extremity locomotor function was evident one week after 
injury, characterized by reduced range of motion at all joints of the upper limb 
during locomotion, as well as an inability to place or weight bear on the 
plantar surface of the limb and an inability to clear the toes during swing. 
Moderate recovery of ipsilateral upper limb locomotion was observed over 16-
weeks post-injury, however, as rats demonstrated improved toe clearance, 
and were able to place the limb and bear weight during stance, though some 
deficits persisted (lacked full toe clearance consistently, internal and external 
rotation of the limb, etc.). 
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Figure 3-6.  The impact of C2Hx on number of paw adjustments during a fine motor 

manipulation task-Vermicelli pasta handling test. Adjustments made by the 
ipsilateral and contralateral paw on the piece of pasta during a trial were 
counted. The average number of placements per trial demonstrates a 
dramatic reduction in ipsilateral paw contacts on the piece of pasta after 
injury. Throughout the course of 16 weeks post-injury, rats do not regain use 
of the ipsilateral paw for grasping the pasta. Values are mean + SE using 
One-way RM ANOVA. P<0.05. %significantly different from contralateral. 
*significantly different from pre-injury.  
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Figure 3-7.  The impact of C2Hx on the time to eat-Vermicelli pasta handling test. The 

time it took for an animal to eat the entire piece of pasta during a trial was 
calculated. The average time to eat the pasta varied considerably between 
animals and between testing sessions, which limits interpretation of this test 
related to the extent of functional recovery. Values are mean + SE using one-
way RM ANOVA. P<0.05. &significantly different from 4-weeks post-C2Hx.  
$significantly different from 6-weeks post-C2Hx. 

 



 

103 

 
 
Figure 3-8.  The impact of C2Hx on number of atypical behaviors observed during a fine 

motor manipulation task-Vermicelli pasta handling test. Adjustments made by 
the ipsilateral and contralateral paw on the piece of pasta during a trial were 
counted. The average number of placements per trial demonstrates a 
dramatic reduction in ipsilateral paw contacts on the piece of pasta after 
injury. Throughout the course of 16 weeks post-injury, rats do not regain use 
of the ipsilateral paw for grasping the pasta. Values are mean + SE using 
One-way RM ANOVA. P<0.05.  *significantly different from pre-injury.  
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Figure 3-9.  Examples of normal and atypical behaviors demonstrated by rats during the 

Vermicelli Pasta Handling test following hemisection injury. A) Example of 
normal pasta eating behavior. B-E) Examples of the most common atypical 
behaviors, which included B) tilted head, C&E) hunched posture, and B&D) 
failure to contact the length of pasta. Atypical behaviors were observed 
frequently after injury, and may represent compensatory strategies for 
accomplishing the pasta eating task.
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Figure 3-10.  The impact of C2Hx on upper extremity muscle size. Ipsilateral and contralateral muscle wet weights from A) 

extensor carpi radialis longus, B) flexor carpi radialis, C) biceps brachii, and D) triceps brachii muscles. Wet 
weights were measured in uninjured rats, as well as from rats that were 1-, 2-, and 8-weeks post-C2Hx injury. 
Ipsilateral muscles were significantly smaller at 1-, 2-, and 8-weeks post-injury.  Values are means + SE using 
independent samples t-tests. P<0.05. % significantly different from contralateral. *significantly different from pre-
injury. #significantly different from 1-week post-C2Hx. @significantly different from 2 weeks post-C2Hx. 
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Figure 3-11.  Representative histological examples of Extensor Carpi Radialis Muscle 

immunostained with dystrophin. Cross-sections (10 micron thick) were taken 
from mid-muscle belly of contralateral (A, C, E, G) and ipsilateral (B,D,F,H) 
Extensor Carpi Radialis muscles of uninjured rats (A&B), and rats that were 
1-week (C&D), 2-weeks (E&F), and 8-weeks (G&H) post-C2Hx injury. 
Sections were labeled with antibodies to dystrophin (red) to outline the 
muscle fiber membrane. This approach enables quantification of muscle fiber 
cross sectional area. 
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Figure 3-12.  Representative histological examples of Extensor Carpi Radialis Muscle 

immunostained with antibodies to MHC type I. Cross-sections (10 micron 
thick) were taken from mid-muscle belly of contralateral (A,C,E&G) and 
ipsilateral (B,D,F&H) from uninjured rats (A&B), and rats that were 1-week 
(C&D), 2-weeks (E&F), and 8-weeks (G&H) post-C2Hx injury. Sections were 
labeled with antibodies to MHC type I (blue) to identify type I muscle fibers. 
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Figure 3-13.  Representative histological examples of Extensor Carpi Radialis Muscle 

immunostained with antibodies to MHC type IIa. Cross-sections (10 micron 
thick) were taken from mid-muscle belly of contralateral (A,C,E&G) and 
ipsilateral (B,D,F&H) from uninjured rats (A&B), and rats that were 1-week 
(C&D), 2-weeks (E&F), and 8-weeks (G&H) post-C2Hx injury. Sections were 
labeled with antibodies to MHC type IIa (green) to identify the type IIa muscle 
fibers. 
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Figure 3-14.  Average muscle fiber cross sectional area of contralateral and ipsilateral 

Extensor Carpi Radialis Longus muscle across all muscle fibers. Cross-
sectional area was calculated from 250-500 fibers from the contralateral and 
ipsilateral ECRL muscles from adult, female Sprague-Dawley rats. Muscles 
were harvested from uninjured rats, and from rats 1-, 2-, and 8-weeks post 
C2Hx. Values are means + SE using independent samples t-tests. P<0.05. % 
significantly different from contralateral. *significantly different from pre-injury. 
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Figure 3-15.  Average muscle fiber cross sectional area of contralateral and ipsilateral 

Extensor Carpi Radialis Longus muscle in type I muscle fibers. Cross-
sectional area was calculated from 250-500 fibers from the contralateral and 
ipsilateral ECRL muscles from adult, female Sprague-Dawley rats. Muscles 
were harvested from uninjured rats, and from rats 1-, 2-, and 8-weeks post 
C2Hx. Values are means + SE using independent samples t-tests. P<0.05. % 
significantly different from contralateral. *significantly different from pre-injury. 
#significantly different from 1-week post-C2Hx.  
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Figure 3-16.  Average muscle fiber cross sectional area of contralateral and ipsilateral 

Extensor Carpi Radialis Longus muscle in type IIa fibers. Cross-sectional 
area was calculated from 250-500 fibers from the contralateral and ipsilateral 
ECRL muscles from adult, female Sprague-Dawley rats. Muscles were 
harvested from uninjured rats, and from rats 1-, 2-, and 8-weeks post C2Hx. . 
Values are means + SE using independent samples t-tests. P<0.05. 
%significantly different from contralateral. *significantly different from pre-
injury.  
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Figure 3-17.  Representative longitudinal (horizontal) sections through the cervical 

spinal cord of uninjured adult female Sprague-Dawley rats, 24 hours following 
injection of Pseudorabies virus (PRV) into the left extensor carpi radialis 
longus (ECRL) muscle. Sections have been immunolabeled for the presence 
of PRV and demonstrate no apparent labeling in the dorsal horn (A), the 
intermediate gray matter (B), or the ventral horn (C) of the cervical spinal cord 
at this time point post-injection. Scale bar is 1mm. 

  



 
 

113 
 

 
 
Figure 3-18.  Representative longitudinal (horizontal) sections through the cervical 

spinal cord of uninjured adult female Sprague-Dawley rats, 48 hours following 
injection of Pseudorabies virus (PRV) into the left extensor carpi radialis 
longus (ECRL) muscle. Sections have been immunolabeled for the presence 
of PRV and demonstrate no apparent labeling in the dorsal horn (A), the 
intermediate gray matter (B), or the ventral horn (C) of the cervical spinal cord 
at this time point post-injection. Scale bar is 1mm.  
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Figure 3-19.  Representative longitudinal (horizontal) sections through the cervical 

spinal cord of uninjured adult female Sprague-Dawley rats, 72 hours following 
injection of Pseudorabies virus (PRV) into the left extensor carpi radialis 
longus (ECRL) muscle. Sections have been immunolabeled for the presence 
of PRV and demonstrate ECRL motoneuron labeling in the ventral horn (C), 
as well as modest interneuronal labeling in the intermediate gray matter (B) 
and the dorsal horn (A) of the cervical spinal cord at this time point post-
injection. Scale bar is 1mm. 
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Figure 3-20.  Representative longitudinal (horizontal) sections through the cervical 

spinal cord of uninjured adult female Sprague-Dawley rats, 96 hours following 
injection of Pseudorabies virus (PRV) into the left extensor carpi radialis 
longus (ECRL) muscle. Sections have been immunolabeled for the presence 
of PRV and demonstrate ECRL motoneuron labeling in the ventral horn (C-
blue arrows), as well as considerable interneuronal labeling (green arrows) in 
the intermediate gray matter (B) and the dorsal horn (A) of the cervical spinal 
cord at this time point post-injection. Scale bar is 1mm.  
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Figure 3-21.  Representative longitudinal (horizontal) sections through the cervical 

spinal cord of uninjured adult female Sprague-Dawley rats, 120 hours 
following injection of Pseudorabies virus (PRV) into the left extensor carpi 
radialis longus (ECRL) muscle. Sections have been immunolabeled for the 
presence of PRV and demonstrate ECRL motoneuron labeling in the ventral 
horn (C), as well as extensive pre-motor interneuronal labeling in the 
intermediate gray matter (B) and in the dorsal horn (A) of the cervical spinal 
cord at this time point post-injection. Scale bar is 1mm.  
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Figure 3-22.  High power images of longitudinal (horizontal) sections through the 

cervical spinal cord of uninjured and injured adult female Sprague-Dawley 
rats, 96 hours following injection of Pseudorabies virus (PRV) into the left 
extensor carpi radialis longus (ECRL) muscle. Sections have been 
immunolabeled for the presence of PRV and demonstrate ECRL motoneuron 
labeling in the ventral horn (C&F), as well as extensive pre-motor 
interneuronal labeling in the intermediate gray matter (B&E) and in the dorsal 
horn (A&D) of the cervical spinal cord at this time point post-injection. As 
compared to uninjured controls, fewer motoneurons were labeled at this time 
point in injured animals, though a relative increase in interneuronal labeling 
was observed caudal to the injury, but rostral to the motoneuron pool.  Scale 
bar is 1mm.  
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Figure 3-23.  Extensor carpi radialis longus circuitry in the cervical spinal cord. A) 

Schematic diagram (camera lucida) and B&C) high power images of 
transverse sections through the C4 cervical spinal cord of uninjured adult 
female Sprague-Dawley rats, 96 hours following injection of Pseudorabies 
virus (PRV) into the left extensor carpi radialis longus (ECRL) muscle. 
Sections have been immunolabeled for the presence of PRV and 
demonstrate ECRL labeling in the B) ventral horn, as well as pre-motor 
labeling in C) laminae VII and X (around the central canal) and in the dorsal 

horns. Scale bar=200m.   
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Figure 3-24.  Extensor carpi radialis longus circuitry in the medulla. A) Schematic 

diagram (camera lucida) and B&C) high power images of transverse sections 
through the brainstem of uninjured adult female Sprague-Dawley rats, 96 
hours following injection of Pseudorabies virus (PRV) into the left extensor 
carpi radialis longus (ECRL) muscle. Sections have been immunolabeled for 
the presence of PRV and demonstrate extensive labeling in the B) lateral 

reticular and C) medullary raphe nuclei. Scale bar=200m.    
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Figure 3-25.  Extensor carpi radialis longus circuitry in the motor cortex. A) Schematic 

diagram (camera lucida) and B&C) high power images of transverse sections 
through the brain of uninjured adult female Sprague-Dawley rats, 96-120 
hours following injection of Pseudorabies virus (PRV) into the left extensor 
carpi radialis longus (ECRL) muscle. Sections have been immunolabeled for 
the presence of PRV and demonstrate ECRL labeling in layer V of the motor 
cortex at B) 96 hours post-injection and c) 120 hours post-injection. Scale 

bar=200m.    
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Figure 3-26.  Representative longitudinal (horizontal) sections through the cervical 

spinal cord of uninjured adult female Sprague-Dawley rats, 72 hours following 
injection of Pseudorabies virus (PRV) into the left extensor carpi radialis 
longus (ECRL) muscle. Prior to injection of PRV, the left radial nerve was cut 
to prevent retrograde labeling via ECRL motoneurons. Sections have been 
immunolabeled for the presence of PRV and demonstrate no apparent 
labeling in the dorsal horn (A), the intermediate gray matter (B), or the ventral 
horn (C) of the cervical spinal cord following radial nerve section as compared 
to labeling observed in rats with intact radial nerves at this time point post-
injection. Scale bar is 1mm.  
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Figure 3-27.  Representative longitudinal (horizontal) sections through the thoracic 

spinal cord of uninjured adult female Sprague-Dawley rats, 72 hours following 
injection of Pseudorabies virus (PRV) into the left extensor carpi radialis 
longus (ECRL) muscle. Sections have been immunolabeled for the presence 
of PRV. A) Low power, and B&C) high power images demonstrate the 
distribution of sympathetic pre-ganglionic labeling in the intermediolateral gray 
matter of the thoracic spinal cord. Scale bars are 1mm (A) and 100um (B&C).  
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Figure 3-28.  Representative longitudinal (horizontal) sections through the cervical 

spinal cord of adult female Sprague-Dawley rats, 16 weeks post-C2Hx injury, 
72 hours after injection of Pseudorabies virus (PRV) into the left extensor 
carpi radialis longus (ECRL) muscle. Sections have been immunolabeled for 
the presence of PRV and demonstrate minimal motor neuron labeling ventral 
horn at this time post-PRV (C). No labeling was observed in the dorsal horn 
(A) or in the intermediate gray matter (B) at this time point post-injection. As 
compared to uninjured controls, the presence of PRV labeling at this time-
point was dramatically reduced. Scale bar is 1mm. 
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Figure 3-29.  Representative longitudinal (horizontal) sections through the cervical 

spinal cord of adult female Sprague-Dawley rats, 16 weeks post-C2Hx injury, 
96 hours after injection of Pseudorabies virus (PRV) into the left extensor 
carpi radialis longus (ECRL) muscle. Sections have been immunolabeled for 
the presence of PRV and demonstrate motoneuron labeling (blue arrows) in 
the ventral horn at this time post-PRV (C). Modest interneuronal labeling 
(green arrow) was observed in the dorsal horn (A) with considerable labeling 
in the intermediate gray matter (B). As compared to uninjured controls, the 
first-order PRV labeling at this time-point was reduced, though a population of 
interneurons caudal to the injury, but rostral to the motoneuron pool was 
identified (B). Scale bar is 1mm. 
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Table 3-1.  Cylinder test- Percentage of ipsilateral paw placements  

Time post-injury % ipsilateral paw placements 

Pre-injury 49+1 
1 week 7+1a 
2 weeks 15+ 2ab 
4 weeks 20+2ab 
6 weeks 24+ 2ab 
8 weeks 27+3abc 
10 weeks 26+3abc 
12 weeks 26+2abc 
14 weeks 32+3abcd 
16 weeks 33+3abcd 

Values are mean + SE using 2-way RM ANOVA. P<0.05, a = significantly different from 
pre-injury, b= significantly different from 1-week post-C2Hx, c=significantly different from 
2-weeks post-C2Hx, d= significantly different from 4-weeks post-C2Hx. 
 
 
 



 

126 

Table 3-2.  Forelimb Locomotor Scale (FLS)-scoring rubric 

FLS score Behavioral description 

0 No movements of the forelimb (shoulder, elbow or wrist joints) 

1 Slight movements of one or two joints of the forelimb 

2 Extensive movement of one joint and slight movement of another joint 
of the forelimb 

3 Slight movement of all three joints of the forelimb 

4 Extensive movement of one joint and slight movement of two joints of 
the forelimb 

5 Extensive movement of two joints and slight movement of one joint of 
the forelimb 

6 Extensive movement of all three joints of the forelimb 

7 Plantar placement of the forelimb with no weight support 

8 Dorsal stepping only 

9 Dorsal stepping and/or occasional plantar stepping 

10 Frequent plantar stepping 

11 Continuous plantar stepping 

12 Continuous plantar stepping with paw position rotated (either at initial 
contact, lift off, or both) 

13 Continuous plantar stepping with paw position parallel (either at initial 
contact, lift off, or both) 

14 Continuous plantar stepping with paw position rotated (either at initial 
contact, lift off, or both) and occasional toe clearance 

15 Continuous plantar stepping with paw position parallel (either at initial 
contact, lift off, or both) and occasional toe clearance 

16 Continuous plantar stepping with paw position rotated (either at initial 
contact, lift off, or both) and continuous toe clearance 

17 Continuous plantar stepping with paw position parallel (either at initial 
contact, lift off, or both) and continuous toe clearance 

Scoring rubric for Forelimb Locomotor Scale. Numerical score values are given based 
on defined behavioral criteria (Adapted from (Sandrow et. al, 2008)). 
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Table 3-3.  Forelimb Locomotor Scale (FLS)-scores 

Time post-injury FLS score 
Pre-injury 17.0+0.0 
1 week 4.7+0.5a 
2 weeks 7.1+0.4a 
4 weeks 8.6+0.2a 
6 weeks 8.1+0.2a 
8 weeks 9.5+0.2ab 
10 weeks 9.8+0.2abc 
12 weeks 9.9+0.2abc 
14 weeks 10.0+0.2abc 
16 weeks 10.3+0.3bc 

Values are mean + SE using 2-way RM ANOVA. P<0.05, a = significantly different from 
uninjured, b= significantly different from 1-week post-C2Hx, c=significantly different from 
2-weeks post-C2Hx. 
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Table 3-4.  Vermicelli pasta handling test-atypical behaviors  

Atypical behavior Behavioral description 

a. Paws together when long 
b. Guide and grasp switch 
c. Failure to contact 
d. Drop 
e. Paws apart when short 
f. Mouth pulling 
g. Hunched/abnormal posture 
h. Iron grip 
i. Guide around grasp 
j. Angling with head tilt 

Definitions of atypical behaviors observed during the Vermicelli Pasta Handling Test 
(Adapted from (Allred et al., 2008, Tennant et al., 2010)). 
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Table 3-5.  Vermicelli pasta handling test-average number of paw adjustments  

Time-post-injury # of contralateral adjustments # of ipsilateral adjustments 

Pre-injury 18+2 18+1 
1 week 13+4 0+0*a 
2 weeks 13+1 0+0*a 
4 weeks 12+1 0+0*a 
6 weeks 12+1 0+0*a 
8 weeks 13+4 1+1*a 
10 weeks 13+1 1+1*a 
12 weeks 12+1 1+0*a 
14 weeks 12+1 0+0*a 
16 weeks 12+1 0+0*a 

Values are mean + SE using 2-way RM ANOVA. P<0.05, *= significantly different from 
contralateral, a = significantly different from pre-injury. 
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Table 3-6.  Vermicelli pasta handling test-average time to eat pasta 

Time post-injury Average time to eat (seconds) 
Pre-injury 19.92+2.28 
1 week 29.06+3.99 
2 weeks 21.73+ 2.01 
4 weeks 18.20+1.47 
6 weeks 17.54+ 3.11 
8 weeks 23.57+2.27 
10 weeks 22.85+4.27 
12 weeks 30.49+2.29de 
14 weeks 29.12+3.47 
16 weeks 24.31+2.39 

Values are mean + SE using 2-way RM ANOVA. P<0.05, a = significantly different from 
pre-injury, b= significantly different from 1-week post-C2Hx, c=significantly different from 
2-weeks post-C2Hx, d= significantly different from 4-weeks post-C2Hx. 
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Table 3-7.  Vermicelli pasta handling test-number of atypical behaviors per trial 

Time post-injury Average # of atypical behaviors identified per trial 

Pre-injury 0+ 0  
1 week 4 + 0a 
2 weeks 3+ 0a 
4 weeks 3 + 0a 
6 weeks 3 + 0a 
8 weeks 3 + 0a 
10 weeks 3 + 0a 
12 weeks 3 + 0a 
14 weeks 3 + 0a 
16 weeks 3 + 0a 

Values are mean + SE using 2-way RM ANOVA. *P<0.05, a = significantly different from 
pre-injury, b= significantly different from 1-week post-C2Hx, c=significantly different from 
2-weeks post-C2Hx, d= significantly different from 4 weeks. 
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Table 3-8.  Average upper limb muscle wet weights 

Muscle Uninjured muscle 
weight (g)  

1-week post-C2Hx 
muscle weight (g) 

2-weeks post-C2Hx 
muscle weight (g) 

8-weeks post-C2Hx 
muscle weight (g) 

Contralateral ECRL 22.2+1.3 18.9+0.7a 21.1+1.1ab 23.0+1.1bc 

Ipsilateral ECRL 21.9+1.3 18.4+0.6*a 19.3+1.1*ab 21.1+1.3bc 

Contralateral FCR 9.1+0.9 9.7+1.4 9.5+1.2 10.6+1.1ac 

Ipsilateral FCR 9.1+0.5 8.3+0.5*a 8.5+0.8* 9.5+1.1*bc 

Contralateral BIC 17.5+1.0 16.5+0.8a 18.0+0.8b 19.9+1.5abc 

Ipsilateral BIC 17.6+0.9 15.2+1.8*a 16.8+1.6*b 19.4+1.7abc 

Contralateral TRI 128.0+7.5 117.5+3.5a 127.9+6.3b 140.8+8.9 abc 

Ipsilateral TRI 130.0+5.4 106.3+4.9*a 118.2+7.2*ab 131.6+7.4*bc 

Values are mean muscle weights (g) + SD using one-tailed, independent samples t-tests. *P<0.05 difference from CL; 
aP<0.05 difference from uninjured, bP<0.05 difference from 1-week post-C2Hx, cP<0.05 difference from 2 weeks post-
C2Hx. ECRL-extensor carpi radialis longus, FCR-flexor carpi radialis, BIC-biceps brachii, TRI-triceps brachii.  
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Table 3-9.  Average extensor carpi radialis longus muscle fiber cross sectional area (CSA) 

 Uninjured muscle 
fiber CSA 

1 week post-C2Hx 
muscle fiber CSA 

2 weeks post-C2Hx 
muscle fiber CSA 

8 weeks post-C2Hx 
muscle fiber CSA 

Contralateral-all fibers 1162.0+38.5 1140.6+39.4 1145.7+35.8     1058.8+35.1
 
 

Ipsilateral-all fibers 1103.6+36.6 1002.7+27.5 939.2+25.5*
a
 991.1+30.1 

Contralateral-type I fibers 1059.6+59.9 1038.7+67.9              964.8+55.3  922.3+54.9
 a

 

Ipsilateral- type I fibers 1012.4+62.4 986.7+76.4              790.2+44.7*
ab

 806.8+46.0
a
 

Contralateral-Type IIa Fibers 1124.8+30.7 1030.6+72.5            1015.5+29.3 964.3+28.3
 a

 

Ipsilateral- type IIa fibers 1057.4+31.0 938.5+27.9              867.0+23.3*
a
 879.2+27.2

a
 

Values are mean fiber CSA (um2) + SD using 2-way ANOVA. *P<0.05 difference from CL; aP<0.05 difference from 
uninjured, bP<0.05 difference from 1-week post-C2Hx. 
 



 

134 

CHAPTER 4 
SEROTONERGIC INNERVATION OF PRE-MOTOR CERVICAL INTERNEURONS IN 

ADULT RATS 

Serotonin (5-HT) is a monoaminergic neurotransmitter, found throughout the 

central nervous system. The primary source of 5-HT is the raphe nuclei, which are 

found in the midline of the brainstem.  It is well established that 5-HT is a potent 

modulator of motor activity within the brainstem and spinal cord, and this occurs via 

descending pathways originating the caudal raphe nuclei.  These nuclei include the 

raphe pallidus, the raphe obscurus, the raphe magnus, the rostral ventrolateral medulla, 

and the lateral paragigantocellularis reticularis (Hochman et al., 2001).  The caudal 

raphe nuclei have descending 5-HT immunoreactive projections terminating in the 

ventral horn of the spinal cord, innervating spinal motoneurons (Steinbusch, 1981, 

Alvarez et al., 1998). Release of 5-HT from these projections acts to modulate 

motoneuron excitability (Roberts et al., 1988, Jacobs and Fornal, 1993, White et al., 

1996). For example, activation of 5-HT2A receptors depolarizes motoneurons towards 

the action potential threshold by 5-HT increasing persistent inward Ca2+ currents, which 

results in a sustained depolarization and an amplification of synaptic inputs to 

motoneurons (Li et al., 2007, Heckman et al., 2008).  

The association between 5-HT and motor function has been demonstrated in a 

variety of conditions, including healthy and diseased/injured states, and across a 

number of motor systems.  Jacobs and colleagues have proposed the overall 

hypothesis that release of 5-HT in the spinal cord acts to increase excitability of 

motoneurons via activation of certain 5-HT receptor subtypes (5-HT2 and 5-HT7 

receptors). Conversely, release of 5-HT in the region of the dorsal horn of the spinal 
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cord activates different 5-HT receptor subtypes that act to inhibit excitability of sensory 

neurons (Jacobs and Fornal, 1993).   

Serotonin plays a profound role in the neural regulation of breathing (Holtman et 

al., 1984, Holtman et al., 1986, Lalley, 1986a, b, Holtman and Dick, 1987, Zhan et al., 

1989, Pilowsky et al., 1990). Plasticity within the phrenic motor system has been 

extensively studied, (Mitchell et al., 2001, Fuller et al., 2003, Baker-Herman et al., 2004, 

Fuller et al., 2005, Fuller et al., 2006, Lane et al., 2008a, Sandhu et al., 2009, Dale-

Nagle et al., 2010a, Dale-Nagle et al., 2010b, Lee et al., 2010), and 5-HT has been 

specifically implicated in playing a major role in phrenic motoneuron plasticity.  

Serotonergic projections arising in the brainstem have been shown to innervate the 

phrenic motoneuron pool, and the role of serotonin in phrenic motor function has been 

the subject of much investigation.  For example, activation of spinal 5-HT receptors has 

been shown to induce long-term facilitation (LTF) of phrenic motor output (Mitchell et al., 

2001, Baker-Herman and Mitchell, 2002). Mitchell and colleagues have proposed a 

detailed mechanistic model of phrenic long-term facilitation, and this model focuses on 

the role of 5-HT in modulating phrenic motor neurons.  Specifically, they have proposed 

that activation of the 5-HT2A receptor subtype, which is found on phrenic motoneurons 

(MacFarlane et al,. 2009) leads to activation of protein kinase C (PKC), which initiates 

synthesis of new BDNF. BDNF activates TrkB receptors which activates ERK MAP 

kinase (pERK), which is hypothesized to phosphorylate glutamate receptors, thus 

leading to increased synaptic efficacy (Dale-Nagle et al., 2010).     

Most investigators have concluded that the primary control of PhMNs arises from 

a monosynaptic connection arising in the brainstem respiratory groups. However, a 
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growing body of literature indicates that cervical interneurons are also an integral 

component of the phrenic neural circuitry (Lane et al., 2008b).  Recent evidence 

suggests that these interneurons may play a role in controlling phrenic motor output, 

particularly after injuries to the cervical spinal cord.  Although there have been 

numerous studies investigating mechanisms underlying plasticity within the phrenic 

system, the majority of studies have focused solely on phrenic motoneurons. 

Consequently, very little is known about the expression of plasticity within cervical 

interneurons. Furthermore, the potential for 5-HT to modulate pre-motor cervical 

interneuron activity has not been clearly described. In fact, whether pre-motor 

interneurons are even innervated by 5-HT projections is not known. In addition, there 

are numerous 5-HT receptor subtypes (Hochman et al., 2001), however, the specific 

subtypes expressed on pre-phrenic cervical interneurons, has not been investigated.  

The literature indicates that spinal activation of 5-HT2A and 5-HT7 receptors can 

profoundly influence phrenic output and in particular the expression of phrenic motor 

plasticity (Zhou and Goshgarian, 2000, Basura et al., 2001, Fuller et al., 2005, Hoffman 

and Mitchell, 2011).  

Accordingly, our primary purpose was to determine if cervical interneurons, which 

are synaptically coupled to PhMNs, are innervated by 5-HT immunoreactive projections. 

Based on literature in other motor systems, we hypothesized that retrogradely identified 

pre-phrenic cervical interneurons would be robustly innervated by 5-HT immunoreactive 

projections. In addition, we hypothesized that phrenic motoneurons and pre-phrenic 

interneurons would express 5-HT2A and 5-HT7 receptor subtype immunoreactivity.  
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Materials and Methods 

All experimental procedures were approved by the Institutional Animal Care and 

Use Committee at the University of Florida.  

Animals 

A total of 4 adult male Sprague-Dawley rats obtained from Harlan Laboratories 

Inc. (Indianapolis, IN, USA) were used in this study.  

Anatomical Tracing Protocols 

A recombinant of the Bartha strain of pseudorabies virus (PRV) was used as an 

anatomical tracer to examine the neural circuitry associated with the diaphragm muscle 

of uninjured adult male Sprague-Dawley rats. As PRV is transynaptically transported, it 

will infect the entire phrenic circuitry if given enough time. The PRV recombinant used in 

this study was PRV 614 (2.0 x 108pfu/ml), which was engineered to express a 

monomeric red fluorescent protein. 

Details regarding the preparation of PRV have been previously described 

(Banfield et al., 2003; Lane et al., 2008b). Phrenic motoneuron projections to the 

diaphragm muscle were retrogradely labeled using PRV 614 (50ul per hemidiaphragm). 

An incision was made along the linea alba, and the skin and abdominal muscles were 

retracted to expose the abdominal surface of the diaphragm. Tracer was administered 

to both the left and right sides of the diaphragm by topical application as previously 

described (Lane et al., 2008c). Animals were left to survive for 72 hours following tracer 

application. This time course was based on previously published reports (Lane et al., 

2008b). At this time point, primary phrenic motoneuron labeling was observed, as was 

transneuronal labeling of pre-motor interneurons.   
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Spinal Cord Histology and Immunocytochemistry 

3 days following administration of PRV to the diaphragm, rats were euthanized 

by systemic perfusion of saline followed by 4% paraformaldehyde (Sigma, St. Louis, 

MO, USA). The cervical spinal cord was removed, and 40um sections were made in the 

transverse plane using a vibratome. Tissue sections were processed for 

immunodetection of 1) 5-HT and PRV, 2) 5-HT2A receptor and PRV, and 3) 5-HT7 

receptor. For tissue processed for dual labeling (5-HT/PRV and 5-HT2A receptor/PRV), 

sections were washed in PBS (0.1 M, pH 7.4, 3 x 5 minutes), blocked against 

endogenous peroxidase activity (30% methanol, 0.06% hydrogen peroxide in 0.1 M 

PBS, incubated for 1 hour), given a second set of washes with PBS (3 x 5 minutes) and 

blocked against nonspecific protein labeling (10% normal donkey serum in 0.1 M PBS, 

incubated for 1 hour). Sections were then incubated with primary antibodies to either 5-

HT & PRV (5-HT-1:500; AbCam; PRV-1:10,000; generously provided by Dr. Lynn 

Enquist) or 5-HT2A receptor & PRV (5-HT2A -1:50; Novus Biologicals, Littleton, CO; 

PRV-1:10,000; generously provided by Dr. Lynn Enquist) with 10% normal donkey 

serum and 0.03% Triton-X for 48 hours at 4oC. Following incubation with primary 

antibodies, sections were washed in PBS (0.1 M, 3 x 5 minutes), and incubated for 1 

hour in fluorescent secondary antibodies (AlexaFluor 488, donkey anti-goat, Invitrogen 

Molecular Probes & Life Technologies, 1:1000; AlexaFluor 594, donkey anti-rabbit, 

Invitrogen Molecular Probes & Life Technologies, 1:1000). Sections were washed again 

in PBS (0.1 M, 3 x 5 minutes), mounted on glass slides (Fisher), and coverslipped for 

fluorescent microscopy (Dako). 



 

139 

Data Analysis 

Fluorescent sections were visualized using fluorescent microscopy techniques 

and overlay images from dual labeling experiments were created using Adobe 

Photoshop CS6 (Adobe Systems Incorporated, San Jose, CA). 

 Results 

Anatomical Identification of Pre-Phrenic Interneurons Using Retrograde Tracing 

Retrogradely labeled phrenic motoneurons (Psuedorabies virus immuno-

postitive) were identified in clusters in the ventral gray matter in transverse spinal cord 

sections between C3-C5/6 (Figure 4-1). 

Serotonergic Innervation of Retrogradely Labeled Phrenic Motoneurons and Pre-
Phrenic Interneurons 

Representative transverse spinal cord sections identifying PRV-positive phrenic 

motoneurons and pre-motor interneurons co-labeled with antibodies to 5-HT are shown 

in Figure 5-1. In all animals assessed, robust 5-HT immunoreactivity in the immediate 

vicinity of phrenic motoneurons was observed. The proximity of 5-HT positive 

projections to phrenic motoneurons demonstrates evidence for both axo-somal as well 

axo-axonal contacts with phrenic motoneurons. In addition, pre-phrenic cervical 

interneurons were also retrogradely labeled with PRV (Figure 4-1) also in close 

proximity to 5-HT positive projections. 

5-HT2A Receptor Expression in Phrenic Motoneurons and Pre-Motor Interneurons 

Representative 40m transverse spinal cord sections identifying PRV-positive 

phrenic motoneurons and pre-motor interneurons co-labeled with antibodies to the 5-

HT2A receptor subtype are shown in Figure 5-2. In all animals assessed, robust 

expression of 5-HT2A receptor immunoreactivity on retrogradely labeled phrenic 



 

140 

motoneurons was observed. In addition, 5-HT2A receptors were also expressed on 

retrogradely labeled pre-phrenic cervical interneurons located in laminae VII and X. 5-

HT2A receptor labeling was localized on the soma of both motoneurons and 

interneurons (Figure 4-2). 

5-HT7 Receptor Expression in Phrenic Motoneurons and Pre-Motor Interneurons 

Representative 40m transverse spinal cord sections from the mid-cervical spinal 

cord labeled with antibodies to the 5-HT7 receptor subtype are shown in Figure 5-3. In 

all animals assessed, the presence of 5-HT7 receptor immunoreactivity on putative 

motoneurons located in the region of the phrenic nucleus was observed. In addition, 5-

HT7 receptor immunoreactivity was detected on interneurons located in the intermediate 

gray matter in laminae VII and X, in the same region where pre-phrenic interneurons 

have been shown to exist (Lane et al., 2008b). 5-HT7 receptor labeling was localized on 

the soma of neurons (Figure 4-3). 

Discussion 

This study provides the first anatomical evidence that pre-phrenic cervical 

interneurons are innervated by 5-HT projections. Furthermore, these data confirm the 

presence of both 5-HT2A and 5-HT7 receptor immunoreactivity on these interneurons, 

which supports our working hypothesis that serotonin may play a role in modulation of 

interneuronal activity, which may ultimately influence the expression of spinal plasticity.  

Interneurons in the intermediate gray matter were shown to be in close proximity 

to 5-HT immunoreactive projections. Serotonin has been shown to be a potent 

modulator of neuronal function in the central nervous system (Hochman, et al., 2001, 

Jacobs and Fornal 1993). The importance of serotonin to motor function is particularly 

evident following spinal cord injury. For example, reduced bioavailability of serotonin 
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caudal to SCI is associated with reduced motor output in both respiratory and locomotor 

systems. Furthermore, recovery of functional abilities after SCI is correlated with 

restoration of spinal serotonin to motoneuron pools below the level of injury (Hadley et 

al., 1999, Golder and Mitchell, 2005b). For example, Golder and Mitchell observed that 

the relative amplitude of inspiratory phrenic motor bursting following cervical SCI was 

highly correlated with the intensity of serotonergic immunostaining on and around 

phrenic motoneurons. Furthermore, following cervical spinal cord injury, application of 5-

HT synthesis inhibitors or 5-HT antagonists impairs phrenic output (Hadley et al., 1999). 

Conversely, delivery of 5-HT precursors or 5-HT agonists has been shown to induce 

and enhance phrenic motoneuron firing (Zhou and Goshgarian, 2000). Our data confirm 

robust 5-HT immunoreactivity in the cervical spinal cord, in close proximity to PhMNs, 

as well as pre-phrenic interneurons.  

Importantly, no prior work has examined the potential for 5-HT to modulate 

cervical interneuron activity and the possibility that cervical interneurons are part of the 

substrate for inducing or maintaining phrenic motor plasticity has not been extensively 

tested. Importantly, existing models of 5-HT dependent phrenic motor plasticity have 

focused exclusively on the impact of spinal 5-HT on motoneurons (Zhou and 

Goshgarian, 2000, Golder and Mitchell, 2005b, Mitchell et al., 2001, Baker-Herman and 

Mitchell, 2002, Dale-Nagle et al, 2010a). The concept that cervical interneurons can 

contribute to phrenic motor plasticity, either in health or disease, has not received formal 

evaluation, and may ultimately prove critical for the future development of therapeutic 

interventions. Studies of the lumbar spinal cord show that spinal 5-HT is a powerful 
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regulator of propriospinal interneuron activity, and can even trigger locomotor output 

from hindlimb muscles (Courtine et al., 2008a).  

Little is known about the specifics of how 5-HT is involved in the recovery 

process, other than the fact that it is important.  For example, there are numerous 

subtypes of 5-HT receptors (Hochman et al., 2001), but the specific subtypes 

contributing to motor recovery after chronic cervical SCI have not been extensively 

investigated. The 5-HT2 receptor subtypes are strong candidates for regulating 5-HT 

dependent phrenic motor plasticity. 5-HT2 receptors are G-protein coupled metabotropic 

receptors that are associated with many forms of neuroplasticity. Growing evidence 

indicates that the 5-HT2A receptor subtype is a major regulator of 5-HT-induced changes 

in phrenic motor output. Administration of a 5-HT2A receptor agonists has been shown 

to initiate phrenic bursting acutely after experimental cervical SCI. In addition, 

upregulation of 5-HT2A receptors on and around phrenic motoneurons has been 

demonstrated 2 weeks after experimental SCI (Fuller et al., 2005). Previous studies 

have demonstrated that phrenic motoneurons express 5-HT2A receptors, however, 

whether pre-phrenic cervical interneurons also express 5-HT2A receptors has not been 

demonstrated. The results presented here confirm that pre-phrenic cervical interneurons 

do, in fact, express 5-HT2A receptors.   

The 5-HT7 receptor family is another potential candidate involved in regulating 5-

HT dependent phrenic motor plasticity. 5-HT7 receptors are G-protein coupled 

metabotropic receptors that are associated with many forms of neuroplasticity. Growing 

evidence indicates that the 5-HT7 receptors also play a role in the induction and 

maintenance of long-lasting facilitation of phrenic motor output. Administration of a 5-
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HT7 receptor agonists has been shown to initiate robust phrenic motor facilitation, an 

effect that was abolished by administration of a 5-HT7 receptor antagonist (Hoffman and 

Mitchell, 2011).  Whether phrenic motoneurons and pre-phrenic cervical interneurons 

also express 5-HT7 receptors has not been previously demonstrated. The results 

presented here confirm that 5-HT7 receptors are located on neurons in the regions 

where phrenic motoneurons and cervical interneurons are located.  

The results presented here highlight the lack of consideration of cervical 

interneurons in existing models of respiratory plasticity. Accordingly, these data provide 

the rationale for future studies investigating how 5-HT activation via the various 5-HT 

receptor subtypes modulates interneuronal activity and ultimately how this influences 

spinal plasticity.  

In future studies, we will be testing the hypothesis that 5-HT can modulate 

cervical interneuron bursting after cervical SCI. In our opinion, this is an important 

question for several reasons. First, existing models of 5-HT dependent phrenic motor 

plasticity (e.g., phrenic long-term facilitation-LTF) have focused exclusively on the 

impact of spinal 5-HT on motoneurons. The concept that cervical interneurons can 

contribute to phrenic motor plasticity, either in health or disease (e.g. SCI) has not 

received formal evaluation, and may ultimately prove critical for future therapeutic 

designs. Second, prior studies of the lumbar spinal cord show that spinal 5-HT is a 

powerful regulator of propriospinal interneuron activity, and can even trigger locomotor 

output from hindlimb muscles. Consistent with studies of the lumbar spinal cord, these 

data confirm that pre-phrenic cervical interneurons are innervated by 5-HT. 
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Our results highlight the importance of considering how 5-HT may modulate 

interneuronal function and how this may ultimately influence motor output and 

expression of plasticity. 

Summary 

Propriospinal/pre-motor interneurons have been shown to be integrated with the 

motor circuitry controlling the diaphragm. Understanding the role of these interneurons 

in mediating respiratory activity has become a topic of great interest. Serotonin has 

been shown to be a key component mediating motor function and has been shown to 

innervate phrenic motor neurons. The results of the present study demonstrate for the 

first time that 5-HT projections are colocalized with retrogradely labeled pre-phrenic 

cervical interneurons in the uninjured spinal cord. Within the ventral horns of the cervical 

spinal cord, robust 5-HT2A receptor immunoreactivity was observed on phrenic 

motoneurons. 5-HT2A receptor immunoreactivity was also observed on pre-phrenic 

cervical interneurons in laminae VII and X. In addition, robust 5-HT7 immunoreactivity 

was observed on putative phrenic motoneurons in the ventral horn, as well as on 

interneurons in the intermediate gray matter, in the region where pre-phrenic cervical 

interneurons have been demonstrated.  
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Figure 4-1.  Serotonergic immunoreactive projections and the phrenic motor circuitry. 

Representative transverse sections through the cervical spinal cord of 
uninjured adult Sprague-Dawley rats, 72 hours following application of 
Pseudorabies virus (PRV) to the diaphragm. Sections have been 
immunolabeled for the presence of PRV (red) and 5-HT (green). Low power 
(A) and high power (B&C) images demonstrate the co-localization of 5-HT 
immunoreactivity in the immediate vicinity of phrenic motoneurons in the 
ventral horn (B) and pre-phrenic interneurons in laminae VII and X (C).  

 
 



 

146 

 
Figure 4-2.  5-HT2A receptor immunoreactivity and the phrenic motor circuitry. 

Representative transverse sections through the cervical spinal cord of 
uninjured adult Sprague-Dawley rats, 72 hours following application of 
Pseudorabies virus (PRV) to the diaphragm. Sections have been 
immunolabeled for the presence of PRV (red) and 5-HT2A receptors (green). 
High power images demonstrate the apparent co-localization of 5-HT2A 
receptor immunoreactivity on phrenic motoneurons in the ventral horn (A,C,E) 
and on pre-phrenic interneurons in laminae VII and X (B,D,F). 
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Figure 4-3.  5-HT7 receptor immunoreactivity in the cervical spinal cord. Representative 

transverse sections through the cervical spinal cord of uninjured adult 
Sprague-Dawley rats. Sections have been immunolabeled for the presence of 
5-HT7 receptors (green). Low power (A) and high power (B&C) images 
demonstrate 5-HT7 receptor immunoreactivity in the region where phrenic 
motoneurons in the ventral horn (B) and pre-phrenic interneurons in laminae 
VII and X (C) are located.  
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CHAPTER 5 
CONTRIBUTION OF PROPRIOSPINAL NEURONS TO SPONTANEOUS 

FUNCTIONAL PLASTICITY FOLLOWING INCOMPLETE HIGH CERVICAL SPINAL 
CORD INJURY IN ADULT RATS 

Networks of propriospinal interneurons have been shown to be integrated with 

the motor circuitry controlling diaphragm, upper extremities and lower extremities 

(Alstermark et al., 1981a, Alstermark et al., 1981b, Alstermark et al., 1984a, b, 

Alstermark et al., 1990, Alstermark et al., 1999, Bareyre et al., 2004, Alstermark et al., 

2007, Lane et al., 2008b). Previous work from our group has identified populations of 

propriospinal cervical interneurons located within the intermediate gray matter of the 

cervical spinal cord that innervate both forelimb (above-Chapter 3) and phrenic 

motoneuron pools (Lane et al., 2008b). The functional significance of these 

interneurons, however, has not been extensively investigated. Lateral spinal cord 

hemisection at C2 has been used extensively to study respiratory motor plasticity 

following spinal cord injury (SCI) (Goshgarian, 2003, Fuller et al., 2005b, Lane et al., 

2008a). The basic premise is that C2 hemisection (C2Hx) interrupts descending motor 

pathways from the brain and brainstem to cervical motoneurons located ipsilateral (IL) 

to the injury. Thus, the muscles ipsilateral to the side of injury are transiently paralyzed 

while contralateral activity persists. Modest recovery of ipsilateral motor function has 

been demonstrated in the weeks and months after injury. Recent evidence (presented 

in chapter 3) indicates a similar pattern of dysfunction and spontaneous recovery occurs 

in the upper extremity following C2Hx injury.  We speculate that pre-motor propriospinal 

cervical interneurons are anatomically positioned to serve as a synaptic relay for 

descending inputs to re-innervate ipsilateral upper extremity and phrenic motoneuron 

pools following injury. While definitive evidence of a role for propriospinal cervical 
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interneurons in functional recovery after cSCI is lacking, there is strong evidence in 

other motor systems (e.g. locomotor) that cervical interneurons can promote functional 

recovery (Bareyre et al., 2004).  

A recent study by Courtine et al. (2008) investigated the potential role of 

propriospinal interneurons in mediating functional recovery following spinal cord injury. 

In this study, staggered thoracic hemisection lesions were performed in mice on 

opposite sides of the spinal cord, essentially severing all descending projections 

innervating motoneuron pools in the lumbar spinal cord. A zone of intact spinal cord 

spanning several segments was spared between the lesions, in which local, short-

distance spinal circuitry remained intact. If the hemisections were also staggered in 

time, locomotor function recovered over a period of weeks. However, if the 

hemisections were performed simultaneously, no functional recovery was observed. 

Retrograde tracing from L1-L2 indicated no differences in supraspinal labeling between 

groups to suggest that spared or regenerated supraspinal projections might be 

responsible for recovery observed in the staggered hemisection group. There were, 

however, a greater proportion of labeled propriospinal neurons located in the thoracic 

cord of the staggered group, consistent with a time-dependent reorganization of short-

distance, intraspinal circuitry that served to bypass the staggered lesions. Furthermore, 

excitotoxic lesions administered to the spinal cord between the lesions abolished 

recovered locomotor function. The authors hypothesized that locomotor recovery that 

occurred in the staggered group was mediated by short-distance propriospinal 

interneuronal circuits located between the lesions that served as relays by which 

transmission of descending neural drive was re-established(Courtine et al., 2008a).  
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Whether a similar potential for intraspinal reorganization exists within the cervical 

spinal cord has not been formally evaluated. The results presented in chapter three of 

this dissertation demonstrate a relative increase in interneuronal labeling caudal to 

injury in chronically injured rats, which may represent a possible neuroanatomical 

substrate by which intraspinal reorganization (and possibly functional recovery) may be 

taking place.  

The hypothesis of the present study was that time-dependent recovery of 

ipsilateral forelimb and respiratory function following chronic C2Hx may be mediated, at 

least in part, by pre-motor propriospinal cervical interneurons located in the intermediate 

gray matter of the cervical spinal cord. The aims of this initial study were: 1) to test the 

feasibility of specifically ablating cervical interneurons in the intermediate gray matter of 

chronically injured rats; and 2) to investigate the functional significance of cervical 

interneurons to ventilatory and upper extremity motor plasticity and functional recovery 

following chronic spinal cord injury.  

Materials and Methods 

All experimental procedures were approved by the Institutional Animal Care and 

Use Committee at the University of Florida.  

Animals 

A total of 13 Sprague-Dawley rats were obtained from Harlan Laboratories Inc. 

(Indianapolis, IN, USA). Animals were randomly assigned to one of three groups: 1) 

C2Hx+bilateral C4-5 kainic acid injection (n=8), 2) bilateral C4-5 kainic acid injection 

(n=4), and 3) Saline vehicle control (n=2).  



 

151 

General Surgical Methods 

Anesthesia and injury methods have been previously described (Doperalski et 

al., 2008, Fuller et al., 2008, Fuller et al., 2009). Briefly, rats were anesthetized by 

injection of xylazine (10mg/kg, s.q.) and ketamine (140 mg/kg, i.p., Fort Dodge Animal 

Health, IA, USA). Following completion of the surgical procedure, anesthesia was 

reversed via injection of yohimbine (1.2 mg/kg s.q.). Upon recovery, animals were given 

injections of buprenorphine (0.03 mg/kg s.q., Hospira, IL, USA) for analgesia and sterile 

lactated Ringers solution (5 ml s.q.) to prevent dehydration. Post-surgical care included 

administration of buprenorphine (0.03 mg/kg, s.q.) for the initial 48 hours post-injury and 

delivery of lactate Ringers solution (5ml/day, s.q.) and oral Nutri-cal supplements (1-3 

ml, Webster Veterinary, MA, USA) until adequate volitional drinking and eating 

resumed.  

Spinal Cord Hemisection Injury  

Injury methods have been previously described (Doperalski et al., 2008, Fuller et 

al., 2008, Fuller et al., 2009). Briefly, a 1-inch midline dorsal incision was made from the 

base of the skull extending caudally to approximately the fourth cervical segment (C4). 

A laminectomy was performed at the second cervical segment (C2) to expose the spinal 

cord. A small incision was them made in the dura and a lateral hemisection performed 

on the left side of the spinal cord using a microscalpel, followed by gentle aspiration. 

Using this approach, the completeness of the lesion was readily visible and the extent of 

the lesion was reproducible. The dura was then closed with interrupted 10-0 sutures 

and durafilm was placed over the dura. The overlying muscle was then sutured in layers 

and the skin was closed with stainless steel surgical wound clips.   
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Excitotoxin-Mediated Gray Matter Ablation  

Rats were anesthetized by injection of xylazine (10mg/kg, s.q.) and ketamine 

(140 mg/kg, i.p., Fort Dodge Animal Health, IA, USA). The spinal cord was exposed at 

the fourth and fifth cervical levels (C-4) via a dorsal laminectomy approach. Six 

intraspinal injections (0.75μl) of Kainic Acid (KA; 1mM) were made between C4 and C5 

to create discrete gray matter lesions.  3 injections were performed on either side of the 

spinal cord (0.5mm to left or right of midline).  Injections were spaced 1.5mm apart 

(rostro-caudal) and were made at a 20o angle and a depth of 1.0-1.25 mm from the 

dorsal surface of the spinal cord. (Figure 5-1) 

Behavioral Testing of Forelimb Function 

Prior to initiation of experimental testing, rats were handled for 3-5 minutes daily 

by lab personnel to familiarize them with test administrators.  

Limb-Use Asymmetry (Cylinder) Test 

The cylinder test was conducted on awake, unrestrained animals. Testing 

consisted of a single trial in which rats were placed in a clear Plexiglas cylinder (20 cm 

in diameter, 20 cm high) for 5 minutes. Forelimb use was measured during vertical 

exploration as the number of individual and simultaneous forepaw contacts with the 

cylinder wall. Testing was videotaped for later quantification. 

Forelimb Locomotor Scale (FLS) 

Rats were placed in an open-field plastic enclosure measuring 2.5 ft. x 3 ft. and 

were observed for a period lasting no longer than 5 minutes.  Trials were scored in real-

time by an examiner, and were also videotaped for later viewing and scoring. Scoring 

was based on the Forelimb Locomotor Scale (FLS) developed by the behavioral core 

facility at Drexel University, which was based on observed patterns of recovery in 
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cervically injured rats (Sandrow et al., 2008). The FLS is 17-point scale that defines 

deficits based on range of motion, level of weight support, and whether the paw is 

parallel to the body, similar to the hindlimb BBB rating scale. 

Barometric Plethysmography 

Whole body plethysmography (Buxco Inc., Wilmington, NC, USA) was used to 

obtain measures of breathing in unanaesthetized rats prior to injury, and at 3 days, 1-, 

2-, 3-, 4-, 6-, and 8-weeks post-injury. For rats that received spinal injections, 

plethysmography was performed at 3 days and 1-week after injection. The 

plethysmography system was calibrated by injecting known volumes of air into a 

Plexiglas recording chamber using 5 and 50 ml syringes. The chamber pressure, 

temperature, and humidity, as well as the rectal temperature of the rat were used in the 

Drorbaugh and Fenn equation to calculate respiratory parameters including breathing 

frequency (f; breaths/minute), tidal volume (VT, ml/breath), minute ventilation (VE, 

ml/minute), peak inspiratory flow, peak expiratory flow were extracted. Baseline 

recordings were made for 60 minutes while the Plexiglas chamber was flushed with 

21% O2 (balance N2, 2 L/minute). Subsequently, rats underwent a 10-minute 

hypercapnic respiratory challenge (7% CO2, 21% O2, balance N2, 2 L/minute). Mean 

values for analyses were obtained from a 10-minute period during baseline and from the 

last 2 minutes of the hypercapnic challenge. 

Spinal Cord Histology and Immunohistochemistry 

All C2Hx lesions were confirmed to extend to the spinal midline as previously 

described (Doperalski et al., 2008, Fuller et al., 2008, Fuller et al., 2009, Sandhu et al., 

2009). Kainic acid lesions were also assessed and the extent of gray versus white 

matter damage was characterized. At the pre-determined termination point of the study, 
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rats were euthanized by systemic perfusion of saline followed by 4% paraformaldehyde 

(Sigma, St. Louis, MO, USA). The cervical spinal cord was removed, and processed for 

paraffin embedding. 5um sections were made in the transverse plane using a 

microtome. Tissue sections were mounted on glass slides (Fisher Scientific, Pittsburgh, 

PA, USA), stained with Cresyl violet, and sections from the C2 level were evaluated for 

lesion completeness by light microscopy. Consistent with our previous publications, the 

apparent absence of healthy white matter in the ipsilateral C2 spinal cord was taken as 

confirmation of an anatomically complete C2Hx injury (Doperalski et al., 2008, Fuller et 

al., 2008, Fuller et al., 2009). Tissue sections at the level of the kainic acid injections 

were stained with Cresyl violet and were evaluated using light microscopy. 

Data Analysis 

Plethysmography data were analyzed in 10-second bins per our previously 

published reports (Fuller et al., 2006, Fuller et al., 2008). For the baseline condition, 

data represent the average of consecutive bins over a stable 10-minute period just prior 

to hypercapnic challenge. For the hypercapnic condition, we report the average of the 

last 2 minutes of exposure.  

Statistical analyses were performed using commercially available software 

(Sigma Stat Statistical Analysis Software Suite, Chicago, IL). All data are presented as 

the mean +/- standard error. A P-value of <0.05 was considered statistically significant. 

Our intent was to test the impact of focal kainic acid injections on ventilation during quiet 

breathing and a brief respiratory challenge accomplished by raising the inspired CO2 

(i.e. hypercapnia). Prior studies from our laboratory have clearly documented the impact 

of C2Hx on ventilation in unrestrained unanaesthetized rats using barometric 

plethysmography. These studies have established that the C2Hx injury causes an 
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immediate reduction in inspiratory tidal volume, and that there is a persistent deficit in 

the respiratory response to hypercapnic challenge following the injury.  Thus, our intent 

here was not to document the impact of the initial C2Hx lesion on breathing, but rather 

we were focused our statistical analysis on the question of whether or not focal ablation 

of gray matter in the cervical cord would impact breathing and upper extremity function 

following chronic C2Hx. Therefore, initial studies were done in which ventilation and 

forelimb function were assessed for eight weeks post-C2Hx.  The specific purpose of 

these initial studies was to confirm the prior work and to document when the ventilatory 

and upper extremity “recovery” had reached a functional plateau.  That is, we wanted to 

assess the impact of the kainic acid injection only after the spontaneous recovery and/or 

compensation processes were no longer leading to progressive increases in upper 

extremity function or in minute ventilation or other associated ventilatory parameters.  

Statistical analysis of ventilation and its parameters using two-way repeated measures 

ANOVA confirm that by six weeks post-C2Hx the rats had reached a plateau in their 

functional recovery.  Accordingly, 8 weeks after C2Hx injury, rats were then given focal 

injections of kainic acid into the cervical spinal cord at eight weeks post-C2Hx.  

Ventilation and forelimb motor function were both characterized at three days and seven 

days post-kainic acid injection. For these initial studies, the two post-kainic acid data 

points (3-days and 7-days post-KA) were statistically compared to values obtained at 8 

weeks post-C2Hx.    

Results 

Feasibility of Inducing Discrete Gray Matter Lesions  

Preliminary investigations were aimed at determining the feasibility of inducing 

discrete and localized lesions in the intermediate gray matter of the cervical spinal cord. 
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Initial pilot experiments were conducted in control animals to determine the appropriate 

injection parameters, including the appropriate dose, Kainic Acid concentration, and 

depth/location of injection (Figure 5-2). Initial studies in injured animals were aimed at 

determining whether injection of kainic acid to chronically injured animals was feasible. 

Of eight chronically injured rats injected with Kainic Acid, three did not survive the first 

24 hours following injection.  

Anatomical Characterization of C2Hx Lesions 

Spinal cord sections from rats receiving C2Hx injuries were visualized with light 

microscopy once stained for Cresyl violet. Anatomical completeness of C2Hx lesions 

were verified in transverse sections from the C2 level and confirmed to extend from the 

lateral border to the spinal midline.    

Anatomical characterization of gray matter lesions 

Spinal cord sections from animals receiving C2Hx+KA injections (Figures 5-3 

through 5-6), KA injections alone (Figures 5-7 through 5-10), or saline injections 

(Figures 5-11 through 5-12) were visualized with light microscopy once processed for 

Cresyl violet. Characterization of white (and gray) matter damage was conducted on 

cross-sections (5 micron thick; B-G) approximately 240 microns apart through the C4-

C5 cervical spinal cord. Schematic diagrams were compiled for each animal to illustrate 

the regions of tissue pathology associated with C2Hx lesions as well as KA-associated 

excitotoxic lesions. There was a great deal of variability in the extent of tissue damage 

following KA injections. Gray matter pathology was observed in the intermediate (IMG) 

and ventral regions of the gray matter of the spinal cord in animals injected with KA. The 

extent of gray matter damage varied between animals, though across all animals lateral 

motoneuron pools located in the ventral horns appeared spared. Specifically, minimal 
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gray matter damage was observed in the region of putative phrenic and ECRL 

motoneuron pools. Gray matter lesions were characterized by cystic cavitations with 

necrotic neurons and cellular debris surrounding the lesion. KA-associated white matter 

damage was quite variable. In some cases, modest white matter disruption was 

detectable in the dorsal columns, possibly associated with needle tracts. In some cases 

there is variable disruption of ventral and ventromedial white matter in the region of the 

reticulospinal and vestibulospinal tracts. C2Hx-associated pathology was evident in the 

white matter of the ipsilateral dorsal columns, as well as in the lateral and ventral tracts. 

Lesions within white matter tracts were characterized by axonal degeneration. Minimal 

damage to gray and white matter was observed in saline injected controls. 

Effect of C2Hx on Body Mass  

A time-dependent change in body mass occurred following C2Hx (not shown), 

similar to previous reports (Fuller 2006, Doperalski 2008, fuller 2008, fuller 2009). At 1- 

and 2-weeks post-C2HX, rats weighed less than they did prior to injury (P<0.05). By 4-

weeks post-injury, rats were of similar weight to pre-injury. From 4-8 weeks post-injury, 

rats weighed more than they did prior to injury (P<0.05).  

Effects of Gray Matter Deletion on Ventilation in Chronically Injured Rats 

Before describing the impact of gray matter ablation, we first provide a brief 

overview of the effects of C2Hx on ventilatory function. Ventilatory function was 

assessed using barometric plethysmography prior to injury, and at 3-days, 1- week, 2-

weeks, 3-weeks, 4-weeks, 6-weeks, and 8-weeks post-C2Hx injury. Representative air 

flow traces are demonstrated in Figure 5-13. Two-way repeated measures analysis of 

variance (ANOVA) revealed a significant interaction between time and condition on 

breathing frequency (P<0.001). Post-hoc analyses revealed significant differences in 
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breathing frequency between baseline and hypercapnic challenge at all time points 

(P<0.05 for all). Furthermore, significant differences in baseline breathing frequency and 

breathing frequency during hypercapnic challenge were noted at numerous time points 

post-injury (summarized in Table 5-1). One way ANOVA revealed a significant effect of 

time on change in breathing frequency in response to hypercapnic challenge (P<0.05). 

Post-hoc analyses revealed significant differences in the change in breathing frequency 

(Figure 5-14) in response to challenge were revealed between pre-injury and three-days 

post-injury (P<0.01) as well as at a number of other time points (Summarized in Table 

5-1, Figure 5-14).  

One way ANOVAs revealed significant effects of time on change in tidal volume 

and minute ventilation in response to hypercapnic challenge (P=0.015 and P<0.001 

respectively). Post-hoc analyses revealed significant differences in the change in tidal 

volume (Figure 5-15) in response to challenge were revealed between pre-injury and 

three-days post-injury (P=0.018). Significant differences in change in tidal volume were 

not observed at any other time points (Summarized in Table 5-1, Figure 5-16). 

Significant differences in the change in minute ventilation (Figure 5-16) in response to 

challenge were revealed between pre-injury at 3 days post-injury (P<0.001), as well as 

at a number of other time points (Summarized in Table 5-1, Figure 5-15).  

Importantly, no differences in change in breathing frequency, tidal volume or 

minute ventilation in response to challenge were revealed between 4- and 8-weeks 

post-injury, confirming that stabilization of ventilatory changes in response to injury had 

taken place prior to injection of kainic acid (5-14 through 5-16).  
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Effects of Gray Matter Deletion on Ventilation in Chronically Injured Rats  

To determine whether lesions to the intermediate gray matter between C4 and 

C5 were associated with impaired ventilatory function, barometric plethysmography was 

performed at 3- and 7-days post-injection of Kainic Acid. Representative examples of 

airflow signals from a chronically injured rat prior to- and 3-days after delivery of kainic 

acid to the intermediate gray matter are depicted in Figure 5-12. One way ANOVAs 

revealed significant effects of time post-injection on change in breathing frequency (5-

17), tidal volume (5-18) and minute ventilation (5-19) in response to hypercapnic 

challenge (P=0.026, P=0.033 and P<0.003 respectively). Post-hoc analyses revealed 

significant differences in the change in breathing frequency, tidal volume, and minute 

ventilation in response to challenge between pre-injection (i.e. 8 weeks post-C2Hx) and 

3 days post-injection (P=0.033, P=.038, and P=0.004 respectively). By 7-days post 

injection, no differences in response to challenge were evident (data summarized in 

Table 5-3, Figures 5-17 through 5-19). In control experiments where either kainic acid or 

saline injections were performed in uninjured animals, no differences in ventilatory 

function were observed (Figure 5-20). 

Effects of Gray Matter Deletion on Forelimb Function in Chronically Injured Rats 

Before describing the impact of gray matter ablation, we first provide a brief 

overview of the effects of C2Hx on upper extremity function. Upper extremity function 

was assessed using the cylinder (Figure 5-21) and FLS tests (Figure 5-22), which were 

conducted prior to injury, and at 3-days, 1- week, 2-weeks, 3-weeks, 4-weeks, 6-weeks, 

and 8-weeks post-C2Hx injury. One way analyses of variance (ANOVAs) revealed 

significant main effects of time on ipsilateral forelimb use and locomotor function 

(P<0.001 and P<0.001 respectively). Post-hoc analyses revealed significant differences 
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ipsilateral forelimb use and locomotor function at multiple time points post injury 

(summarized in Table 5-2). Forelimb functional recovery had stabilized by the time 

kainic acid injections were performed 8-weeks post-C2Hx (Figure 5-21 through 5-22). 

Effects of Gray Matter Deletion on Upper Extremity Function in Chronically 
Injured Rats 

To determine whether lesions to the intermediate gray matter between C4 and 

C5 were associated with impaired upper extremity function, the cylinder test (Figure 5-

23) and FLS test (Figure 5-24) were performed at 3- and 7-days post-injection of Kainic 

Acid (or sham saline injection). Representative examples of left upper extremity 

locomotor kinematics in a chronically injured rat prior to- and 3 days after delivery of 

Kainic acid to the intermediate gray matter at C4-C5 are depicted in Figure 5-26. One 

way analyses of variance (ANOVAs) revealed no differences in ipsilateral forelimb using 

following Kainic acid injection in chronically injured rats, though there was a trend 

towards reduced ipsilateral limb use following injection (P=0.091). Significant effects of 

time post-injection on forelimb locomotor function were revealed (P=0.003). Post-hoc 

analyses revealed significant differences in forelimb locomotor function at 3- and 7-days 

following kainic acid injection (P=0.003 and P=0.009 respectively) (data summarized in 

Table 5-4, Figure 5-23 through 5-24). In control experiments where either kainic acid or 

saline injections were performed in uninjured animals, no differences in ipsilateral 

forelimb use or locomotor function were observed (Figure 5-25). 

Discussion 

This study provides evidence to support the feasibility of specifically ablating 

populations of spinal neurons in order to assess the contribution of these neurons to 

motor function and recovery. Specifically, using intraspinal delivery of Kainic Acid to 
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mid-cervical intermediate gray matter, we were able to create relatively discrete lesions 

to the intermediate gray matter between C4 and C5 of the spinal cord, without 

concurrent disruption of nearby motoneuron pools. In addition, these studies also 

demonstrated the feasibility of using this technique in chronically injured rats in order to 

probe the contribution of certain populations of neurons to spontaneous functional 

recovery that occurs in the weeks and months post-injury. A major consideration that 

arose when designing this study was whether delivery of kainic acid to the intermediate 

gray matter in chronically injured rats would result in an inability to maintain adequate 

ventilation for maintenance of life. Interestingly, of the eight chronically injured rats that 

were injected with kainic acid, only five survived the initial 24 hours after injection. 

Whether this low rate of survival indicates that these interneurons are critical for 

maintenance of ventilation following chronic hemisection injury is not clear. These pilot 

data are intriguing as they begin to probe potential anatomical substrates underlying 

plasticity within the spinal cord. Further investigation is necessary in order to fully 

assess the contribution of cervical interneurons to ventilatory and upper extremity 

function in both healthy and chronically injured animals.  

Consistent with our working hypothesis, ablation of a bilateral population of 

cervical interneurons between C4 and C5 acutely resulted in a dramatic attenuation of 

both upper limb and respiratory functional gains that had occurred over the course of 8 

weeks following C2 hemisection injury. The possibility that cervical interneurons 

(propriospinal neurons) may provide a potential anatomical substrate for spontaneous 

intraspinal plasticity and functional recovery has become a topic of much investigation. 

Indeed, recent studies have demonstrated the potential for sprouting of descending 
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tracts onto propriospinal neurons located in the thoracic cord, which serve to bypass an 

injury (Bareyer et al., 2004; Courtine et al., 2008; Rosenweig et al., 2010; Ballerman et 

al., 2006). Examples of such plasticity have been demonstrated in a number of 

descending motor tracts, including the corticospinal and reticulospinal tracts. 

Ballermann and colleagues demonstrated that 42 days after thoracic lateral 

hemisection, increased sprouting of BDA-labeled Reticulospinal axons was observed 

caudal to the injury.  In addition, the authors found that sprouting of Reticulospinal 

axons was correlated with recovered locomotor function as measured by the BBB and 

horizontal ladder tests. Based on the histology from some of the animals in the present 

study, it is interesting to speculate that perhaps some of the observed deficits upper 

extremity deficits may have been related to the damage we observed in the 

ventrolateral white matter tracts following kainic acid injection. Based on numerous 

studies indicating a role for Reticulospinal fibers in locomotion and posture, it is not 

unlikely that damage within these tracts, and not necessarily simply damage to cervical 

interneurons, may underlie some of the functional deficits we observed. It is important to 

note however that if this were entirely the case, we might expect to see some evidence 

of upper limb functional deficits in the uninjured animals that received kainic acid 

injection and also presented with some damage in the region of the Reticulospinal tract. 

(Ballermann et al., 1996). 

Further evidence for the relative importance of cervical interneurons is based on 

findings from a number of recent studies which have indicated that damage to cervical 

gray matter from more clinically relevant contusion injuries, results in a distinct pattern 

of ventilatory deficits (Lane et al., 2012). Specifically, these injuries are characterized by 
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minimal deficits in baseline ventilatory function but significantly blunted ability to 

respond to respiratory challenge (Lane et al., 2012).  These findings are in contrast to 

studies investigating primarily white matter-type injuries (such as C2HX injuries), in 

which baseline ventilation is significantly impaired after injury, with a characteristic rapid, 

shallow breathing pattern (Sandhu et al., 2009; Doperalski et al., 2008; Fuller et al. 

2008). The results of the present study demonstrate a more “white matter damage” type 

deficit following the original hemisection injury. However, this dysfunction is somewhat 

recovered by eight weeks post-injury, and what we observed following the kainic acid 

injections was a pattern of ventilatory dysfunction that was very similar to the “gray 

matter-type” injuries. Specifically, the ability to respond to respiratory challenge was 

significantly attenuated after injection. These results are consistent with what we might 

expect by specifically targeting gray matter in the cervical spinal cord.  Interestingly, we 

observed these findings even when the gray matter damage does not appear to directly 

influence phrenic motoneurons.  

Interestingly, one week after kainic acid injection, significant functional recovery 

of ventilation was observed. One potential explanation for this recovery is that this 

apparent recovery is actually underscored by compensation within other motor systems 

or within intraspinal networks. This phenomenon is similar to what is observed in the 

early phases of recovery following lateral C2 hemisection injury, when acutely following 

injury, deficits in ventilatory function (as assessed by plethysmography) is significantly 

impaired. In addition, phrenic neurograms indicate that early after C2Hx the ipsilateral 

phrenic nerve is silent.  By two weeks post-C2Hx injury, ventilatory function has 

improved significantly, though phrenic neurograms of the ipsilateral phrenic nerve 
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indicate persistent deficits in phrenic motor output. This apparent recovery of ventilatory 

function despite continued ipsilateral phrenic output has been attributed to 

compensation by the contralateral hemidiaphragm as well as recruitment of accessory 

respiratory muscles. 

Interestingly, the extent of upper extremity functional recovery one week after 

kainic acid injection is not nearly as robust as observed ventilatory recovery. One 

possibility is that cervical interneurons play a more significant role in mediating recovery 

of upper extremity function after injury, thus ablation of these interneurons results in 

more profound, persistent deficits. Alternatively, this finding may reflect the complex 

nature of upper extremity function, as multiple muscle groups and motor pools are 

involved in coordinating multi-joint movement patterns of the upper limb. It is more 

likely, that these interneuron pools play a role in the coordination of complex 

movements, and that disruption of this circuit has a greater functional impact on 

complex versus single joint movements.  

Commentary on Methods. Unfortunately, in addition to focal lesions of the 

intermediate gray matter following delivery of kainic acid, some degree of white matter 

damage appeared to result in almost all cases. Whether damage to white matter tracts 

contributed to observed deficits in ventilatory and upper extremity function is not clear, 

though there did not appear to be major deficits in baseline breathing frequency, which 

are characteristic damage to white matter tracts (Lane et al., 2012). Furthermore, the 

fact that control animals injected with kainic acid did not forelimb deficits 3- and 7-days 

post-injection as compared to chronically injured rats, suggests that damage to white 

matter alone is not sufficient to cause such deficits.  
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It is possible that some of the white matter damage in the region of the dorsal 

columns may be attributable to the course of the needle tracts. Damage to the white 

matter tracts in the ventromedial spinal cord may be related to inaccurate depth of 

injection or possibly the spread of kainic acid into the ventromedial white matter. Thus, 

these data highlight the technical considerations that must be considered in future 

experiments regarding the delivery of kainic acid to the spinal cord.  Additional studies 

will need to further explore the appropriate dosage and concentration of kainic acid, the 

determination of the exact stereotaxic coordinates for targeting the desired region within 

the spinal cord, and parameters specific to the injection procedure itself (duration and 

speed of injection, needle dwell time, etc.) (Magnusson et al., 1996).  

These data support our working hypothesis that pre-motor cervical interneurons 

may be ideally positioned to serve as synaptic relays, mediating spontaneous recovery 

and plasticity following injury. In addition, these data highlight the immense potential for 

endogenous plasticity within the spinal cord, even after injury. 

Summary 

Previous work from our group (Lane et al., 2008b) has demonstrated the 

presence of a population of propriospinal interneurons in the intermediate gray matter of 

the cervical spinal cord that innervate phrenic and upper extremity motoneurons. The 

specific role these interneurons play in mediating recovery of forelimb and respiratory 

function following incomplete high cervical spinal cord injury has not been specifically 

tested. Our working hypothesis is that this population of interneurons represents part of 

the substrate mediating functional recovery of both respiratory and upper extremity 

function following chronic incomplete cervical SCI. The aim of the present study was to 

determine if focal ablation of intermediate cervical gray matter would attenuate 
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functional gains occurring in the weeks and months following experimental SCI (lateral 

C2 hemisection). Over a period of 8 weeks following injury, upper extremity and 

ventilatory function were assessed weekly. Once functional gains had plateaued, 

bilateral intraspinal (C4-C5) injections of Kainic Acid (KA) were used to create focal 

lesions of intermediate gray matter.  At both three and seven days following delivery of 

KA, both respiratory and upper extremity functional gains were dramatically attenuated. 

Histological evaluation of cervical spinal cords indicated discrete bilateral lesions to the 

intermediate gray matter without concurrent damage to the nearby motoneuron pools. 

These preliminary data are consistent with our working hypothesis, and ongoing studies 

are investigating the potential mechanisms by which these circuits may modulate motor 

recovery and plasticity. 
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Figure 5-1.  Schematic depiction of experimental model of excitotoxin-mediated ablation 

of cervical interneurons in chronically injured rats, 8-weeks post- C2 Spinal 
Cord Hemisection. Lateral C2Hx injury disrupts descending inputs to upper 
extremity and phrenic motoneuron pools ipsilateral to the side of injury, 
resulting in paralysis of ipsilateral musculature.  Moderate spontaneous 
recovery of upper extremity and ventilatory function is observed over a period 
of weeks following injury. Propriospinal interneurons in the intermediate gray 
matter of the cervical spinal cord are hypothesized to contribute to this 
observed functional recovery. Application of kainic acid to the intermediate 
gray matter of the cervical spinal cord results in excitotoxicity and cell death of 
propriospinal interneurons in the cervical spinal cord. 
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Figure 5-2.  Representative transverse sections through the cervical spinal cord of adult 

Sprague-Dawley rats, 1-week after intraspinal injection of Kainic Acid (1mM). 
Sections have been stained with Hematoxylin and Eosin. Low power images 
demonstrate the cell death and tissue damage at the site of injection, and 
depict differences between a 0.5uL dose of KA (A) and a 1.0uL dose (B) of 
kainic acid.   
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Figure 5-3.  Kainic acid injections in chronically injured rats-Example #1. Schematic 

diagram (A) and representative cross sections (B-G) through the cervical 
spinal cord of a chronically injured adult Sprague-Dawley rat (Example #1), 1-
week after intraspinal injection of Kainic Acid (1mM). Bilateral injections of 
1uL Kainic Acid (1mM) were made between C4-C5, 0.5mm to either side of 
midline (3 per side, 1.5mm apart) at a depth of 1mm from the dorsal surface 
of the spinal cord. 5 micron sections have been Cresyl violet and demonstrate 
significant damage to the intermediate gray matter, without concurrent 
damage to the motoneuron pools in the ventral horns. No KA-related damage 
to the white matter damage was observed.  
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Figure 5-4.  Kainic acid injections in chronically injured rats-Example #2. Schematic 

diagram (A) and representative cross sections (B-G) through the cervical 
spinal cord of a chronically injured adult Sprague-Dawley rat (Example #2), 1-
week after intraspinal injection of Kainic Acid (1mM). Bilateral injections of 
1uL Kainic Acid (1mM) were made between C4-C5, 0.5mm to either side of 
midline (3 per side, 1.5mm apart) at a depth of 1mm from the dorsal surface 
of the spinal cord. 5 micron sections have been Cresyl violet and demonstrate 
significant damage to the intermediate gray matter, without concurrent 
damage to the motoneuron pools in the ventral horns. Modest KA-related 
damage to the white matter damage was observed.  
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Figure 5-5.  Kainic acid injections in chronically injured rats-Example #3. Schematic 

diagram (A) and representative cross sections (B-G) through the cervical 
spinal cord of a chronically injured adult Sprague-Dawley rat (Example #3), 1-
week after intraspinal injection of Kainic Acid (1mM). Bilateral injections of 
1uL Kainic Acid (1mM) were made between C4-C5, 0.5mm to either side of 
midline (3 per side, 1.5mm apart) at a depth of 1mm from the dorsal surface 
of the spinal cord. 5 micron sections have been Cresyl violet and demonstrate 
significant damage to the intermediate gray matter, without concurrent 
damage to the motoneuron pools in the ventral horns. Modest KA-related 
damage to the white matter damage was observed. 
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Figure 5-6.  Kainic acid injections in chronically injured rats-Example #4.Schematic 

diagram (A) and representative cross sections (B-G) through the cervical 
spinal cord of a chronically injured adult Sprague-Dawley rat (Example #4), 1-
week after intraspinal injection of Kainic Acid (1mM). Bilateral injections of 
1uL Kainic Acid (1mM) were made between C4-C5, 0.5mm to either side of 
midline (3 per side, 1.5mm apart) at a depth of 1mm from the dorsal surface 
of the spinal cord. 5 micron sections have been Cresyl violet and demonstrate 
significant damage to the intermediate gray matter, without concurrent 
damage to the motoneuron pools in the ventral horns. Modest KA-related 
damage to the white matter damage was observed.   
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Figure 5-7.  Kainic acid injections in uninjured rats-Example #1.Schematic diagram (A) 

and representative cross sections (B-G) through the cervical spinal cord of an 
uninjured adult Sprague-Dawley rat (Example #1), 1-week after intraspinal 
injection of Kainic Acid (1mM). Bilateral injections of 1uL Kainic Acid (1mM) 
were made between C4-C5, 0.5mm to either side of midline (3 per side, 
1.5mm apart) at a depth of 1mm from the dorsal surface of the spinal cord. 5 
micron sections have been Cresyl violet and demonstrate significant damage 
to the intermediate gray matter, without concurrent damage to the 
motoneuron pools in the ventral horns. Damage to the ventral white matter 
damage was also observed.  



 

174 

 
 
Figure 5-8.  Kainic acid injections in uninjured rats-Example #2.Schematic diagram (A) 

and representative cross sections (B-G) through the cervical spinal cord of an 
uninjured adult Sprague-Dawley rat (Example #2), 1-week after intraspinal 
injection of Kainic Acid (1mM). Bilateral injections of 1uL Kainic Acid (1mM) 
were made between C4-C5, 0.5mm to either side of midline (3 per side, 
1.5mm apart) at a depth of 1mm from the dorsal surface of the spinal cord. 5 
micron sections have been Cresyl violet and demonstrate significant damage 
to the intermediate gray matter, without concurrent damage to the 
motoneuron pools in the ventral horns. Damage to the ventral white matter 
damage was also observed. 
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Figure 5-9.  Kainic acid injections in uninjured rats-Example #3.Schematic diagram (A) 

and representative cross sections (B-G) through the cervical spinal cord of an 
uninjured adult Sprague-Dawley rats (Example #3), 1-week after intraspinal 
injection of Kainic Acid (1mM). Bilateral injections of 1uL Kainic Acid (1mM) 
were made between C4-C5, 0.5mm to either side of midline (3 per side, 
1.5mm apart) at a depth of 1mm from the dorsal surface of the spinal cord. 5 
micron sections have been Cresyl violet and demonstrate significant damage 
to the intermediate gray matter, without concurrent damage to the 
motoneuron pools in the ventral horns. Damage to the ventral white matter 
damage was also observed.  
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Figure 5-10.  Kainic acid injections in uninjured rats-Example #4.Schematic diagram (A) 

and representative cross sections (B-G) through the cervical spinal cord of an 
uninjured adult Sprague-Dawley rats (Example #4), 1-week after intraspinal 
injection of kainic acid. Bilateral injections of 1uL Kainic Acid (1mM) were 
made between C4-C5, 0.5mm to either side of midline (3 per side, 1.5mm 
apart) at a depth of 1mm from the dorsal surface of the spinal cord. 5 micron 
sections have been Cresyl violet and demonstrate significant damage to the 
intermediate gray matter, without concurrent damage to the motoneuron 
pools in the ventral horns. Damage to the ventral white matter damage was 
also observed.  
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Figure 5-11.  Saline injections in chronically injured rats-Example #1.Schematic diagram 

(A) and representative cross sections (B-G) through the cervical spinal cord of 
an uninjured adult Sprague-Dawley rats (Example #2), 1-week after 
intraspinal injection of saline. Bilateral injections of 1uL saline were made 
between C4-C5, 0.5mm to either side of midline (3 per side, 1.5mm apart) at 
a depth of 1mm from the dorsal surface of the spinal cord. 5 micron sections 
have been Cresyl violet and demonstrate minimal damage to gray/white 
matter.  
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Figure 5-12.  Saline injections in uninjured rats-Example #2.Schematic diagram (A) and 

representative cross sections (B-G) through the cervical spinal cord of an 
uninjured adult Sprague-Dawley rats (Example #2), 1-week after intraspinal 
injection of saline. Bilateral injections of 1uL saline were made between C4-
C5, 0.5mm to either side of midline (3 per side, 1.5mm apart) at a depth of 
1mm from the dorsal surface of the spinal cord. 5 micron sections have been 
Cresyl violet and demonstrate minimal damage to gray/white matter.  
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Figure 5-13.  Representative airflow traces showing the impact of kainic acid injection 

on ventilation in chronically injured rats. 8 weeks after receiving left lateral 
C2Hx injuries, kainic acid was injected into the intermediate gray matter 
between C4-C5. A&B) Representative traces from an animal, 8-weeks post-
hemisection (prior to administration of kainic acid) during baseline (A) and 
hypercapnic (B) breathing conditions. C&D) Representative airflow traces 
from the same rat, 3 days post-kainic acid injection during baseline (C) and 
hypercapnic (D) breathing conditions. A blunted ventilatory response to 
hypercapnic challenge was observed following kainic acid injection in 
chronically injured rats. Animals were unable to increase ventilation in 
response to respiratory challenge. 
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Figure 5-14.  Effects of C2 hemisection injury (C2Hx) on breathing frequency response 

to respiratory challenge. Increase in breathing frequency in response to 
hypercapnic challenge relative to baseline breathing frequency in 
unanaesthetized rats prior to, and at 3-days, 1-, 2-, 3-, 4-, 6-, and 8-weeks 
post-C2Hx. Values are mean + SE using one-way RM ANOVA. P<0.05, *= 
significantly different from pre-injury, #= significantly different from 3-days 
post-C2Hx, @=significantly different from 1-week post-C2Hx. 
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Figure 5-15.  Effects of C2 hemisection injury (C2Hx) on tidal volume response to 

respiratory challenge. Increase in tidal volume in response to hypercapnic 
challenge relative to baseline tidal volume in unanaesthetized rats prior to, 
and at 3-days, 1-, 2-, 3-, 4-, 6-, and 8-weeks post-C2Hx. Values are mean + 
SE using one-way RM ANOVA. P<0.05, *= significantly different from pre-
injury. 
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Figure 5-16.  Effects of C2 hemisection injury (C2Hx) on minute ventilation response to 

respiratory challenge. Increase in minute ventilation in response to 
hypercapnic challenge relative to minute ventilation during baseline breathing 
in unanaesthetized rats prior to, and at 3-days, 1-, 2-, 3-, 4-, 6-, and 8-weeks 
post-C2Hx. Values are mean + SE using one-way RM ANOVA. P<0.05, *= 
significantly different from pre-injury, #= significantly different from 3-days 
post-C2Hx, @=significantly different from 1-week post-C2Hx. 
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Figure 5-17.  Effects of kainic acid injection (KA) on breathing frequency response to 

respiratory challenge. Change in breathing frequency in response to 
hypercapnic challenge relative to baseline breathing frequency in 
unanaesthetized rats prior to, and at 3-, and 7-days post-KA injection. Values 
are mean + SE using one-way RM ANOVA. P<0.05, *= significantly different 
from pre-KA.  
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Figure 5-18.  Effects of kainic acid injection (KA) on tidal volume response to respiratory 

challenge. Change in tidal volume in response to hypercapnic challenge 
relative to baseline breathing frequency in unanaesthetized rats prior to, and 
at 3-, and 7-days post-KA injection. Values are mean + SE using one-way RM 
ANOVA. P<0.05, *= significantly different from pre-KA. 
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Figure 5-19.  Effects of kainic acid injection (KA) on minute ventilation response to 

respiratory challenge. Change in tidal volume in response to hypercapnic 
challenge relative to baseline breathing frequency in unanaesthetized rats 
prior to, and at 3-, and 7-days post-KA injection. Values are mean + SE using 
one-way RM ANOVA. P<0.05, *= significantly different from pre-KA, #= 
significantly different from 3-days post-KA.  
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Figure 5-20.  Effects of kainic acid (KA) and saline injection in uninjured rats on the 

change in A) breathing frequency, B) tidal volume, and C) minute ventilation 
in response to respiratory (hypercapnic) challenge. Data represent ventilatory 
parameters from rats prior to-, and at 3-, and 7-days post-injection. No 
obvious deficits were observed with kainic acid or saline injection into control 
animals.  
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Figure 5-21.  Effects of C2 hemisection injury (C2Hx) on ipsilateral upper limb use. The 

cylinder test was administered to rats prior to, and at 3-days, 1-, 2-, 3-, 4-, 6-, 
and 8-weeks post-C2Hx. Ipsilateral upper limb use was measured as the 
percentage ipsilateral paw placements relative to the total number of 
placements during a period of 5 minutes of vertical exploration. Initial deficits 
in upper limb use were observed, followed by modest spontaneous recovery 
in the weeks post-injury. Recovery of ipsilateral upper extremity use had 
plateaued by 8-weeks post-injury. Values are mean + SE using one-way RM 
ANOVA. P<0.05, *= significantly different from pre-injury, #= significantly 
different from 1-week post-C2Hx.   
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Figure 5-22.  Effects of C2 hemisection injury (C2Hx) on forelimb locomotor function. 

FLS scores were determined in rats prior to, and at 1-, 2-, 3-, 4-, 6-, and 8-
weeks post-C2Hx. Initial deficits in upper limb locomotor function were 
observed, followed by modest spontaneous recovery in the weeks post-injury. 
Recovery of ipsilateral upper extremity locomotor function had plateaued by 
8-weeks post-injury. Values are mean + SE using one-way RM ANOVA. 
P<0.05, *= significantly different from pre-injury, #= significantly different from 
1-week post-C2Hx, @=significantly different from 2-weeks post-C2Hx, @= 
significantly different from 3-weeks post-C2Hx, &= significantly different from 
3-weeks post-C2Hx, $= significantly different from 4-weeks post-C2Hx, %= 
significantly different from 6-weeks post-C2Hx.    
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Figure 5-23.  Effects of bilateral C4-C5 kainic acid injections on ipsilateral forelimb use 

in rats with chronic C2 hemisection injury (C2Hx). Ipsilateral paw placements  
(relative to the total number of placements) on the cylinder wall during vertical 
exploration were recorded in rats, 8-weeks post-C2Hx and 3- and 7-days after 
bilateral intraspinal injections of kainic acid to the intermediate gray matter 
between C4-C5. Values are mean + SE using one-way RM ANOVA. P<0.05. 
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Figure 5-24.  Effects of bilateral C4-C5 kainic acid injections on ipsilateral forelimb 

locomotor function in rats with chronic C2 hemisection injury (C2Hx). 
Ipsilateral locomotor function as measured by the FLS was recorded in rats, 
8-weeks post-C2Hx and 3- and 7-days after bilateral intraspinal injections of 
kainic acid to the intermediate gray matter between C4-C5. Values are mean 
+ SE using one-way RM ANOVA. P<0.05, *= significantly different from pre-
injury.  
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Figure 5-25.  Effects of kainic acid (KA) and saline injection on A) upper limb gross 
motor use and B) locomotor function in uninjured rats prior to-, and at 3-, and 
7-days post-injection. No deficits in upper extremity function were observed 
following either kainic acid or saline injections. Values are mean + SE.  
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Figure 5-26.  Ipsilateral upper limb locomotor kinematics prior to administration of kainic acid (i.e.8 week’s post-C2Hx) (A) 

and 3-days post KA (B). Still frames from videotaped Forelimb Locomotor Scale (FLS) testing. Prior to delivery 
of kainic acid, rats demonstrated modest spontaneous recovery of ipsilateral upper limb locomotor function 
characterized by adequate range of motion throughout the gait cycle at all joints of the limb. Palmar placement 
during stance was evident by this time point and parallel paw position was observed throughout stance. 1-week 
after bilateral C4-C5 kainic acid injections in rats with chronic C2 hemisection injury (C2Hx), rats demonstrated 
reduced range of motion throughout the gait cycle at all joints of the limb, in particular at the distal (wrist) joint. 
In addition, palmar placement during stance was absent and no toe clearance was observed in swing. 
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Table 5-1.  Ventilation post-C2Hx (pre-KA) 

Time post-C2Hx Frequency  (% of 
baseline) 

Tidal volume (% of 
baseline) 

Minute ventilation 
(% of baseline) 

Pre-injury 249.95 + 3.92 208.20 + 10.13 517.86 + 38.30 
3 days 143.03 + 9.29a 155.57 + 10.23a 222.11 + 18.66a 
1 week 182.52 + 7.88 173.08 + 8.03 308.40 + 19.55a 
2 weeks 237.74 + 19.12b 190.65 + 16.60 419.61 + 22.57b 
3 weeks 221.70 + 12.95b 193.30 + 8.29 416.86 + 23.23b 
4 weeks 237.07 + 14.02b 178.70 + 8.76 409.05 + 32.31b 
6 weeks 286.73 + 23.73bc 168.44 + 9.63 450.01 + 32.78bc 
8 weeks 259.15 + 29.83bc 170.21 + 5.00 408.15 + 36.25b 

Values are mean + SE using one-way RM ANOVA. *P<0.05, a = significantly different 
from pre-injury, b= significantly different from 3-days post-C2Hx, c=significantly different 
from 1-week post-C2Hx. 
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Table 5-2.  Cylinder test and Forelimb Locomotor Scale (FLS) scores post-C2Hx 

Time post-C2Hx Cylinder (% ipsilateral placements) FLS score 

Pre-injury 50.34 + 1.52 17 + 0 
1 week 16.54 + 8.19a 7 + 1.08a 
2 weeks 18.41 + 4.55a 8 + 0.23ab 
3 weeks 20.58 + 3.22ab 8.33 + 0.24ab 
4 weeks 29.65 + 5.64ab 8.67 + 0.37ab 
6 weeks 30.23 + 2.74ab 9.38 + 0.42abc 
8 weeks 30.78 + 4.24ab 10. 86 + 0.55abcdef 

Values are mean + SE using one-way RM ANOVA. *P<0.05, a = significantly different 
from pre-injury, b= significantly different from 1-week post-C2Hx, c=significantly different 
from 2-weeks post-C2Hx, d= significantly different from 3-weeks post-C2Hx, e= 
significantly different from 4-weeks post-C2Hx, f= significantly different from 4-weeks 
post-C2Hx. 
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Table 5-3.  Ventilation post-kainic acid injection 

Time post-KA  Frequency  (% of 
baseline) 

Tidal volume (% 
of baseline) 

Minute ventilation 
(% of baseline) 

Pre-KA (8-wks post-
C2Hx) 

259.15 + 31.23 170.21 + 6.49 408.15 + 34.68a  

3 days 167.08 + 14.07 a 136.04 + 4.84 a 227.50 + 20.23 a 

7 days 247.60 + 17.85 160.30 + 14.62 376.53 + 27.57b 

Values are mean + SE using One-way RM ANOVA. *P<0.05, a = significantly different 
from pre-KA, b= significantly different from 3 days post-KA. 
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Table 5-4.  Cylinder test and Forelimb Locomotor Scale scores post-kainic acid 

Time post-KA  Cylinder (% ipsilateral placements) FLS scores 

Pre-KA (8-wk post-C2Hx) 30.78 + 4.24 10.86 + 0.55 
3 days 6.67 + 6.67 6.4 + 0.87 a 
7 days 13.93 + 7.46 7.4 + 0.87 a 

Values are mean + SE using One-way RM ANOVA. *P<0.05, a = significantly different 
from pre-KA. 
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CHAPTER 6 
CONCLUSIONS AND FUTURE DIRECTIONS 

Characterization of Forelimb Plasticity Following Incomplete High Cervical Spinal 
Cord Injury in Adult Rats 

Injuries to the cervical spinal cord comprise the largest proportion of all spinal 

cord injuries. Recovery of arm and hand function has been cited as the highest priority 

for individuals living with chronic tetraplegia. While there is some evidence to suggest 

that some degree of spontaneous recovery is possible following incomplete injuries to 

the cervical spinal cord, very little is known about the specific substrates mediating 

functional recovery and plasticity, particularly in reference to upper extremity functional 

recovery. The aims of the present study were to determine the time course and extent 

of upper extremity functional and muscular recovery following lateral C2 spinal cord 

hemisection, and to investigate changes in the neuroanatomical circuitry that may 

coincide with this recovery. In a time-course study, chances in upper limb function were 

assessed across a range of functional behaviors. Significant functional impairments 

resulted following injury, followed by modest spontaneous functional recovery. Similar 

reductions in whole muscle size and muscle fiber size were evident early post-injury, 

and appeared to resolve by 8-weeks post-injury. The neuroanatomical circuitry 

controlling the extensor carpi radialis muscle was characterized in uninjured rats using 

retrograde transynaptic tracing techniques. Changes in the distribution of pre-motor 

cervical interneurons were observed in chronically injured rats. In a series of dual 

immunocytochemical labeling experiments, the distribution of retrogradely labeled 

phrenic motoneurons and pre-motor interneurons was investigated. These data are 

consistent with the hypothesis that propriospinal interneurons located in the cervical 

spinal cord may serve as a potential substrate by which spontaneous plasticity within 
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intraspinal circuits may occur following spinal injury.  Ongoing studies are investigating 

the role of these interneurons in mediating functional plasticity after injury.  

Serotonergic Innervation of Pre-Motor Cervical Interneurons in Adult Rats 

Serotonin is an important neuromodulator that has been shown to play a role in 

mediating motoneuron excitability and plasticity in phrenic motor systems. Previous 

work from our group (Lane et al., 2008b) has demonstrated the presence of a 

population of propriospinal interneurons in the intermediate gray matter of the cervical 

spinal cord that innervate phrenic motoneurons. Whether these interneurons are 

innervated by 5-HT has not been specifically tested. Our working hypothesis is that 

serotonin plays an important role in modulating motor function and plasticity and that 5-

HT innervation of pre-motor interneurons represents an important part of the neural 

substrate mediating plasticity in the phrenic motor system. The aims of the present 

study were to determine the extent to which pre-phrenic cervical interneurons are 

innervated by 5-HT as well as to identify whether specific 5-HT receptor subtypes may 

be expressed on these neurons. In a series of dual immunocytochemical labeling 

experiments, the presence of serotonergic projections and the expression of serotonin 

receptor subtypes on retrogradely labeled phrenic motoneurons and pre-phrenic 

interneurons were investigated.  Histological evaluation revealed robust 

immunoreactivity of serotonergic projections in close proximity to phrenic motoneurons 

and pre-phrenic interneurons in laminae VII and X. In addition, both 5-HT2A and 5-HT7 

receptor subtypes were expressed on putative phrenic motoneurons and pre-motor 

interneurons. These data are consistent with our working hypothesis, and ongoing 

studies are investigating the potential mechanisms by which serotonin modulates 

respiratory activity and plasticity in both injured and uninjured nervous systems.  
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Contribution of Propriospinal Neurons to Spontaneous Functional Plasticity 
Following Incomplete High Cervical Spinal Cord Injury in Adult Rats  

Propriospinal interneurons in the intermediate gray matter of the cervical spinal 

cord have been shown to innervate both phrenic and upper extremity motoneurons. 

Recent studies have demonstrated that propriospinal interneurons may be involved in 

mediating spontaneous functional recovery following thoracic injury, however whether or 

not propriospinal interneurons may play mediate functional plasticity in the cervical 

spinal cord not been specifically tested. Our working hypothesis is that this population of 

interneurons represents part of the substrate mediating functional recovery of both 

respiratory and upper extremity function following chronic incomplete cervical SCI. The 

aim of the present study was to determine if focal ablation of neurons in the 

intermediate cervical gray matter would attenuate functional gains occurring in the 

weeks and months following experimental SCI (lateral C2 hemisection). Over a period 

of 8 weeks following injury, upper extremity and ventilatory function were assessed 

weekly. Once functional gains had plateaued, bilateral intraspinal (C4-C5) injections of 

Kainic Acid (KA) were used to create focal lesions of intermediate gray matter.  Three 

days following delivery of KA, both respiratory and upper extremity functional gains 

were dramatically attenuated. By 7-days post-injection, ventilatory function had 

somewhat recovered, though deficits in upper extremity function persisted. Histological 

evaluation of cervical spinal cords indicated discrete bilateral lesions to the intermediate 

gray matter without concurrent damage to the nearby motoneuron pools. These 

preliminary data are consistent with our working hypothesis, and ongoing studies are 

further investigating the role of propriospinal interneurons within intraspinal circuits and 

the potential for motor recovery and plasticity.  
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In summary, rats express a modest capacity for spontaneous functional and 

muscular plasticity following C2Hx. A potential anatomical substrate for this 

spontaneous recovery exists in the form of propriospinal interneurons located in the 

intermediate gray matter of the cervical spinal cord. Innervation of motoneuron pools by 

serotonin has been shown to correlate with to the extent of functional recovery after 

spinal cord injury. Evidence now suggests that 5-HT also innervates pre-motor 

interneurons, and the extent to which 5-HT modulates interneuronal circuitry should also 

be considered. Furthermore, specific ablation of pre-motor, propriospinal interneurons 

results in attenuation of recovered motor function. Future studies exploring more 

specifically how these propriospinal interneurons mediate motor function in both 

uninjured and injured nervous systems are necessary and will highlight the potential for 

targeting these circuits with therapeutic interventions to enhance neuroplasticity and 

optimized functional recovery after spinal cord injury.  
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